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Summary

Summary

In this study we developed, characterized, and tested supported model catalysts.

The primary goal was to obtain stable systems that closely resemble industrial

heterogeneous catalysts and are accessible to surface science methods. Large and

well-ordered arrays of submicrometer-sized metal particles on atomically flat

substrates were created by means of lithography. The surfaces of oxidized silicon

wafers were structured before depositing the metal in order to increase the stability of

the systems against sintering. Laser interference lithography was the method of choice

to create the patterns that are required for structuring the wafers. The technique takes

only a few minutes and results in 109 to 101(> pits of submicrometer size and spacing,

which cover a 4 inch wafer. Controlled deposition of palladium and silver into the pits

by evaporation through the patterned resist as well as wet chemical impregnation by

spin-coating of copper and palladium precursor solutions led to perfectly ordered

arrays of metal clusters with predictable sizes.

The nanostructured model catalysts were investigated by means of scanning force

microscopy, scanning electron microscopy, and X-ray photoelectron spectroscopy.

Topics of interest were the topography (structure and arrangement) and the chemical

composition (chemical state and number of impurities) of the active metal clusters on

the pitted surface after the synthesis as well as changes, that were induced by the

reaction conditions in, for example, stability and chemical behavior. Analysis of the

reaction products of model reactions (oxidation of carbon monoxide and hydrogen)

was performed using high-pressure quadrupole mass spectrometry.

The pitted support wafers, filled with metal by evaporation, exhibited disk-like

metal films at the bottoms of the depressions after the production. These films

restructured to spherical particles by annealing above 500°C in UFIV or reactive gas

atmosphere. The initially flat films reshaped to hemispherical particles, but no

sintering was observed, even after treating the samples at 400°C and 600°C in oxygen

and hydrogen. Loss of material as a result of the evaporation of volatile SiO or of

diffusion of metal into the silicon bulk was prevented by thick interface layers of

silica. The size of the metal spheres was controlled by varying the initial thickness of
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the metallic layer. We started with deposited films, 20 nm thick; the annealed particles

were typically 45 nm high and about 200 ran in diameter. Evaporation of smaller

amounts of material led to smaller clusters, as was shown in the case of silver

deposition.

The spin-coating of metal salt solutions on a rotating wafer was a second method

for impregnating the structured substrates. The samples were calcined and reduced

after deposition of the metal salts, according to the synthesis of actual catalysts. This

resulted in a metal cluster arrangement of single copper particles, with typical

diameters of 80 nm and 10 nm high, at the bottom of the pits. The cause of the

ordered arrangement was due to the modification of the topography and the chemical

properties of the surface by wet chemical etching. The method was more appropriate

for producing systems with weak metal-support interactions such as the Cu/SiC>2

system.

Oxidation and reduction cycles, as used in industrial catalysis, are appropriate for

cleaning the pitted model catalysts of large amounts of carbon-containing species.

These contaminations are parts of the photoresist that were left after the lithographic

production process. The pitted samples were very stable in oxidizing atmospheres at

elevated temperatures, even at atmospheric pressure. After cleaning and activation by

the oxidation/reduction treatments, the catalysts (with evaporated Pd) were

catalytically active towards the oxidation of hydrogen and carbon monoxide. The

activation and cleaning treatments as well as the test reactions were carried out in a

specially designed quartz glass reactor. The catalysts provided sufficient metal surface

area for reaction studies, even at atmospheric pressure.



Zusammenfassung

Die vorliegende Arbeit behandelt Entwicklung und Charakterisierung neuartiger

Trägerkatalysatoren, sowie deren erste lests. Das primäre Ziel war die Etablierung

eines stabilen Systems mit möglichst enger Anlehnung an die Eigenschaften

industriell eingesetzter, heterogener Katalysatoren, wobei gleichzeitig die Analyse der

Systeme durch oberflächensensitive Methoden gewährleistet sein sollte. Zu diesem

Zweck wurden ebene Substrate grossilächig mit Metallpartikeln (mit typischen

Durchmessern von wenigen hundert Nanometem) m vordefmierter Anordnung mittels

lithographischer Methoden belegt. Um eine möglichst hohe Stabilität der Systeme

gegenüber Sinterprozessen zu erzielen, wurde die Oberfläche der oxidierten Wafer

vor der Belegung unter Verwendung von Laser-Interferenzlithographie strukturiert.

Dabei können 109 bis 1010 Aetziöchern auf der Fläche eines 4 Zoll Wafers innerhalb

weniger Minuten erzeugt werden. Abmessungen und Periodizitäten der Löcher liegen

im Submikrometer-, bzw. Mikrometerbereich. Ilochgeordnete Bereiche mit Partikeln

kontrollierbarer Grösse konnten durch Bedampfung mit Palladium und Silber, sowie

durch Imprägnierung mittels Aufschleudern von Kupfer- und Palladiumsalzlösungcn

erhalten werden.

Untersucht wurden die Struktur, Anordnung und die elementare Zusammen¬

setzung (Oxidationsstufen der Metalle, Anteil der Verunreinigungen) der Metall¬

partikel auf den strukturleiten Oberflächen nach der Flerstellung und nachdem die

Systeme reaktionsähnlichen Bedingungen ausgesetzt worden waren. Zum Einsatz

kamen Rasterkraft-, Rasterelektronenmikroskopie und Röntgen-Photoelcktronen-

spektroskopie. Von Interesse war dabei das Stabilitätsverhalten der Modelle unter den

simulierten katalytischen Bedingungen, das sich im Ausmass der Veränderungen in

Morphologie und der chemischen Zusammensetzung widerspiegelte. Die Reaktions¬

produkte der durchgeführten Modelircaktionen (Kohlenmonoxid- und Wasserstoff-

oxidation) wurden mit Hochdruck-Quadrupolmassenspektrometrie analysiert.

Eine Umstrukturierung der nach der Bedampfung am Boden der Aetzlöcher vor¬

liegenden Metallscheibchen zu kugeiförmigen Partikeln wurde nach Tempern über

500°C unter Ultrahochvakuum-Bedingung und in verschiedenen Gasatmosphären
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beobachtet, ein Sintern der Partikel fand nicht statt. Die Anordnung der Cluster blieb

auch nach Behandlung der Proben in Sauerstoff und Wasserstoff bei Temperaturen bis

600°C erhalten. Mögliche Verluste an aktiver Oberfläche durch die Entwicklung und

Wiederabscheidung von gasförmigem SiO oder durch Diffusion des Metalls in das

Siliziumvolumen wurden durch die Verwendung ausreichend dicker Siliziumoxid¬

lagen auf dem Halbleiter verhindert. Die Grösse der Metallpartikel wird durch die auf¬

gedampfte Filmdicke bestimmt. Bei einer Anfangsdicke der Filme von 20 nm hatten

die Metallcluster nach dem Tempern Durchmesser von 200 nm und Höhen um 45 nm.

Das Aufdampfen dünnerer Filme ergibt kleinere Metallpartikcl, wie im Fall des

aufgedampften Silber gezeigt wurde.

Als weitere Methode zur Belegung der Wafer, die sich eng an realkatalytische

Imprägnierverfahren anlehnt, diente das Aufschleudern von Metallsalzlösungen mit

nachfolgenden Kalzinier- und Reduktionsschritten. Die Methode führte im Fall der

Belegung mit Kupier zum Vorliegen von einzelnen Metallclustem in den Aetz-

löchem. Typischerweise waren die Kupferpartikel 10 nm hoch und hatten Durch¬

messer von 80 nm. Eine substratspezifische Anordnung der Metallsalzagglomerate

zwischen den Aetzlöchcrn vor der Kalzinierung wird auf die chemische und topo¬

graphische Oberflächemnodifikation durch das Aet/en zurückgeführt. Die Methode

lieferte definierte Systeme für Metall-Substrat Kombinationen mit eher schwachen

Wechselwirkungen zwischen Metall und Träger.

Zur Reinigung der Modelkatalysatoren von Photoresistrückständen wurden die

Systeme wiederholten Oxidations-Reduktionszyklen unterzogen. Die Lochproben be¬

wiesen auch unter diesen Bedingungen eine hohe Sinterbeständigkeit und zeigten

nach der Reinigung katalytische Aktivität Die Oxidation von Wasserstoff und

Kohlenmonoxid auf den Palladiumoberflächen der bedampften Lochproben wurde in

einem Quarzglassreaktor bei Atmosphärendruck durchgeführt. Der Anteil der aktiven

Metalloberfläche (zwischen 5 und 10% der Gesamtfläche der jeweiligen Probe) auf

den Modelkatalysatoren war ausreichend, um detekticrbarc Produktmengen auch bei

Umgebungsdruck zu erhalten.
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1. An introduction to the development of modern model

catalysts

1.1 Developing advanced model catalysts

Due to the complexity of heterogeneous metal catalysts, it is necessary to develop

simplified model systems for basic catalyst research. Despite this, however, these

models should resemble industrial catalysts as

closely as possible, in order to obtain relevant

data about actual processes. Catalysts used in

industry usually consist of porous, insulating

oxide supports, covered to a small extent

(about 1 %) by nanometer-sized metal

particles and, possibly, by an even smaller

amount of promotor materials (usually less

than 1%) [Tho97]. In contrast to these highly

complex systems, the model systems must be

more accessible to modem characterization

methods than is usual for powdered samples.

On actual catalysts, the active material is

hidden inside the pores of the insulating

support (Figure 1-la); thus the application of

surface sensitive techniques, such as scanning

tunneling microscopy (STM), scanning force

microscopy (AFM), secondary ion mass

spectrometry (SIMS), X-ray photoelectron and

Auger electron spectroscopy (XPS, AES), etc.,

is often impossible. In some cases, exploiting

the full potential of these methods is hindered

a)

b)

iiii

i i i

Figure 1-1

Three examples of model

systems used in catalysis
research. Powdered supports
with small amounts of metal

particles (a) are used in

industry; single crystal surfaces,

eventually doped with ad-atoms

(b) are mainly used in UHV

investigations; flat supports >\ith

deposited active materials are

used to produce advanced model

catalysts "by design" (c).
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by a loss of intensity and resolution.

Therefore, metal single crystals, metal foils or flat oxidic supports, covered with

metal films or particles, have generally been applied as model catayst systems thus

far. Single crystals (Figure 1-1 b) and metal foils have been used successfully to

identify some of the important steps and reaction pathways of catalytic reactions

[Som94] as well as to investigate the mechanisms involved in the reconstruction of

metal catalysts due to thermal or catalytic etching [Wei96]. Therefore, the general

importance of surface science studies for the development of catalysts in

heterogeneous catalysis is widely accepted [Bha99|.

However, single crystals and metal foils are one-component systems that are very

different to supported heterogeneous catalysts. The large number of publications on

the production and testing of "model catalysts by design" (Figure 1-lc) underlines the

necessity for more "realistic" catalyst systems. Gunter et al. [Gun97] and Henry

[Hen98] presented comprehensive surveys of a variety of model systems for

heterogeneous catalysis. According to these reviews, evaporated films of catalytically

active metals on flat substrates are still frequently used in surface science studies of

heterogeneous catalysis. These catalysts are often prepared on flat substrates made of

oxidic material or on slightly oxidized metal substrates, and are more similar to

industrially used catalysts than are single crystals or polycrystalline foils.

When very thick metal films (up to a few hundred nanometer) are deposited, the

resulting systems are close to the single crystal or metal foil systems. In general,

however, thin metal layers (sub-monolayers up to a few nanometer thick), created on

oxide surfaces by evaporation under vacuum conditions, are used. Subsequent

vacuum annealing leads to isolated particles on the support. The size and arrangement

of the particles strongly depend on the nature of the support, the metal, and on the

conditions of evaporation and annealing. The resulting particles usually vary

considerably in size, and the arrangement is quite irregular.

Since small metal particles on a flat oxide support resemble industrial catalysts, a

substantial effort has been made to improve the deposition of well-defined metal

clusters onto flat surfaces. For this purpose, various methods are available for

producing and stabilizing particles of the desired size m solution before impregnation

[Wit96], [Che98]. To deposit particles under vacuum, evaporated metal clusters can
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be selected according to size in the gas phase [Hei99]. The size distribution of the

metal particles on these systems is quite narrow unless the systems are treated at high

temperatures and in reactive gas atmospheres. However, in addition to the precise

control of the size, the control of the spacing between the individual particles is highly

desirable. Furthermore, the model system should exhibit defined contact areas

between the support, as well as between the metal and the promoter materials. For

tests under catalytic conditions, high stability at elevated temperatures and under

reactive conditions is essential. For sufficient signal to noise ratios, large surface areas

of catalytically active material are necessary. The ideal production method must,

therefore, deliver large numbers of these ideal systems in a short period of time and at

low expense.

1.2 Lithography as a tool for the production of model catalysts

1.2.1 Photolithography and electron-beam lithography

Many attempts have been made to meet at least some of the requirements

mentioned above. Nevertheless, it seemed just about impossible to fulfil the

innumerable demands on an ideal heterogeneous model catalyst. It has to be stressed

that any technique must meet at least two requirements, which are, however,

somewhat contradictory. The first requirement is to produce predictable and variable

particle sizes from some Angstroms to a few nanometers. Since it is possible to

manipulate and arrange even single atoms on surfaces (for example: iron atoms on a

Cu(lll) surface [Cro93]), this requirement can be fulfilled technically. However,

since it takes minutes to build only one such quantum array, and a tremendous number

of identical particles must be produced in short periods of time; therefore, parallel

production methods are highly desirable. Recent developments in the modern

microelectronic industry are aiming to fulfill the same requirements: cheap and fast

production of submicrometer-sized circuits. Although the present dimensions of the

features in computer chip production are still too big to be compared directly to

particle sizes required of most heterogeneous catalysts, further developments will

bridge this gap.
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In 1986, a lithographic fabrication sequence was used to produce "slotted

microstructures" [Dec86], [Rox86]. Amorphous superlattices made of alternating

layers (1-3 nm thick) of hydrogenated amorphous silicon and silicon oxide, silicon

oxide and silicon nitride, as well as silicon and germanium were produced by plasma-

assisted chemical vapor deposition [Dec85], [Per85] Wet chemical etching of the

layers gave slots with high aspect ratios perpendicular to the surface. Adsorption of

organic molecules m these slots was earned out to test the microfabncated structures

for use m shape-selective adsorption and for chemical reactions similar to those m

zeolites. To the best of our knowledge, this was the first combination of

microstructures produced by lithography and experiments m the field of catalysis.

Six years later, litho¬

graphy was introduced as a

method for creating well-

ordered structures m the field

of heterogeneous model

catalyst research by Saltsburg

and Zuburtikudis [Zub92 ] At

that time, conventional photo¬

lithography was used for

building "layered synthetic

microstructures" (LS Ms),

which consisted of forests of

micrometer-sized towers on

top of an oxidized 3 inch

wafer. In this context, con¬

ventional means that pre-produced square-patterned masks were applied for the

selective exposure of the photosensitive resist material Multi-layered systems of

alternating nickel and silicon oxide films were produced by electron beam

evaporation, followed by photohthogiaphy and subsequent wet-chemical etching. The

resulting individual towers had diameters m the micrometer lange or greater, whereas

metal catalysts m the form of ships (2 - 10 nm) were exposed at the side-walls of the

towers. The catalyst systems have been used to investigate size effects m the hydro-

Figure 1-2

SEM image of a "Nanotower" sample. Partially
etched towers (c) are visible on unctched multi¬

layers (b) and the supporting wafer (a). Since the

etching was interrupted, remaining resist

material (d) sits in form of caps on top of the

towers. By kind permission of Y. Bonetti.
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genolysis of ethane. LSMs with a

wider range of metals (Ni, Pt, lr, Rh,

Ru) and supports (Si02 and ALO-O

were produced fairly recently in the

research group of Saltsburg [Cha97],

[Lu97]. Laser interference lithography

was used to create comparable systems

on 4 inch wafers by Bonetti [BonOO'j.

Figure 1-2 shows an electron

microscopy image of a partially etched

system and gives a good impression of

the steps involved in the complete

process of creating high aspect ratio features by lithography. The "Nanotowers"

model catalyst system was produced by sputter etching of a number of bilayers

(palladium/ silicon oxide), stacked on an oxidized Si wafer surface. The etching mask

was produced by laser interference lithography (which will be described below, see

Chapter 3) in a photosensitive resist material, spun on the multilayer sandwich of

Pd/Si02. From bottom to top, the oxidized wafer (a), unetched multilayers (b),

partially etched "towers'fc), and a "forest" of resist caps (d) are distinguishable in

Figure 1-2.

The etching results in billions of isolated towers, consisting of disks of active

metal layers, separated by inert substrate material. Two examples of such towers are

presented in the transmission electron microscopy image of Figure 1-3 (image re¬

corded by E. Müller, Institute for Electron Microscopy, ETH Zürich). They consist of

40 bilayers, the alternating metal and insulator layers being about 3 to lOnm thick.

The diameter of the towers is about 200 nm, and they range in height from 300 to

600 mn. Sputter deposition was used to deposit the multi-layered material onto the

wafer. The active species is present as the rims of the metal disks that make up the

towers.

Two years after the publication of Zuburtikudis and Saltsburg, Krauth et al.

presented a much simpler system [Kra94]. Arrays of well-ordered Pt particles with

diameters of about 5 urn on an oxidized Si wafer were produced by means of con-

*

i,," V » ,%
"*

- ; f/k :*r.\
> 200 nm

Figure 1-3

TEM image of two towers, produced by

sputter deposition of 40 bilayer of Pd

(dark layers) and Si02 and subsequent
ion milling. By kind permission of Y.

Bonetti.
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ventional photoresist techniques. Applying techniques used in the microelectronics

industry for miniaturization of circuits, well-ordered arrays of metal particles, with

diameters as small as 20 nm, can be produced today by e-beam lithography [Jac96],

[Iac97], [Yan97], [Yan98], [Joh99]. These systems have a number of excellent

features (well defined, separated, nanometer-sized metal clusters, easy accessibility by

surface science methods, high reproducibility), but serious problems remain to be

solved. Not only is e-beam lithography in particular an expensive and time-consuming

technique when a large number of metal dots is required on a support surface, but

removing the resist material after metal evaporation ("lift-off) commonly leads to a

surface contaminated by large amounts of carbonaceous species. Therefore, the

poisoned catalyst is fairly inactive and unsuitable for the purpose it was intended for.

Thus far, most of the cleaning techniques used in surface science are not satisfactory.

Sputtering leads to systems that are not as well defined due to the roughening of the

surface. Furthermore, spreading the active material over the substrate and redeposition

of sputtered material must be taken into account. Cleaning the catalysts in oxygen

plasma can cause the support material to migrate over the metal particles [Jac96J.

Burning the carbon contaminations in an oxygen atmosphere at high temperature is

often hindered by the instability of the systems under oxidizing conditions. Therefore,

only few reactions, such as hydrocarbon hydrogenolysis and hydrogénation ([Zub92],

[Kra94], [Kra97], [Iac97]) as well as hydrogen oxidation [Joh99], carried out on such

models have been reported (most of the investigations were carried out under

reducing conditions).

1.2.2 Nanosphere lithography

An alternative method for transferring a pattern from an imaging layer to a device

or structure is the use of so-called "nanosphere lithography" [FIul95], [Hul99], [Jen99]

or "colloid monolayer lithography" [Bur99] (see also [Dob95], [Du98], and references

therein). This technique is based on the principle of a self-organized assembling of

colloidal particles (usually polystyrene spheres) into a two-dimensional array on flat

surfaces. A highly ordered film of monodispersed polymer spheres is prepared by

different techniques including spin-coating, electrophoresis, the Langmuir-Blodgett

method, and others. The 2D crystals, consisting of one or two layers of hexagonally
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close-packed spheres, can be used as lithographic masks for consecutive processes

like evaporation of metals. If the polymeric film is dissolved away after the metal

evaporation, metal features are located on the suiface, where the interstitial spaces

between the densely packed spheres had been The schematic diagrams in Figure 1-4

show the production loutme and a piojection of the holes (created by the interstitial

spaces between the spheies) on a suiface (black) cieated by a single layer sphere mask

(white spheres) and a second layer (giey spheres) on top of the first layer. The

scamiing force microscopy image m Figure 1-4 shows the topography of a sample,

prepared by colloid spheres lithography (by a double layer sphere mask). The sample

was prepared by F Bmmeister (Prof Di P Leiderer, University of Konstanz,

Germany) and investigated m oui laboratoiy The polystyrene spheres used m this

experiment had a diameter of 300 nm As can be seen m the micrograph, a number of

defects can be found even on small scan areas According to [IM99], defect-free

areas of up to 25 uin2 can be pioduced. To the best of our knowledge, no catalytic

investigations have been carried out thus fat on such systems

metal CNapoiation
amoving of

colloidal particles

Figure 1-4

Preparation scheme oi nanosphere lithography
and AFM image of actual sample (4 \ 4 \xm2).
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1.2.3 Limitations of the lithographie procedures and outline of a new

approach

All methods that include the evaporation of metal and a lift-off step, have the

disadvantage that the lift-off procedure is wasteful as far as expensive noble metal

films are concerned and that the evaporation of the metals under high vacuum con¬

ditions is not necessarily comparable to the typical wet chemical impregnation

techniques used in catalysis. This cannot be overlooked, since structure, morphology,

and catalytic properties are often strongly influenced by the methods of preparation.

In conclusion, the advantages and disadvantages of catalyst systems produced by

lithography can be summarized as follows: the well-ordered arrangement of a number

of nearly identical structures on a flat surface is easy to realize. However, the

particles, which can now be produced with modem equipment, are still far too large

and are contaminated by the reactants used during production processes. The use of

evaporation or sputtering techniques for the deposition of metal particles is not

comparable to wet chemical impregnation methods and the systems thus produced are

not sufficiently stable to withstand harsh catalytic conditions.

In this study, the development of well-defined systems that are stable enough to

withstand sintering processes is reported. To achieve this, the formerly flat surfaces of

oxidized silicon wafers were structured by the use of laser interference lithography

and wet chemical etching of pits. The method is capable of fast and convenient

production of model catalyst systems with submicrometer sized features on 4 inch

wafers at low expenses. The resulting models mimicked porous substrates. Due to

their stability the applying of cleaning procedures used in actual catalysis were tested

to remove carbonaceous adlayers from the surface. One approach towards creating an

ideal model catalyst system was to combine the lithographic procedures with methods

of impregnation used in industrial catalysis. This will be described in the next section.
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1.3 The combination of lithography and spin-coating

A method for producing defined model catalyst systems, similar to methods used

in the industrial manufacture of catalysts, is the spin-coating of inorganic precursor

solutions onto flat substrates, first tested by Kuipers et al. [Kui93aJ, [Kui93b]. The

metal salt solution is dropped onto the sample substrate (usually a piece of an

oxidized silicon wafer) that is mounted on the axis of a spin-coater. Starting the

rotation leads to the spreading of the solution over the surface due to the centrifugal

force and to a thin liquid layer on the wafer. Shortly after the start of the rotation,

most of the solution is flung from the wafer and the liquid loss due to evaporation is

the dominant process (Figure 1-5). Calcination (followed by reduction) of the

resulting metal salt films leads to metal oxide or metal clusters on the substrate. The

amount of deposited material and the size of the particles are influenced by various

parameters, such as the concentration offne solution, the rotational speed, the partial

pressure of the solvent above the rotating substrate, and the heating parameters. A

number of publications about the experimental [Doo95], [Wij97] as well as the

theoretical [Har95] aspects of this technique has been published in recent years.

Detailed investigations of the support/metal interactions of different metal/support

systems prepared by spin-coating, such as rhodium and copper on SiÛ2 [Par96],

cobalt and molybdenum on SiOi and ALO-, [Jon97], and CuO on Si02 (see [Bro99],

[Chu99], [Oet98a], and [Oet98b]), and of working catalysts for the polymerization of

ethylene have been reported [Nie99], [Thü98], [Thii99]. Platinum particles have been

immobilized on silicon oxide surfaces by spin-coating with colloidal solutions

[Che98J. According to these publications, the amount of deposited material and the

size of the particles are each dependent on the spin-coating parameters and can be

controlled exactly.
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The efficient and cheap production of

high-surface area catalysts (compared to

e-beam based methods) is a major

advantage of this method. However,

homogeneity of metal cluster size and the

arrangement of the particles on the surface

are also strongly influenced by impurities

such as dust or moisture on the silica

surfaces. Intense sintering of the metal

clusters due to poor anchoring on atomically

flat surfaces occurs in oxidizing gas

atmospheres at high temperatures,

regardless of the chosen method of

production.

The use of a flat but structured surface of an oxidized silicon wafer as a base for

metal deposition by spin-coating was thought to lead to model catalysts comparable to

the systems introduced by Kuipers. The idea was to improve the regular arrangement

of the deposited metal material and to increase the stability of the resulting systems by

the well-ordered structures on the substrate surface.

1.4 The aim of this work

Methods for producing model catalysts that combine most of the advantages of

the various techniques described above are reported here. The aim was to develop a

method for building active catalytic systems that nearly reach the particle dimensions

and have the same well-defined arrangement of particles as models produced by

e-beam lithography. At the same time, they should be considerably more stable, even

at high temperatures, should be capable of producing larger amounts in a shorter

period of time, and should be much less expensive. We used laser interference

lithography and wet-chemical etching for the nanostructuring of an oxidized 4 inch Si

wafer surface. The resulting model support mimicks porous support materials and

consists of about 109 to I0'° nanometer-sized pits in the flat Si02 plane of a 4 inch
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wafer. The structured surface was used as a base for metal deposition by evaporation

or wet-chemical impregnation (spin-coating). The resulting model catalysts exhibit

well-ordered clusters of metal or precursor species right inside the pits. Size and

chemical composition of the active material could be influenced by subsequent

heating and oxidation/reduction treatments. Because of the immobilization of the

metal or metal salts inside the pits, their original arrangement on the surface was

maintained even at high temperatures, in pure oxygen, and in humid atmospheres

(tested up to 800°C). This led to the possibility of investigating the behavior of

isolated metal particles on supported catalyst systems.

Furthermore, the chemical and topographical behavior of a pure bulk sample

(foil) was compared to the behavior of the model catalyst under the same catalytic

conditions. The probability of a single atom, initially located in the bulk of a very

small metal cluster, being exposed to the surface as a result of restructuring processes

during a catalytic reaction is significantly higher than for a single atom in a larger

particle. This may play an important role in the catalytic performance of

multi-component particles such as alloys, where the ratio of'the various species on the

surface is essential for the properties of the system. Phenomena such as sintering,

redispersion, and changes in the particle shape of catalysts, induced by processes such

as thermal and catalytic etching, [Wei96] were investigated in the past in detail using

important catalytic metals (e.g., silver, copper, platinum, and rhodium). In

semiconductor research, emphasis has been placed on elements such as silicon,

aluminum, and titanium [Bec93]. There has been little, if any, cross-referencing

between the two research fields. To the best of our knowledge, little has been

published on palladium-based systems.

It is usually difficult to compare results obtained with model systems in catalysis

and surface science, because the results are influenced by the methods of preparation,

the quality and the purity of the materials used, as well as by the technical equipment.

Carbon and other contaminants strongly influence the equilibrium shape of supported

metal particles, as known from Pt catalysts [Wei96]. Therefore, with the exception of

the foil sample, all the model catalysts in this study were prepared as far as possible

on identically prepared substrates with the same parameters.
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1.5 The outline of this thesis

This introduction will be followed by an overview of the experimental methods

used for the characterization and the manufacture of the catalytic systems. Therefore,

Chapter 2 describes of the common principles of the methods and of the experimental

set-up. Chapter 3 gives the basic steps in the production of the model catalysts by

laser interference lithography.

The experimental part is followed by three chapters which are based on the

results and the conclusions of three refereed papers (Catalysis Letters, [Sch98], Topics

in Catalysis, [Sch99aj, Journal of Physical Chemistry B, [Sch99b]). Chapter 4 and

Chapter 5 describe the preparation and the properties of the nanostructured model

catalyst systems, whereas in Chapter 6 a comparison of chemical and topographical

behavior of these new systems and standard, non-structured model catalysts (metal

foils and evaporated films) is given. Each chapter concludes with comments on the

reported investigations and unpublished results, which may be helpful in

understanding the possibilities and limitations of the described models. Chapter 7

gives a more detailed description of the production and the properties of

nanostructured silver catalysts.

The conclusionary remarks and the perspectives will summarize the results

obtained so far as well as future challenges in this field.
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2. Experimental: analytical methods and equipment

2.1 Introduction

Heterogeneous catalysis is a research field with a need for expertise in many

different disciplines. Knowledge of organic and inorganic chemistry, surface and solid

state physics, as well as material science and engineering is necessary, to understand

the multiple facets of catalysis. A variety of methods are available today to obtain data

on catalytic activity, selectivity, and the bulk and surface properties of catalysts. The

number of analytical tools used in catalysis research has strongly increased since the

rapid development of surface-sensitive methods as, for example, X-ray photoelectron

spectroscopy (XPS) and Auger electron spectroscopy (AES). Such methods were used

initially to investigate the basic principles of catalysis on single crystals or metal foils

but were soon adapted and widely accepted for the analysis of supported catalyst

systems.

Today suitable analytical methods or a combination of methods are available to

solve many of the problems related to the appearance and performance of a hetero¬

geneous catalyst.

The aim of this section is to categorize the main analytical methods that were

used in this work. Atomic force microscopy (AFM), scanning electron microscopy

(SEM), XPS, and quadrupole mass spectrometry (QMS) will be introduced and the

main principles will be explained. Since the techniques are well known, a detailed

explanation will not be given here and the reader is referred to the literature where

needed. The set-up and modifications made to the equipment as well as common

difficulties that may be encountered in the application of these methods will be

described.

Furthermore, a short overview will present the different types of model reactors

that were built and tested for the catalytic investigations of the catalyst systems

described here.
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2.2 Atomic force microscopy (AFM)

2.2.1 General principle of the method

Since its invention in 1986 [Bin86], atomic force microscopy has become one of

the most widely used scanning probe microscopy techniques. A variety of commercial

equipment is available for use under vacuum or in ambient conditions. Compared to

related techniques like scanning tunneling microscopy (STM) or scanning nearfield

optical microscopy (SNOM), AFM offers a number of advantages. Easy handling of

the computerized machines and a variety of high equality cantilevers and tips of

various geometry allow the convenient and fast investigation of almost all flat

samples. Since different techniques are usually combined in a single piece of

equipment, a variety of information (topography, elasticity, lateral forces between the

sample and the tip, magnetic forces, etc.) can be obtained; some simultaneously in a

single scan. AFM is now commonly used in industry, especially in semiconductor

industry and companies that produce data storage [Pfa99]. While one of the original

aims related to the invention of the microscope was to achieve atomic resolution on

insulating samples, the equipment is now used mainly for imaging large areas (some

100 urn2) with excellent z (height) resolution.

2.2.2 The Autoprobe CP microscope

In this study, an "Autoprobe CP" (ThermoMicroscopcs, former Park Scientific

Instruments) was used. The system is equipped with scanners for a maximum

scanning range of 144 urn" and microscope heads for imaging samples in contact,

non-contact, intermittent-contact, and lateral-force mode. In contact-mode, also

known as repulsive mode, the AFM tip makes physical contact with the sample. As

the scanner traces the sample under the tip, the contact force causes the cantilever that

holds the tip to bend due to changes in topography. The bending of the cantilever is

detected by an optical system, and the computer system of the AFM generates the

topographic data set.

The non-contact and intermittent-contact modes are vibrating cantilever

techniques. A cantilever is vibrated at frequencies of 100 to 400 kHz near the surface
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of the sample (some tens to hundreds of Angstroms). Depending on the exact distance

between the tip and the sample surface, the tip hits (or "taps") the surface at the

bottom of its path (intermittent) or does not make contact with the sample at all

(non-contact), hi both cases, changes in the resonant frequencies of the cantilevers,

which reflect changes in the tip-to-sample spacing (i.e., topography of the sample),

are detected by the same optical system used in contact-mode and are used to generate

the data set. Intermittent and especially non-contact AFM can produce sample

topography measurements with little or no contact and, therefore, with only slight

lateral force between the tip and the sample. In the case of very soft or elastic samples

(polymers, organic adlaycrs), this prevents tip-induced changes in topography. On the

other hand, in the case of hard materials, imaging is not negatively affected by tip

degradation. In many cases, however, taking an intermittent or non-contact AFM

image requires more expertise than working in the contact-mode. The vibrational

techniques are much more sensitive to noisy environments, and even a few

monolayers of adsorbed water on the surface of an investigated sample may change

the appearance of the image.

Lateral force microscopy (LFM) is used to image variations in surface friction

that can arise from various materials on the surface. It measures lateral deflections

(twisting) of the cantilever, while the tip is scanned (in contact mode) parallel to the

surface. Since the cantilever usually twists strongly when it encounters a steep slope,

the LFM mode is used mainly on very flat samples (with mono-atomic or very few

steps) [Sch96]. The extreme differences in height on the samples described in this

work disabled the use of LFM.

All the images shown here were recorded with a resolution of 512x512 data

points per image; scan frequencies were between 0.5 and 5 Hz, depending on the scan

area. They are presented as grey scale and as three-dimensional images, or the error

signal of the feedback loop of the instrument is shown, hi grey scale presentation,

brightness corresponds to vertical height on the surface: the higher the points, the

brighter they appear; lower points are darker, Since the possibility of presenting a

scale of brightness on a monitor or by a printer is limited by the grey scale resolution

of the equipment, this method of presentation gives only poor results when small

features must be shown in an area of large height differences. If this is the case, then a
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three-dimensional representation may help. The 3D rendering is computed by the

software, based on the grey scale images. The method is based on the stacking of the

individual line traces on top of each other (with the appropriate grey scale denoting

height). Since the image is depicted from the front to the back of the screen (or the

paper), lower features in the back are "hidden" by higher featares in the front. By

means of computerized effects, such as light sources aimed above the surface so that

shadows are thrown by the features, the impression of height and depth of an image is

enhanced. Since the microscope records the exact surface height at a grid of x and y

locations, the data set of x, y, and z points represents the true surface topography.

However, effects such as shadows on the surface are produced by the computer and

do not represent the actual situation.

If the 3D presentation is not sufficient to reveal small features on surfaces with

large differences in height, then the error signal of the feedback loop (for the z scan

direction) of the microscope can be used to give an impression of the surface

topography. This error signal is a measure of the distance from the tip to the sample

(or a measure of the bending of the cantilever in contact mode). When this separation

is at the given set point, the error signal is zero. Positive values imply a greater

separation from the head to the sample, negative numbers a smaller distance. The

feedback loop adjusts its output signal (which drives the piezo in the z direction) to

attempt to drive the error signal to zero. Therefore, observing the error signal gives a

good indication of the movement in height of the piezo. If the z error signal is

recorded in grey scale presentation, an image that suggests the topography is created:

scanning a flat area will result in a grey scale image with a single brightness, with

elevated features appearing darker on one side of the feature (where the scanner

retracts the tip from the surface in order to follow the topography), and the same

features appearing brighter on the opposite side. Since images recorded in this way

appear as if illuminated from one side by an artificial light source (with "shadows" on

the opposite side), they suggest a three-dimensional topography. However, the image

does not give actual topographical information and is useful only for visualization.

The signal cannot be used for exact measurements of differences in height.

The cantilevers and their tips are the most critical components as far as quality,

the resolution, and the information obtained during the measurements are concerned.
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In this work, conical tips made from silicon (boron doped, specific resistance

0.001 Clem) with high aspect ratios were used. Typical tip radii were smaller than

10 nm. The high aspect ratio makes them suitable for imaging deep, narrow features

such as trenches. On the other hand, they break more easily than the usual pyramidal

or tetrahedral geometry tips. It was essential to use such tips m this study, since the

lithographically produced structures on the SiOi surfaces also exhibited high aspect

ratios. Preliminary measurements with standard pyramidal tips gave poor results. It

was not possible to image the bottom of the pits of the samples described in the

Results section.

The cantilevers and tips were purchased from Park Scientific Instruments (Park

Ultralever1M) and from NT-MDT. The Park levers are coated with a thin layer of gold

for better reflectivity. Spring constants of the cantilevers used for contact

measurements ranged from 0.2 to 0.4 N/m. Cantilevers with spring constants from 13

to 17 N/m were used for vibrational techniques. The NT-MDT levers had comparable

parameters but were coated with aluminum and had longer tips (7 instead of 4 pm).

Tips from different manufacturers revealed identical images of the same test sample.

Much more important for the reliability and the quality of the recorded data was the

history of the individual tip. After scanning a number of regions on a sample, the tips

usually degenerated due to the interaction with the hard SiOo sample surface. After

observing this, the same sample was usually investigated again using a new tip for

comparison.

A great deal of additional information about scamiing probe microscopy is

available. Thermomicrosope Ltd. has published a basic introduction [PSI97], and

Brune et al. (Eds.) [Bru97], Garcia et al. (Eds.) [Gar98], and Wiesendanger (Ed.)

[Wic98] have written more detailed re\ie\\s of actual developments in the field of

scanning probe microscope techniques.
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2.3 X-ray photoelectron spectroscopy (XPS)

2.3.1 General principle of the method

XPS is one of the most frequently used techniques in catalysis [Nie95]. The

method is invaluable for determining the chemical composition and the oxidation

states of elements in a near-surface region of a catalyst and are, therefore, extensively

described in the literature [Bri83], [Car75], [Ert85], [Gho83]. XPS is based on the

photoelectric effect: an atom absorbs a photon of energy h v. If the energy of the

photon is sufficiently high, a core or valence electron of the atom is ejected into the

vacuum. If Et, is the binding energy of the electron, then the kinetic energy E^,, with

which the electron leaves the atom, is described as

Ek-hv~Ei-(f)

where 0 is the work function of the spectrometer. Since various elements show

specific binding energies, which are influenced by the chemical state of the atom, the

chemical composition of a surface as well as the chemical state of the elements can be

identified, hi general, the binding energy increases with the oxidation state of the

atom, because every electron in a Pd2^ ion is attracted by the core to a greater extent,

for example, than is an electron in a Pd° atom. The situation gets more complicated,

when charging occurs due to insulating samples. Then all of the binding energies shift

to higher values, since the sample is charged positively due to the departing electrons.

The values then have to be corrected according to a reference value (Si2p or C Is

signals are often used for this purpose). In this study, the Si 2p peak of the Si02 layer

(produced by dry oxidation of Si (100) wafers) was used as a reference. All binding

energies are reported as they were measured but are referenced to the BE charging

shift of the Si 2p.

The probing depth (also referred to as the "information depth") of XPS is

determined by the inelastic mean free path (IMFP) of the excited electrons in the

uppermost layers of the samples and varies from 1.5 and 6 nm. Photoelectrons excited

in deeper layers will loose their energy on their way to the surface and will not reach

the analyzer. When determining concentrations of elements in a sample, different
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probing depths for various elements must be taken into account. It is much easier to

calculate the ratio between two homogeneously distributed elements A and B than it is

to determine the absolute concentrations of the element. According to Perm [Pen76],

the relation of concentrations X\ and Xb can be expressed as

Xa
_

I\(E\)-Ga(Ev)-T(Ea)-a.(E«v)

x7
~

Ib(Eb)^<ëo^t(Eb) ä.(Eb)~

with:

Xa, Xb concentration of element A and B

Ia, Ib intensity of the photoelectron signals

o~a/b cross section of element A/B

T transmission of the analyzer, and

X IMFP= inelastic mean free path of the emitted electrons.

For a given analyzer the product of the cross section and transmission is constant

for each element and is referred to as the sensitivity factor. Tables of such sensitivity

factors are given, for example, in [Bri90]. The ratio of the concentration is then easily

determined by the ratio of the peak areas, which are determined after subtracting the

inelastic background.

2.3.2 UHV chamber and XPS equipment

The X-ray photoelectron spectroscopy experiments described in this thesis were

performed in a commercial (Leybold SA) multimethod UHV chamber, described in

detail elsewhere [Reb95J, [Sel97j. Non-monochromated Al Ka (1486.6 eV) radiation

at 300 W (15 kV, 20 niA) was used. A concentric hemisperical energy analyzer (CFIA

EA 11 MCD, Leybold Hcraeus) in the on-top position of the chamber was used for

electron energy analysis. All spectra were recorded with a constant pass energy of

50 eV. Data acquisition of the system was controlled by a host computer and was

based on a commercial software package (SUN Sparestation 5, SpecsLab). All spectra

reported below are raw data. The SpecsLab-software was used for deconvolution and

determination of the binding energy values, for peak area integration, as well as for X-

ray satellites and background (Shirley) subtraction. Values of atomic sensitivity
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factors (ASF), as reported in the literatures, were used for quantitative evaluation

[Bri90].

All the samples mounted in the UHV equipment were about lxl cm2. By means

of a frame (Figure 2-1) made of stainless steel, the samples were fixed to a coolable

(-180°C) and heatable (+1200°C) sample rod. A thermocouple was welded to the base

plate of the sample holder. The thermocouple was m direct contact with the backside

of the samples, because the samples were pressed by the upper part of the frame onto

the base plate. The use of the frame-like construction kept the time of exposure to air

to 2 min when the samples were transferred from the glass reactor (described later in

this chapter) to the UHV equipment and back again in air. The samples were first

transferred to the preparation chamber (base pressure 10~7 Pa) of the UFIV system.

They can be flashed to elevated temperatures in this chamber to remove any adsorbed

material from the surface of the samples before transferring them to the analysis

chamber. The preparation chamber is also equipped with gas-dosing systems, a

quadrupole mass spectrometer, and a sputter gun for further treatments.

2.4 Quadrupole mass spectrometry (QMS) at high pressure

Quadrupole mass spectrometers are

commonly used for partial pressure

analysis at pressures below 10"" Pa.

Typical applications are measurement,

process monitoring, and process control

tasks in vacuum systems [Daw76], If

mass spectrometers are used for the gas

composition analysis of systems at

higher pressures, then it is necessary to

reduce the pressure. Thus, the QMS is

mounted to a separate HV or UHV

apparatus, and small fractions of the

gases to be analyzed are passed into the

recipient. This can be done dis-

Base plate

Figure 2-1

Schematic set-up of sample holder for

UHV investigations of flat catalysts.
The catalyst is fixed between the base

plate and the metal frame. The frame

enables a conductive connection

between the catalyst surface and the

sample rod, even when the substrate

material is insulating.
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continuously by step-wise dosing of small portions or by continuous dosing by

differentially pumping the gas through the inlet valves.

The QMS used here was a Balzers Prisma QMS 200, equipped with Faraday

detector and a Chamieltron for a mass range from 1 to 200 Da. The system was

mounted to a UHV chamber, the standard pressure of which was below 5 x 10"7 Pa.

The vacuum recipient was connected to the reactor system by means of a heatable

capillary and a pressure reducing valve (Balzers GEV 010). A rotary pump pumped a

small amount of gas from the reactor through the capillary and the gas inlet valve. A

sintered filter (comparable to a frit) was mounted in the orifice inside the valve that

was opened and closed by a gold sealing, which was pressed against the filter. This

set-up prevents mass-dependent fractionation and changes in the percent composition

of the gas mixtures to be analyzed. The capillary and the valve were heated to 100°C

during the experiments to avoid condensation of the gases on the inner walls of the

stainless steel capillary and the exposed parts of the valve. The GEV 010, in

combination with the capillary (1 m long, inner diameter 0.15 mm) allows the

continuous gas analysis of main and trace components (concentration higher than

10 ppm) at process pressures (in the reactor) of 10"1 Pa. The pressure in the vacuum

recipient can be varied from 10~6 Pa to 0.1 Pa.

2.5 Scanning electron microscopy (SEM)

The main advantages of scanning electron microscopy arc an easy sample

preparation and a wide range of magnification. The main drawback is that the SEM

images provide only poor height information. In SEM, a focused electron beam is

scanned over a surface, and the yield of either secondary or backscattered electrons is

detected as a function of the position of the primary electron beam. Secondary

electrons have low energy and originate from surface regions of the sample. Contrast

is achieved by varying the orientation of the planes of the surface to the detector:

regions facing the detector appear brighter (i.e., more electrons from these regions

reach the detector) than regions pointing away from the detector. Backscattered

electrons originate from deeper layers and reveal some information about the

chemical nature and composition of the sample, because heavy elements are more
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oven

efficient scatterers and, therefore, appear brighter in the backscattered image than

lighter elements.

The primary electron beam is created by heating a tungsten filament (usually in

the form of a sharp tip), and the emitted electrons are accelerated by high voltage

towards the sample. The beam of electrons is focussed and guided to the sample

surface by electromagnetic lenses, which are also used to scan the beam over the

surface. The resolution of an SEM is dependent on the diameter of the beam on the

sample and is usually around 10 nm.

Instruments used during this study

included a Hitachi S-900 (in-lens field

emission SEM with Gatan cold stage

and Gatan DigiScan digital aquisition

unit at the Laboratory for Electron

Microscopy I, ETH, CLI-Zurich) and a

Topcon ABT-60 (with a video frame

grabber card for direct digitizing of

micrographs at the Laboratory for

Micro- and Nanotechnologies, Paul

Scherrer Institute, CH-Villigen). Only a

few of the SEM images are shown here,

and thus no further details of the method

are provided. The reader is referred to

the literature for more information

[Bra98], [Eck98], [Nie95].

gas inlet

catalyst

capillary to

QMS —>

catalyst

loading flange

thermocouple

exhaust

Figure 2-2

Schematic set-up of model glass
reactor used for treating catalysts and

reactivity investigations. The reactor is

made of quartz glass and can handle

15 x 15 mm2 samples.

2.6 High pressure quartz glass reactor

The treatment of the model catalysts and the catalytic tests were carried out in a

quartz glass reactor equipped with standard flow meters (Brooks MFC 5850S) for

dosing the gases (Figure 2-2). Using this set-up. samples with a maximum size of

15x15 mm2 can be examined. Due to size limitations imposed by the UHV

equipment and by AFM, sample sizes were usually 10x10 mm2. The pressure inside
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the reactor was measured upstream with a capacity pressure gauge (MKS Baratron

122AA) and maintained at 10 Pa by an electronic back pressure regulator (Brooks PC

5866). The gases used were hydrogen (5.0 quality), oxygen (5.5), and argon (4.8) (SL

Gas, Lenzburg). The catalysts were introduced into the reactor through a flange (inner

diameter 20 mm) and were positioned on a quartz glass frit. Due to the very rough

surface structure of the porous glass frit, the entire model catalyst was exposed to the

gas atmosphere. The glass tube was heated in an oven, and the temperature was

controlled by a thermocouple in a depression in the glass wall right below the catalyst.

The walls of this depression are very thin (less than 1 mm); the inserted thermocouple

was placed in the stream of gases, and the measured temperatures were thus assumed

to be accurate.

The reactor was connected to a quadrupole mass spectrometer (QMS) by means

of a heatable capillary and a pressure reducing valve (Balzers GEV 010) as described

in the QMS section. During the measurements (pressure inside the glass reactor:

105 Pa), the GEV 010 was opened just until the resulting leak rate brought up a

working pressure in the QMS recipient of 1.0 x 10"' Pa,

2.7 High pressure 4 inch wafer reactor

A stainless steel reactor was built to investigate the catalytic properties of

complete 4 inch wafers. The reactor and the glass reactor can both be attached to the

equipment that doses the gases. Analysis of the distribution of products and educts

was again done by mass spectrometry. For experiments at pressures below 10"2 Pa, the

outlet flange was connected to the UHV recipient with the mounted QMS. For

experiments in the pressure range from 10"*" to 10s Pa, the exhaust gases were pumped

away by a rotary vacuum pump. The exhaust line was connected to the QMS by

means of a capillary and the GEV 010 as described above.
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Figure 2-3 depicts the reactor design and the principle of operation and sealing.

The reactor was designed to be a continuous flow reactor, which enables the examin¬

ation of one or two complete and structured 4 inch wafers. The wafers must be heated

uniformly during the experiments. Since the dead spaces inside the reactor volume

had to be reduced to a minimum, the reactor was heated through the walls. For this

purpose, heating elements were built into the lid and the bottom part of the reactor to

provide uniform heating, and the temperature was controlled by three thermocouples.

gold wires as seals

3^-

/
/ lid

iss:

bûttom

~~i_r
*

^>*«^
-. ^ ; ,^,^. ,„-..»

^* Lj

-H bottom of reactor [~L-

Figure 2-3

Reactor design and sealing principle of stainless steel reactor for investigating 4 inch

wafers.

Two of the thermocouples connected to an electronic temperature control unit were

used to control and minimize temperature differences between the lid and the bottom

part. The third thermocouple was located in the middle of the bottom part and

controlled the temperature close to the inner surface of the reactor. The reactor walls

can be heated to a maximum temperature of 400°C. The temperature above of the

wafers was measured once before the reactivity experiments by connecting a

thermocouple to the wafer surface through the gas inlet flange. The reactor was heated

to 300°C (at a ramp of 4°C/min), and a stream of argon was passed through the loaded

reactor (2 ml/min) at a pressure of 10s Pa. It took 20 min from the moment that the

reactor walls reached 300°C and the moment when the wafer surface was heated up.
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This can be decreased to 10 min when more than one gold wire is used to achieve a

better temperature contact between the wafers and the reactor walls. After equilibrium

was reached, the temperature remained constant (± 5°C), even if the flow velocity was

increased (5 ml/min) or decreased (0.5 ml/min).

Since the inner reactor walls were heated to reaction temperatures, care had to be

taken to limit contact between the hot walls and the gas as far as possible. For this

purpose and in order to reduce the dead space inside the reactor, the inner geometry

was exactly fitted to the wafer requirements, and the inner surfaces of the stainless

steel reactor were highly polished. Two wafers with the active sides facing each other

were separated by several distance holders of heavily oxidized silicon. The rear sides

of the wafers were pressed against two rings of gold wire. The distance holders

(ranging in thickness from 0.5 mm to 1 mm) were placed between the surfaces of the

wafers so, that the gas stream was evenly distributed over the active surface. This

package was mounted to the bottom part of the reactor and the reactor was closed.

The gold wires were squeezed between the inner walls of the reactor and the rear sides

of the wafers and served as gaskets. Gold was choosen because of its low catalytic

activity and high flexibility. The gold wire was of 99.9% quality, had a diameter of

0.25 mm, and was purchased from Johnson Matthey.

The sealing of the reactor functioned well (Figure 2-4). The spectrum shows the

mass spectrometer signal for CO2 (m/z = 44), derived from CO and O2 at 105 Pa and

at a total flow rate of 5 ml/min (CO : O2 ratio = 2 : 1). The empty reactor (without

wafers, distance holders, and gold wires) showed detectable activity in a temperature

range from 230°C to 300°C. No carbon dioxide was formed when the reactor was

loaded with a package of two oxidized silicon wafers (without palladium on the

surface), distance holders, and gold gaskets. The amount of CO2 in the exhaust gas

increased significantly when thin films of palladium (thickness of the films 100 nm)

were evaporated onto the wafers. Evaporation masks were used to vary the size of the

palladium surface area. Two wafers were produced with 5 and 10 cm2 of Pd film on

the oxidized surface of the wafer. On the wafer with the smaller amount of Pd, the

geometry of the film was orientated according to the direction of the flow of the gas.

CO oxidation was achieved with a package of this wafer and a second wafer without

Pd on the surface. In a second experiment, a wafer with a Pd area of 10 cm2 Pd was

29
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placed in the reactor and combined with a second wafer without Pd. The amount of

CO2 formed during oxidation on this second wafer was more than double that of the

5 cm" film. Therefore, the direction of the flow inside the reactor was influenced by

the arrangement of the distance holdeis so that the entire surface area of the wafers

was 111 contact with the reaction mixtuie

However, the design of the steel reactor also revealed considerable disadvantages.

First of all, the inner sealing principle requires that the dimensions of all the parts

forming the wafer package (wafers, distance holdeis, gold wires) are exact, with a

tolerance of some ten micrometers Typical dimensions of a 4 inch wafer used in

semiconductor industry aie shown 111 Table 2 I

These values are valid foi uncoveied silicon wafers after polishing. Treating the

discs at high temperatures and changing the surface properties (e. g., oxidizing,

evaporation of metal films, structuimg the surface) may have a negative effect on

these parameters. The different layers of the wafers (silicon, silicon oxide, metal

films) were heated to temperatures of 400°C According to [Knc89], the difference m
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the extension coefficients of Si and Si02 is about one order of magnitude (3.5 x 10"

6/°C for Si and 0.45 x 10"6/°C for Si02). The length of a silica layer on a 4 inch wafer

after heating to 300°C varies by up to 0.02 mm, whereas the length of a silicon wafer

varies up to 0.13 mm. Since the value for steel is around 10 x 10"7°C, mechanical

stress is induced in the wafers during the experiments. This often led to shattering of

the wafers so that the reaction mixture and the hot steel walls came into contact.

Parameter Value

Diameter J 25 ± 0.5 mm

Thickness 0.525 i 0.02 mm

Bow and Warp < 50 um

Tab. 2.1 Part of a specification sheet for a 4 inch wafer used in 1C production.

Bow and Warp values represent the total deviation of the disk from

perfect planarity due to bending (according to [Hop97]).
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3. Basic steps in the manufacture of model catalysts by

photolithography

3.1 Introduction and general principle of the method

Photolithography is the process of transferring patterns on a mask to a layer of

radiation-sensitive material (called "photoresist" or simply "resist") covering the sur¬

face to be etched, evaporated or treated in different ways. Radiation interacts with the

resist in areas where the photons can penetrate the patterned mask. Depending on the

kind of resist material, the exposed regions become soluble ("positive resist") or in¬

soluble ("negative resist") during the development procedure following the exposure

to light. After removing the exposed and developed parts of the resist using a remover

solution, the remaining resist material covers the surface as a protective layer against

the etching medium. Therefore, the desired pattern is transferred from an initially cre¬

ated mask to the resist and then to the surface.

The wavelength of the radiation, the quality of the photo mask, and the total

number of steps in the process are of utmost importance for the size resolution that

can be achieved. In modern IC (integrated circuit) production processes, the minimum

structure size that can be achieved with optical masks is around 2 urn [Hop98].

Electron-beam lithography, where the pattern is created directly in a very thin

photoresist by a scanned focused electron beam without using a mask (direct slice

writing, DSW), results in structures smaller than 70 nm but with a significantly lower

throughput [Vee98]. The resolution here is mainly limited by so-called proximity

effects, caused by the scattering of electrons in the resist layer. Because of the

scattered electrons, the resist is exposed not only at the points where the focussed

electron beam hits the polymeric layer, but also m the surrounding areas. In research

laboratories, features with sizes as low as 1.5 nm were produced by electron-beam

lithography [Nak94], [111951, [Cum96],

If e-beam lithography is used to create a mask which is used to transfer the pat¬

terns to a resist layer on a substrate to be etched, the smallest featares that can be pro-
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duced are from 100 to 500 nm (in diameter). Therefore, the use of masks not only in¬

creases the throughput, but the smallest possible features are also increased by almost

one order of magnitude. Laser interference lithography, which will be described in the

next section, does not entail the use of photo masks. Hence, the procedure can be seen

as a direct slice writing method but with the capability of much higher throughput,

since the interference pattern can be increased to cover homogeneously the area of a

4 inch wafer.

3.2 Laser interference lithography

Laser interference lithography was the method of choice for the patterning of

oxidized 4 inch Si (100) wafers in this stady. The common principles of the method

and the experimental set-up will be described here. Y. Bonetti will describe the

procedure in more detail in his dissertation [BonOO]. The interference pattern is

created by a laser set-up as sketched in Figure 3-1.

intensity-
shaping
shutters

10 |jm

pinhole

beam¬

splitter

Figure 3-1

Schematic set-up of the laser interference exposure system.
The beam is split, and the two resulting beams are guided

by two mirrors to cause an interference pattern on the

wafer surface. With kind permission of Y. Bonetti.
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The beam of an HeCd laser (Liconix 4270NB, 70 mW output power at 442 mn

wavelength) was split, and the two beams were guided to form the interference pattern

on top of the oxidized wafers that were covered with photosensitive material (thinned

Shipley S1805 photoresist) by spin-coating. The interference pattern was broadened to

homogeneous intensity over the entire wafer surface using lenses and rotating shutter

apertures. A single interference exposure results in a pattern of parallel lines of

highest light intensity as shown in Figure 3-2.
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Figure 3-2

Scheme of superimposed interference patterns on a wafer surface.

A single exposure to the pattern leads to parallel lines of highest
light intensity on the surface (a). Rotating the wafer by 90° and

repeating the exposure (b) leads to the pattern shown in (c), with

maximum exposure intensity at the intersections.

Superimposing a second exposure after rotating the wafer by 90° (b) leads to a

grid pattern where the photoresist was exposed to the highest light intensity at the

intersections of each line of the two interference patterns (c). A single exposure to

light usually lasted 5 to 10 mm. The length of exposure time was chosen so that the

resist layer could be totally removed only at the intersections after developing. During

this time, there could be no vibrations m the set-up; therefore, the equipment was

mounted in a closed hut on a table which was insulated to eliminate vibrations. After

developing and removing the exposed parts of the resist, the wafer was ready for

etching or for direct evaporation of the metal films (see Figure 3-3).
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3.3 Etching of the substrate and metal deposition

Once the photoresist pattern has been created, the system can be treated in

various ways to obtain different model catalyst systems (Figure 3-3). The deposition

of metal by evaporation in a vacuum system and the subsequent removal of the

photoresist and the overlaying metal ("lift-off") without further pretreatment led to

arrays of well ordered metal particles on the flat silicon oxide surface. The diameter of

the particles was determined from the diameter of the holes in the photoresist, and the

height was controlled by the amount of evaporated metal. Comparable systems were

produced by conventional [Kra94] and electron-beam lithography [Jac96], [Jac97],

[Yan98], [Joh99], and were tested for catalytic purposes.

Before evaporation, the resist can be used as a protective layer against etching

reagents. If the wafer with the patterned resist is exposed to physical or chemical

etching, the surface of the silicon oxide is etched only in areas where the photoresist

was removed after developing. Therefore, the pattern created in the resist is trans¬

ferred to the substrate surface. Both physical and chemical etching methods have their

advantages and disadvantages. Physical methods such as ion milling enable the

etching of various compounds (e. g., in mnltilayered systems) nearly perpendicular to

the surface with high aspect ratios. The etched trenches or pits have almost the same

lateral dimensions as the resist pattern, and the depth of the structures is easily con¬

trolled by the etching time and the ion flux. However, the resist layer is also sputtered

during the etching procedure and a thick resist layer must be used for deep structures.

Furthermore, redeposition of sputtered material from the substrate leads to an unde¬

fined chemical composition of the substrate surface, especially of the side walls when

features with high aspect ratios are required. Our experiments show that long-term

exposition of a resist layer to the sputtering ions can lead to a hardening of the resist,

which cannot be resolved by the removing solvents after the etching.

Wet chemical etching of silicon oxide with buffered hydrofluoric acid (BE 50-1

from Soprelec SA) was used to produce the pitted samples described in this stady.

The acid does not affect the resist and is removed completely by subsequent rinsing.

Due to the isotropic etching, the resulting structures have larger lateral dimensions

than the initial holes in the resist. Etching was done not only perpendicular to the sur¬

face (therefore determining the depth of the pits), but also in a lateral direction along
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the surface of the Si02 beneath the intact resist (known as under-etching, compare

Chapter 4.4). The difference in diameter increases with the time that the acid is in

contact with the substrate. This did not have a negative effect on our samples. Since

the diameter of the resist hole is not affected by the etching procedure, the metal

particles produced by evaporation have the same diameters as the openings. This will

be discussed in the Results. After evaporating metal films onto the structured

substrate, the resist and the overlaying metal was removed.

developing and removing

exposed resist I

etching I

cleaning

only

metal

evaporation I

I

pure structured

substrate

Figure 3-3

exposed resist

oxide layer
Si wafer

pits loaded

with metal films

metal

evaporation

flat substrate loaded

with metal films

Schematic diagram of the lithographic process for the production of

model catalyst systems. Removing the structured resist leads to

metal-free substrates (bottom left), whereas evaporation of metal

through the resist hollows into the etched pits produces a well-ordered

array of metal disks at the bottom of the pits (bottom middle). Skipping
the etching step creates ordered arrays of metal dots located on the flat

surface (bottom right).
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When the resist was removed from the wafer after etching and without

evaporating the metal films, a pure, structured silicon oxide substrate was obtained.

This system mimics a porous substrate and can be impregnated by methods such as

spin-coating of inorganic precursor solutions. Further details can be found in the next

section and in the result chapters.

3.4 Fundamentals of spin-coating

The principle of spin-coating inorganic precursor solutions for the production of

model catalysts on flat substrates was described in the introduction (Chapter 1.3).

Spinning is a commonly used technique to prepare coatings of homogeneous thick¬

ness on flat substrates [JVley78], [Fla84], The spin-coating of photoresist material in

the microelectronic industry is the best known example. The method was first intro¬

duced by Kuipers for the deposition of metal salt solutions. As opposed to porous sub¬

strates, a drop of a solution of a metal salt in any solvent will form a single puddle on

a flat support. Hydrophobic/hydrophilic surfaces will contribute to this effect in case

of aqueous/organic solutions, respectively. On porous supports, the solution will be

held back by capillary forces inside the pores, thus leading to a distribution of the

metal ions in the pore volume after evaporation of the solvent. The puddle on the flat

surface changes its size and shape during the evaporation of the solvent and eventu¬

ally breaks up into single droplets. When the nucleation concentration of the dissolved

salt is reached, crystallization occurs mainly at the borders of the droplets. Therefore,

the size and distribution of the resulting particles will differ widely.

Spin-coating leads to a thin film of the precursor solution on the flat substrates

(Chapter 1.3). Two processes are involved in the decrease of the thickness of the film:

the radial liquid flow, which is a consequence of the centrifugal force, and the

evaporation of the solvent. From a mathematical model for spin-coating [Mey78],

[Ems58], following equation can be derived:

dt 3y

In this equation h is the tickness of the film, p and ^are the density and the viscosity

of the solution, and co is the rotational velocity. <t> is the evaporation rate of the
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solvent. Shortly after the substrate begins to rotate, most of the liquid is flung from the

wafer. Therefore, the decrease of the liquid film height is mainly due to radial liquid

flow in the first few seconds of the spinning, whereas the contribution of evaporation

is significant at small film height only. The contribution of radial flow and

evaporation become equal for a time fi and at a thickness hi:

2 P^- n; = o>
,

3 y

According to Kuipers [Kui93a], the concentration of the solution remains constant up

to this point. From then on, the concentration of the dissolved material will increase

until sufficient supersaturation is reached and nucleation starts. Since evaporation of

the solvent is the dominant process after the thin liquid film has formed on the

surface, the concentration increases evenly over the entire surface of the wafer.

Therefore, the points of initial nucleation should also be evenly distributed. The

amount of deposited material is determined by the surface area of the wafer and by the

thickness of the film. The thickness of the film (hi), however, can be calculated

according to

ppar

and the amount of material /;; deposited on the substrate with a surface area A and c0

as the initial concentration of the solution is given by:

m = c0hlA = c0 Ä3\- r

\ 2 p CO-

Since d> is proportional to ca2 [Mey78], the overall amount of deposited material is,

therefore, dependend on the concentration of the solution c0 and on<was:

m oc c0 co

(An co"2'"' dependence is expected, if the dependence of the evaporation rate on the

rotational velocity would be ignorred). It was reported that predictions made after

calculating the amount of deposited material, are accurate in a range of 20 %.

Therefore, the amount of deposited material can be controlled. However, it is

much more difficult to affect the si/e and almost impossible to control the arrange-
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ment of the metal particles on the surface. Increasing the rotational speed and the con¬

centration of the solution leads to thinner films and more and smaller particles on the

surface. This is due to the shorter nucleation times during the fast evaporation of the

small amount of solvent from the film. During the short evaporation times, the ini¬

tially formed nuclei have less time to grow. An opposite effect is observed when the

partial pressure of the solvent above the wafer surface is increased. The evaporation

rate is decreased and only few but larger particles are found on the surface [Eng97],

[Nie99].

To the best of our knowledge, the only attempt so far to influence the arrange¬

ment of the deposited clusters on the substrate was carried out by modifying the sup¬

port with strings of polytetrafluorethylene (PTFE) [Kui93b]. In order to obtain a spe¬

cific nucleation pattern, a wafer was rubbed with a rod of PTFE prior to deposition of

the copper salt solution. The friction produced highly ordered and aligned thin strings

of the polymer on the surface. After spin-coating, the copper particles were in straight

rows instead of the usual random orientation. It was reported, however, that only poor

control of the morphology of the PTFE strings was obtained.

Our approach to improving the regular arrangement of the deposited metal mate¬

rial and to increasing the stability of the resulting systems was to use the well-ordered

stractares on the pitted substrate surfaces. The use of a flat but structured surface of

an oxidized silicon wafer as a base for metal deposition by spin-coating was assumed

to lead to model catalysts comparable to the systems reported by Kuipers but with a

well ordered arrangement of the metal clusters and a significantly greater stability at

elevated temperature. Due to the combination of modified morphology and the

specific surface chemistry of the pitted samples, this goal was reached (Chapter 4).
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4. Preparation of model catalysts by laser interference

nanolithography followed by metal cluster deposition

4.1 Introduction

This chapter describes metal clusters arranged on nanostructured oxidized silicon

wafers as model catalyst systems. A photoresist layer spun on top of a wafer was

patterned by laser interference exposure. The grid obtained after removing the

exposed parts of the resist was used as an etching mask. Pits with diameters of 300 mn

and depths between 50 and 60 nm were etched into the oxide layer using wet chemical

methods. Two methods were applied to deposit metal clusters (Pd or Cu) in a specific

way within the pits. The particles ranged from 10 to 50 mn in height and from 80 to

200 nm in diameter. The model catalyst systems were characterized by atomic force

microscopy and X-ray photoelectron spectroscopy. The method presented here

enables the production of 4 inch wafers that are covered completely by nanometer-

sized stractares in a reasonable period of time.

The general principle of preparing and analyzing the model catalysts was

described above (Chapter 3). In the section below, some additional details are

described for the investigated samples.

4.2 Model catalyst preparation

4.2.1 Nanostructuring of Si (100) wafers

Silicon wafers were oxidized in a semiconductor diffusion furnace in oxygen for

2 h at 1050°C (dry). This resulted in an oxide layer 120 nm thick. Thinned Shipley

S1805 photoresist was spun on the wafers to a thickness of about 150 nm. The beam

of an HeCd laser was split, and the two beams were guided to form an interference

pattern on the wafers. The wafers were exposed for 4 min and rotated at 90° for a

further exposition. The resist was developed and was hard baked for 0.5 h in an oven
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at 120°C. The etching of the oxide layer was carried out in buffered HF for 4 min at

room temperature. The wafer was rinsed in deionised water and dried in nitrogen.

4.2.2 Deposition of metal clusters

The first method used was the evaporation of the metal onto the wafers. Pd was

deposited by e-gun evaporation in a Balzers BAK 550 system at an initial pressure

below 1*10"4 Pa and at a deposition rate of 0.5 nm/sec. Film thickness was controlled

by a quartz micro-balance. After deposition, the photoresist and, consequently, the

palladium on top of the photoresist was removed ("lift-off) using Shipley Remover

1165 in an ultrasonic bath for 5 min. The samples were annealed in air or under UHV

conditions. The oxidized metal clusters (after annealing in air) were reduced using a

high-pressure cell. Standard parameters were 1 bar pure hydrogen and a flow of

5 ml/min at 200°C.

The second method included the removal of the photoresist without evaporating

of Pd. The structured wafers were cleaned with ethanol and acetone in an ultrasonic

bath. Pieces of the wafers (10x10 mm") were then mounted to a commercial

spin-coating equipment held by a vacuum chuck. Wafer fragments were used because

of the size requirements of the UHV equipment and the AFM. A wafer piece was

rinsed with ethanol and acetone while rotating the sample in order to dry it and to

remove dust particles from its surface. Then, about 0.05 ml of a metal salt solution

(1.3 wt% Cu(N03)2'3H20 m l-butanol as well as 1.2 wt % Pd(CH3COO)2 in

cyclopentanone) was dropped onto the sample, and rotation was started after 30 sec.

The samples were rotated at 2000 rpm at room temperature for about 1 min. The

coated samples were heated to 350°C under UHV conditions, while the

decomposition products of the inorganic compounds of the precursor materials were

monitored by mass spectrometry. Furthermore, some of the samples were treated in a

flow-through quartz glass reactor at atmospheric pressure m dry air at flow rates of 10

to 20 ml/min. Reduction of all samples took place m this quartz glass reactor in a

hydrogen atmosphere at i(f Pa and flow rates of 10 to 20 ml/min.
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4.3 Analysis of model catalysts

X-ray Photoelectron Spectroscopy (XPS) and Temperature-Programmed

Desorption (TPD) experiments were performed in the multimethod UHV analysis

chamber, described in detail elsewhere [Reb95]. The samples (10 x 10 mm2) can be

transferred from a high-pressure cell (102 Pa maximum working pressure) through a

preparation cell (standard pressure 1*10" Pa) into the analysis chamber (standard

pressure l*10"8Pa) without exposing them to atmosphere. Samples can be cooled to

-180°C and heated to 1200°C. XPS measurements were made using non-

monochromated Al Ka radiation (1486.6 eV) at 300 W (15 kV, 20 niA).

Atomic force microscope (AFM) images were taken using the Park Scientific

Instruments Autoprobe CP equipment in contact (constant force) mode and in ambient

atmosphere. The commercially available cantilevers with high aspect ratio tips

described in the experimental chapter were used. Scanning Electron Microscopy

(SEM) images shown below were taken using the Topcon ABT-60 SEM.

4.4 Results and discussion

4.4.1 Pitted samples with evaporated palladium inside the pits

Figures 4-1 and 4-2 show AFM (a) and SEM (b) images of an etched wafer.

Figure 4-lc shows an AFM image of a larger scan area and the perfect arrangement of

the pits on the oxidized surface. All measurements reported here were made on the

same wafer (except for the image 4-lc), a small region of which was covered by a

piece of capton* foil during metal evaporation. Images in Figure 4-1 show the

topography of the region that is free of palladium. The depth of the pits is 55 to

60 mn. The silicon oxide was partially etched m one direction, visible as shallow

grooves between the pits. This is due to the fact that one of the laser exposures was

slightly too long. In contrast to Figure 4-1, the depth of the pits of the sample region

loaded with a 20 mn Pd film was measured to be 35 mn Figure 4-2. Therefore, the

depth depends on the thickness of the evaporated film as monitored by the quartz

micro balance in the evaporation unit.
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Figure 4-1

a) 3D view of a 1.4 \ 1.4 urn2 AFM

image ol an etched silicon oxide

layer after remoxal ol the

photoresist, without Pd.

b) SEM image of sample as shown in

(la). With kind permission of Y.

Bonetti.

c) 4.5 x 4.5 nm2 AFM image of a

sample comparable to the sample
shown in (la).

Figure 4-2

a) Like (la) but with 20 nm Pd film

inside the pits

b) SFM image of sample as in (2a).
With kind permission of Y. Bonetti.

c) 3 \ 3 urn2 AFM image of a sample
after patterning the resist and de¬

positing of 20 nm Pd onto the resist,
before the lift-off process.

The shape of the pits as imaged was not influenced by tip geometry, as can be

seen m the SFM images of Figuies4-lb and 4-2b In oidei to evaporate the metal
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films directly into the pits of an etched sample, evaporation must be done after etching

and before removing the structured resist. Figure 4-2c shows an intermittent-contact

AFM image of a sample region (that was not covered by capton® foil) after the

evaporation of Pd onto the resist material but before the lift-off procedure. The dark

hollows in Figure 4-2c are the points where the line patterns of the second

interference exposure intersected the lines of the first one. Therefore, at these points,

the resist was exposed to the highest light intensity and could be removed completely

after developing.

The brightest (and highest) areas between the resist hollows were exposed for the

shortest periods of time, whereas the cross-like valleys, stretching from hollow to

hollow are due to the parallel interference lines of the two exposures to light. After the

lift-off procedure, the individual pits resemble those in Figure 4-2a. The bottoms of

the individual pits, formerly smooth and flat (Figure 4-1), were now covered by flat

disks of evaporated Pd. The surface of the metal was rather rough with narrow gaps

running around the disks. These trenches were caused by the fact that the pits in the

silica surface had slightly larger diameters than the resist hollows because of the

isotropic etching of the SiOo and the shading effects caused by the photoresist during

the evaporation of the metal. Etching was done not only perpendicular to the surface

(therefore determining the depth of the pits), but also in a lateral direction along the

surface of the SiOi beneath the intact resist (known as under-etching). However, only

the part of the metal passing through the resist hollows reached the bottom of the pits.

In the example described, the source of evaporation was far away from the substrate

(around 0.5 m), and the direction of the incoming material was nearly perpendicular to

the surface. Therefore, the dimensions of the metal disks were a fingerprint of the

resist pattern.

Figure 4-3 shows the same Pd-filled sample as depicted in Figure 2-2a but after

annealing to 700°C in UHV. The initial heating rate was l°C/sec. The topographic

differences are clearly visible: the metal films became isolated, hemispherical

particles with typical dimensions (45 nm in height and around 200 nm in diameter), as

shown by the AFM, Assuming that the deposited metal films were shaped like

frustums and "recoiistructetr during calcination to hemispherical particles, without

losing material through vaporization (metal volume constant), these dimensions are
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Figure 4-3

1.3 x 1.3 urn2 AFM image of sample (as shown in

2a) after annealing at 700°C in UHV.

acceptable. Loss of metal due

to interdiffusion through the

silicon oxide layer into the

silicon bulk will be discussed

below.

Figure 4-4 shows XPS

spectra of the Pd 3d signal.

The spectra were recorded for

the indicated temperatures on

the sample as shown in

Figure 4-2 (a and b). The

heating rate was l°C/sec. The

measured binding energies

are given here, no charge

correction was made. The binding energy was 104.5 eV for the Si 2p signal of the

Si02, which is about 1 eV higher than usually reported for silicon oxide and typical of

thick oxide films on insulating samples [Ter96]. Fleatiiig to 300°C led to a slight

increase in intensity (about 10%) and a slight shift in binding energy from 336.3

(341.4) to 335.9 eV (341.1 eV) of the Pd 3d 5/2 (3d 3/2) signal. Both observations can

be explained by the thermo-induced desorption of carbon- and oxygen-containing

species from the surface (all samples were exposed to air before being examined in

UHV without further cleaning, e.g. sputtering). The first significant changes were

found at temperatures around 500°C. A strong decrease in intensity (integral intensity

for overall intensity of Pd 3d signal, loss of more than 40% compared to the value

measured at 300°C) combined with a further shift in binding energy of 0.3 eV (from

335.9 eV at 300°C to 335.6 eV) occurred after increasing the temperature to 500°C.

The intensity continued to decrease even at higher temperatures, as shown in the

spectra recorded at 600°C and 700°C. No further shift in binding energies was

detected. The decrease in intensity was mainly caused by the changes in the structure

of the particles; in the case of the "reconstructed" particles, less of the metal surface

area was exhibited, compared to the fiat films before annealing.
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^PS-spectra of the Pd 3d signal of the pitted samples evaporated with

!0 nm Pd. Spectra at room temperature and at 700°C are recorded on the

s ample shown in Figs. (2a) and (3) respectively.

In the case of the Pd films (as deposited), the intensity of the XPS signal was

caused by a surface area of around 0.1 run" per pit (assuming an average metal film

diameter of 360 nm). Once a metal disc changed its shape and has become a

hemispherical particle, the total surface area of a single hemisphere is about 60% that
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of the original value (6.2* 10"2um2, assuming an average particle diameter of

200 mn). Because the reconstructed particles are spherical caps rather than

hemispheres, the exposed area may be even smaller than the latter value). The film

thickness (20 nm) and the particle diameters are, in all cases, higher than the escape

depth of the X-ray excited electrons. Thus, we assume that the intensity of the XPS

signal is directly proportional to the exposed surface of the palladium.

As expected from the above, the Si 2p signal increased, while the intensity of the

Pd signal decreased due to the uncovering of SiO; inside the pits. Loss of metal due to

bulk diffusion (e. g., alloying) or vaporization at the annealing temperatures can be

more or less excluded. The calculated volumes of the metal films inside the pits and

the hemispheres after annealing are nearly constant using the above mentioned values

for thickness and diameters. Thus, no metal was re-evaporated or diffused into the

silicon oxide material. If this were not so, then alloying the Pd would have been

evident from a shift in binding energy to higher values. This was the case when

substrates with very thin oxide layers (only native oxide) at the bottom of the pits

were used and will be discussed below. Annealing the catalyst systems in air to 650°C

led to comparable results. Because oxygen was present while annealing, the resulting

palladium oxide particles were then reduced in pure hydrogen at atmospheric pressure

and hydrogen flow rates of 10 ml/min. This treatment did not lead to structural

changes in the metal particles trapped inside the pits. Chapter 6 describes extensive

treatment of the catalyst systems in oxygen and hydrogen at elevated temperatures

and the resulting behavior of the metal particles.

4.4.2 Pitted samples and spin-coating of metal salt solutions

4.4.2.1 Spin-coating ofa copperprecursor solution

The number and size of the metal particles deposited by spin-coating inorganic

salt solutions can be affected by parameters such as the concentration of the solution

and the spinning speed [Har95], [Par96j. However, the arrangement of the particles on

the surface was affected only slightly by these parameters. Kuipers et al. reported

changes in the deposition pattern on a silicon oxide surface after modifying the

surface with polymeric material [Kui93b], We used the nanostructures of the silicon
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oxide surface as shown in Figure 4-1 together with the spin-coating procedure to

produce model catalyst systems with well-defined deposition patterns.

Cu(N03)2'3FÏ20, Pd(CFfiCOO)2, and Pd(NO02 were used as precursor materials.

Cu(NOi)2'3H20 was dissolved in n-butanol to give a concentration of 1.3 wt %. The

most even distribution of the particles on the stractured surfaces was obtained with

this solution.

After coating (as de¬

scribed above) the samples,

they were investigated by

AFM. Figure 4-5 shows a

typical topographical view of

a sample after coating. Do¬

mains such as the one ob¬

served on this figure are

found all over the surface of

the wafer between the flat

and visibly clean regions of

the structured Si02. The

covered domains exhibited

sharp borders and were found

between single pits. The areas

contained by such borders

were usually hexagons or heptagons (as shown), though rectangles were also found

depending on the number of the enclosed pits. Only small amounts of material were

located inside the pits. The grainy structures are believed to be particles of copper salt,

because such stractares were never found on untreated samples; XPS spectra,

recorded after the samples were transferred to the UHV system, revealed the copper

signal presented in Figure 4-6. Thereafter, the precursor was decomposed by heating

from room temperature to 350°C at 1 °C 'sec in UHV. Figure 4-6 shows the increase in

signal intensity and the shift in binding energy of the Cu 2p peaks after calcination. At

the same time, the intensity ratio between the Cu 2p signals and the Cu21 satellites

(from shake-up transitions) changed significantly.
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Figure 4-i

AFM image (2.4 x 2.4 unr, (intermittent-contact

mode)) of a pitted sample after spin-coating a

solution of Cu(N03)23H20 in l-butanol.
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It is concluded that UHV annealing of the deposited copper nitrate led to the

formation of copper metal and copper oxide particles. The binding energy of 933.2 eV

for the Cu 2p electrons after the temperature treatment was corrected for charging on

the highly insulating samples. The Si 2p peak of the Si02 was chosen as a reference

for charging during the XPS measurements. The binding energy was 104.5 eV, about

I eV higher than usually reported for thin S1O2 layers but typical of thick silica films

on insulating samples [Ter96]. Thus, the resulting Cu2p value for the annealed

sample is 932.2 eV, indicating metallic copper species. The remaining shake-up

satellites, though with a much lower intensity, indicate that some Cu2+ was still

present. It was reported that Cu21" is easily reduced under X-ray bombardment to Cu°

([Bro99], and references therein). Because the particles were too large to be reduced

completely, some of the copper remained in the Cu"4 state. The strong increase in the

intensity of the Cu 2p signal was probably due to the shielding of large numbers of

copper ions by the uppermost layers of the precursor material on the wafer surface.
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Figure 4-6

XPS Cu 2p signal before and after UHV annealing at 350°C of a

pitted sample, spin-coated with Cu(NOÇ)2 3H20 in t-butanol.

The sample was then removed from the UHV chamber and transferred to the

AFM. Figures 4-7a and 4-7b show topography and error signal images of the same
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scan, 6x6 pm2 in size (Figure 4-7c is a more detailed view of 4-7b), and Figure 4-7d
shows a three-dimensional detail of the sample surface.
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Figure 4-7

6x6 uni2 AFM images showing a) topography and b) error signal of a pittedsample, spin-coated with Cu(N03)23H20 in 1-butanol and annealed in UHV at350°C. Fig. 4-7c is a detailed view of the sample from Fig. 4-7b and 4-7d a three-dimensional detail from Fig. 7a.

It is obvious that the metal oxide clusters are, for the most part, located inside the
pits. The particle in Figure 4-7d is 86 nm in diameter and 11 nm high. Although there
are regions on the sample (not shown here) where no particles are observed as well as
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other regions where small amounts of what is probably CuO material are located

around the pits, most of the material is deposited at the bottom of the etched featares.

Reduction under mild conditions (atmospheric pressure, 10 ml/min hydrogen flow,

temperature below 300°C) led to no observable topographic changes in the shape of

the metal particles or in the arrangement compared to the oxide clusters. The changes

in topography are due to the high mobility of the Cu precursor species on SiÖ2

surfaces [Oet98a]. Anchoring the deposited material appears only during or after

annealing the model catalysts.

During the annealing procedure, the particles moved around on the surface until

the metal-support interactions were sufficient to anchor the metal particles, for

example at steps or kinks on the surface. In the case described here, the "mean free

migration path" of the particles was obviously long enough to reach the next pit. The

interaction between Cu and SiOi is generally believed to be rather weak [Bag92],

[Zho93], and, thus, the clusters were expected to be very mobile. Once the particles

had fallen into one of the pits, the mobility of the clusters decreased and was limited

to the bottom of the pit. If the mobility of the precursor species on the silica was lower

than in the copper example due to stronger metal-support interactions, a higher

number of metal/metal oxide particles remained on the terraces between the pits after

calcination. This will be shown with palladium as metal species.

4.4.2.2 Spin-coating ofpalladium precursor solutions

The same method of preparation as described above was carried out using

1.2 wt%o solutions of Pd(NOf)2'2H20 in 2-pentanone and Pd(CH^COO)2 in

eyclopentanone. Best results were obtained when a palladium acetate solution in

eyclopentanone was used. Figure4-8a shows one pit filled with worm-like structures

of palladium oxide after annealing the sample at 300°C in UHV. Subsequent heating

in dry air at 500°C for 1.5 h and reduction at 250°C for 1.5 h in a flow of hydrogen

led to terraced plates of the deposited material (Figure 4-8b).

The terraces are about 8 nm high. Although most of the metal was again trapped

inside the pits, there was still some material left outside the pits as in the case of Pd.

This may be due to the dry air used and the applied temperature which may not have
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been high enough to increase the mobility of the particles on the surface As known

from investigations ol small metal particles on flat substrates, sintering at elevated

tempeiataies leads to agglomeration of the metal, mainly at steps, kinks, and edges

[Che98], [Wit96J Thus, it was assumed that smteimg of particles on the structuted

samples leads to agglomerations m the pits and at the urns of the pits Howevei,

anchoimg of the metal species to the substrate was assumed to occui duimg

calcination and to be dependent on the paiameteis used in the procedure [Oet98a],

[Oet98b] Model systems with evaporated metal particles on flat oxide supports were

usually more susceptible to sintering at ele\ated tempeiataies catalysts piepared by

wet chemical impiegnation This may be due to the ion exchange mechanism

(chemisoiption) of the metal salts with the hydiogen ion of the silanol groups on the

silica surface This topic will be tieated m moie detail below

4 5 Additional remarks

4 5 1 Deposition of palladium colloids on pitted substrates by spin-coating

Metal colloids aie nanometei-sized metal particles that consist of seveial

hundieds or thousands of atoms m the metallic state The particles are usually

stabilized agamst agglomeiation b\ hgands, such as suifactants oi polymeis Noble
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metal colloids have been investigated thoroughly because of their potential use as

catalyst particles. These noble metal colloids, with various metal core diameters and

with a narrow size distribution, can be produced quite easily. Functionalized ligand

molecules offer a wide lange of possibilities for anchoring the colloids to the

substrate, for affecting the solubility m various solvents, and for protecting the metal

from being poisoned during catalytic icachons Detailed information on the

production of colloids [Bon94], on their pioperties and potential uses [Sch92] as well

as stability of the ligand shell m surface science and catalysis studies [Wit96], [Sha99J

can be found m literature The deposition of a platinum colloid solution onto a flat

oxidized silicon wafer by means of spm-coating was reported by [Che98]. After

coating (the colloids were dissolved m an ethanol solution to give a concentration of

2.5 g/1), a non-contmuous layer was observed on the wafer surface which consisted of

entire colloid particles (1 e
,
metal and ligand material) Reducing the sample m

hydrogen led to isolated platinum particles with significantly less shell material on the

surface. The particles had diameteis of 2 to 3 nm, which is supposed to be the original

metal cluster size. However, exposing the systems to oxygen led to the removal of the

organic shell from the surface and to significant sintering of the metal particles.

We used a palladium colloid with a metal core diameter of 2 8 nm, stabilized by

an organic shell of sulfobetame [(n-Ci2ll2>)(CF102N(CH2)i(SOC)] molecules, referred



Chapter 4 54

to as SB 12, for deposition on the structured substrates by spin-coating. The colloid

was produced in the research group of Prof. H. Bömiemann (Max-Planck-Institat fur

Kohlenforschung, Germany), and kmdly given to us by Dipl.-Chem. M. Noeske

(Universität Ulm, Germany). The colloids consist of 15 wt% palladium and are highly

soluble in water and ethanol. The black powder was dissolved m ethanol (abs.) under

inert gas conditions to give a concentration of 1 g/1. The wafer pieces were rinsed with

ethanol and acetone and covered with 0.05 ml of the solution. The rotation (2000 rpm)

at room temperature took place after 30 sec for 1 to 2 min. Figure 4-9 shows AFM

images of two samples after deposition (Figure 4-9a) and after annealing for 4 h at

350°C in air (the samples originated from different wafers with different pit

diameters). In contrast to clean wafers, the surface after the coating procedure was

rough, while the pits were still visible. It was concluded that a non-continuous layer of

colloid material was deposited and that it covered about 30% of the stractared wafer

surface. XPS spectra (not shown) of these samples indicated the presence of Pd, Si, O,

and C, together with small amounts of N and S. Since nitrogen and sulfur were not

detected on any other sample, these signal contributions originated from the ligands.

After annealing in pure oxygen, the XPS signals of nitrogen and sulfur were no

longer detected, due to the decomposition of the organic compounds [Wit96],

[Che981, [Sha99], The annealed

sample showed randomly

distributed particles, with a broad

size distribution, inside and

outside the pits (Figure 4-9b).

The particles located on the

non-structured areas between the

pits had heights of 5 to 20 nm

and diameters ranging from 50 to

200 nm. The particles located

inside the pits were even larger

(having diameters from 100 to

200 mn and heights from 15 to

25 mn). Therefore, the metal
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Figure 4-10

A detailed AFM view (1.6 x 1.6 nm2) of a

sample as shown in Figs. 9, with a higher
loading of PdSB12 and after annealing in air.
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clusters started to sinter while loosing their protective shell under oxidizing

conditions. However, the arrangement of the particles before and after sintering was

only slightly affected by the stractared surface. As can be seen in Figure 4-10, only a

small area around one of the pits showed decreased particle density, especially for

smaller clusters (the sample was loaded by dipping the wafer into the colloidal

solution and showed a significantly higher number of particles on the surface).

Therefore, it is concluded that only the small particles of the clean region reached the

pit during the annealing procedure. Annealing the samples at 500°C in air led to an

increase in the number of larger particles on the surface; there was no significant

increase in the number of particles inside the pits. The particles became anchored to

the substrate during annealing, when the organic shell was lost and the metal got in

contact with the oxide surface. Further annealing led to increased mobility only of the

very small particles. These results agree with the results of investigations of

comparable colloids deposited on single crystal surfaces of graphite and sapphire

[Wit95], [Sch96]. We did not obtain an ordered arrangement of the colloidal particles

only in the pits of the pitted surfaces. Spin-coating colloidal solutions of low

concentration (0.25 g/1) led to a random distribution of the particles on the surface.

Dipping the wafer pieces into the colloid solution (and drying them in air without

spin-coating) led to a high catalyst loading (Figure 4-10); however, the particles were

distributed statistically after annealing in oxygen. No further attempts were made to

achieve a more defined deposition of the colloid particles in the pits.

4.5.2 Surface characteristics of silicon oxides and metal cluster deposition by

spin-coating

The silicon oxide layer on top of the silicon (100) wafers formed at temperatures

above 1000°C in dry oxygen as described above. Detailed information concerning the

growth of Si02 on silicon wafers is given by B. Hoppe [Hop98] and S.C. Kao

[Kao93]. An amorphous layer of stoichiometric SiOo formed under these conditions

with hydrophobic siloxane groups (Si-O-St) only. Since the chemisorption of

metals/metal salts during wet chemical impregnation takes place via an ion exchange

mechanism mainly on the silanol groups (terminal Si-OtI groups), the number of
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these groups on a given substrate is important for the properties of the substrate. A

Si-OH density of 2/nm2 was proposed for a silicon wafer, oxidized at 500°C in air for

24 hours [Oet98a], but experimental proof was not given. A maximum Si-OH density

of about 5 OH-groups/nnr was calculated for amorphous silica, depending on the

modification of the silica [Boe66]. Because of the poor wetability by water of

oxidized wafer surfaces due to the absence of hydrophilic silanol groups, most of the

experiments reported in the literature were conducted with organic solvents (ethanol,

butanol). It was reported that even small amounts of water, dissolved as impurity in

ethanol, can cause a break-up of the thin layer produced by spin-coating [Doo95],

[Oet98a]. The spin-coating of aqueous solutions on hydrophobic oxide surfaces

required the addition of surfactants to the liquid phase in order to lower the surface

tension of the water. However, this did not give satisfactory results.

Niemantsverdriet and coworkers described a rehydroxylation procedure for

silicon oxide layers that had been produced at 750°C. The wafers were treated in

boiling water after cleaning them in an H2O2/NH4OII mixture; aqueous metal salt

solutions were used for spin-coating [Thü97], [San99], [Thii99]. However, the extent

of rehydroxylation of the wafers was not determined. The experimental quantification

of the number of silanol groups on a given substrate is a demanding task. Detailed

investigations of various Si02 modifications were carried out by Boehm [Boe60],

[Boe66], Zhuravlev [Zhu87], and lacobscn [Jaco97]. The results showed a significant

loss of silanol groups due to dehydration at temperatures above 450°C. The siloxane

groups that formed at this temperature could not be rehydroxylated in a humid

atmosphere. Further annealing at temperatures above 800°C removed all the silanol

groups and decreased the tensions m the Si-O-Si bindings. This led to inertness of the

siloxane groups [Iaco97], Therefore, the formation of silanol groups by boiling the

wafers in water as reported in the literature cannot be taken for granted.

We used anhydrous organic solvents for the deposition of copper and palladium

by spin-coating. Therefore, we had no problems with non-wetting behavior or with

the high surface tension of water. Due to the high temperature applied during the

oxidation of the wafers, we assumed that there would be no silanol groups on the

oxide layer. However, wet chemical etching of the surface by hydrofluoric acid

induces significant changes. Most of the carbonaceous adlayer, which is usually
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present on the surfaces of the wafer after removing the exposed and developed resist

(see Chapter 5 for details and cleaning procedures) was removed during the etching

procedure. Furthermore, HF dissolves Si02 according to:

Si02 (s) 1 4I-IF (1) -» S1F4 (g) H 2H20 (1).

(The formation of the volatile SiF.4 is thought to be the driving force of the reaction

[Hol85]). During this process, Si-O-Si bonds were broken and new silanol groups

were formed in the presence of an aqueous solution. Therefore, the etched areas on

the wafers not only exhibited a significantly different topography compared to the flat

plateaus, but were also chemically distinguishable.

Figure 4-11 shows AFM images of two oxidized wafer pieces. Figure 4-1 lb

shows the surface after contact with the HF etching solution, and Figure 4-11 a shows

the topography without etching. Both pieces were covered with photoresist after

oxidation and were put into the HF bath. The photoresist was removed from sample 4-

11b before etching; the sample 4-1 la was treated with the remover solution after

etching. HF contact time was comparable to the pit-etching step on the pitted samples.

The surface became increasingly rough during etching. Samples like those shown in

Figure 4-11a with a layer of Si02 120 nm thick have root-mean-square roughness

values (RMS roughness, based on the standard deviation of the measured values in

height) of 2 Â, whereas the value for the etched surface is 4 A. All the measurements

were made with the same tip on single terraces of the wafer without steps or edges

and with the utility software of the Autoprobe CP instrument. These values for the

oxidized surfaces of our samples (without etching) are lower than 4 Â (± 2 Â), as

reported in literature [Suz93], when the surface roughness of thermally grown oxide

layers on a silicon (111) wafer was investigated. In those experiments, the oxide

layers of the samples were from 10 to 100 nm thick and the oxidation had been

performed between 1000 and I100°C. The RMS value of 4Â is in agreement with

values obtained for oxidized wafers m our laboratory that were not covered with

photoresist. Therefore, the initial roughness of the oxide surface may be leveled out

due to remaining photoresist material.
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Based on these results and considerations, we can explain the preferred

deposition of the metal clusters m and around the etched pits (Chapter 4.4.2). During

the lithographic process, the HF solution etches the hydrophobic surface of S1O2 m

the pit areas. Therefore, at these points, the silicon oxide layer is modified in tenus of

topography (pit formation, loughemng of the surface) and chemical composition

(removal of carbonaceous adlayers, rehydroxylation) The modifications make the pits

preferred adsorption and nucleation sites during spm-coatmg and calcination of the

model catalyst systems. Since the etching of the amorphous silica material appears

isotropic, the silica layer is etched both perpendicular and lateral to the surface,

beneath the intact resist This is known as under-etching In certain cases, this can lead

to etched areas between the pits AFM images of samples m Chapter 4.4.1 show that

shallow grooves between the pits aie \1s1ble Because one of the two exposure times

to the laser interference pattern was slightly too long, the remaining resist m this

direction was weakened significantly The HF solution can penetrate the interface

between the silica and the resist due to capillary forces at points, where the resist is

more flexible. We piopose that small amounts of the etching solution reach and

modify the silica surface surrounding the pits on most parts of the wafer. Even if this

is not always visible on AFM images, it is traced by the patterned deposition of the

copper nitrate particles (Chaptei 4 4 2) The interactions between the metal salt and

the modified substrate suiface are obviously strong enough to lead to nucleation at

these sites, whereas in the case of weak metal-support interactions (as is the case 111
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the Cu/Si02 system) the bonds are broken during annealing of the samples. The metal

particles are located mainly inside the pits after annealing or calcination. For systems

known for stronger metal-support interaction (Pd/Si02). sintering during annealing is

less significant (if the metal was deposited by wet chemical routines).

4.6 Conclusions

Two methods were studied for the controlled deposition of metallic particles onto

a nanostructured silicon oxide surface. The evaporation of palladium through a

patterned resist into pre-etched pits as well as the wet chemical impregnation method

led to perfectly ordered arrays of metal clusters with predictable sizes. The size of the

clusters does not yet reach the lower nanometer region, as is possible by means of

electron beam lithography. Flowever, compared to most model systems known thus

far, these arrays have great potential because of the unique combination of uniformity,

stability and large metal surface area (they can be produced with a large overall area

on 4 inch wafers). Therefore, the catalysts provide sufficient metal surface area for

reaction studies, even at atmospheric pressure. Optimizing the preparation parameters

(especially reducing the thickness of the evaporated films) will help to decrease the

size of the clusters.
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5. The properties and behavior of nanostructured model

catalysts exposed to catalytic conditions

5.1 Introduction

This chapter deals with the production and properties of a series of nano¬

structured model catalysts on 4 inch Si wafers as supports. As shown in the foregoing

chapter, a single wafer has 10° to 1010 pits on an otherwise flat silicon oxide surface

after wet chemical etching. The preparation and analysis of these model catalysts are

described in the experimental section and in the pre\ ious chapter. The etched pits of

the wafers of the samples described here have diameters of 200 to 400 nm and depths

between 50 and 70 mn. They were loaded with metal particles by evaporation of

palladium and, in a second series, with silver. The evaporation of silver was done in

the same evaporation unit (Balzers BAK 550) and with the same parameters as used

for the palladium deposition. The resulting model catalysts arc remarkably stable

against sintering.

Sintering of catalytically active metal particles at elevated temperatures and in

reactive gas atmospheres is a well known process that deactivates a catalyst through

the loss of metal surface area and the loss of the specific properties of small particles

[Ste87], [Pet87]. To prevent particles from sintering, high surface area supports are

used in actual catalysis and the preparation steps are chosen in such a way that the

particles become anchored to the support during the procedure. In model catalysis

research, metal particles are usually deposited onto flat substrates. Since the substrates

are flat on an atomic level (average roughness on thermally grown oxide films is in

the range of Angstroms), they have only few steps, edges, or kinks, the preferred

anchoring places for metal clusters after deposition. Therefore, sintering is a major

problem of known model catalysts when exposed to elevated temperatares and

oxidizing gas atmosphere, especially when the metal clusters are produced by

evaporation techniques [Oet98b]. In summary, the stability of a catalyst under given

conditions depends strongly on the substrate (material, surface structure, and chemical
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pretreatment) as well as on the method of preparation and deposition of the metal

particles.

It will be shown here that structuring the surface of the oxidized silicon wafers

leads to model catalyst systems that are stable even under harsh catalytic reaction

conditions. The results obtained show that this is especially true for systems where the

active metal particles are deposited by evaporation. In comparison, samples of

nanostructared palladium particles were produced by lithography but without etching

the pits into the flat surface. Metal particles were thus positioned on a flat Si02

surface after lift-off, comparable to systems reported in [Kra94] and [Yan98]. The

topography and chemical composition as well as the changes induced by the reaction

conditions, including stability and chemical behavior of the nanostructared systems,

were investigated. Furthermore, special attention was given to the carbon

contamination of the surface of model catalyst systems produced by lithography.

Typical surface science cleaning techniques were compared to cleaning steps used in

actual catalysis. To determine the usefulness of the systems in catalysis, a specially

designed high-pressure quartz glass reactor (see the experimental chapter) was

developed for cleaning and for catalytic investigations.

5.2 Results and discussion

5.2.1 Deposition of metal particles on pitted and flat surfaces

5.2.1.1 Behavior of palladium particles under UHV conditions

The behavior of palladium particles deposited in the pits of a structured silicon

oxide surface at elevated temperatares was described above. In UHV, annealing at

temperatures up to 500°C did not lead to significant changes in the topography of the

samples. Neither the shape of the Pd films, nor the arrangement on the substrate

surface was affected by temperature. Minor changes in the chemical composition of

the model catalyst, as observed by XPS spectroscopy, were assigned to

thermo-induced desorption of carbon- and oxygen-containing contaminations from

the surface. After exposing the sample to temperatures above 500°C in UFIV, a strong

decrease in the intensity of the Pd 3d signal and, at the same time, a slight shift in the
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binding energy to lower values were observed (Figure 4-4). These changes were

accompanied by significant changes m the structure of the particles. The formerly flat,

disk-like films reshaped to form hemispheiical particles, but no sintering was

observed. The conclusion was dtawn that no mateiial was lost as a result of

evaporation or of losses through the diffusion of material into the bulk, because

calculating the volumes of the disks before and those of the hemispheres after

annealing resulted m constant values fot both shapes Therefore, reshaping the

particles led to the decrease m the intensity of the XPS signal, because the

hemispherical particles exhibited 40% less surface aiea than the initial disks after the

annealing procedure Howevci, effects like bulk diffusion into the silicon of the

palladium have to be considered when using very thm silicon oxide layers between

the silicon and the metal This will be discussed m more detail m the last section of

this chapter

The regular arrange¬

ment of the metal particles

on the pitted samples even

after annealing is supposed

to be a direct consequence of

the pre-structured suiface

For the preparation of the

pitted samples, the silicon

oxide surface was etched

with hydrofluoric acid be¬

fore the evaporation of the

metal In order to evaporate

the metal films simply onto

the flat surface, evaporation

is done after structuimg and

an AFM image of a typical

sample after evaporation of Pd and aftei the lift-off ptocess The metal films (thick¬

ness of the films on this sample 7 nm) aie positioned on a flat silicon oxide layer

(120 nm thick), the aveiage diametei of the Pd discs is 290 nm
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Figure 5-1

AFM image (three-dimensional view) of a sample

(3x3 um2) with lithographically produced
palladium dots (7 nm height), evaporated onto a

flat (unstructured) silicon oxide surface.

before removing the îesist pattern Figme5-1 shows
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One of these samples (Pd film thickness: 20 mn) was exposed to 700°C in UHV

for 5 mm. Figure 5-2 shows two scanning electron microscope images of this sample.

It is obvious that, even after the short amiealing time m the absence of oxygen or

water (in the gas phase), a large amount of the Pd clusters started to move around on

the surface, whereas others remained correctly arranged. The individual particles

show the same reshaping behavior as observed on the pitted samples but tend to sinter

and to form large metal cluster agglomerates This was never observed on pitted

samples under the same conditions

Figure 5-2

SEM images of lithographically produced Pd particles (initial height of the de¬

posited particles: 20 nm) on a flat Si02 surface. The sample was annealed in

UHV to 700°C for 5 min.

As already discussed m Chapter 4, etching the silicon oxide layer by hydrofluoric

acid leads to significant changes not only m topography (pit formation), but also in the

chemical composition of the surface. Since dunng the pit etching a considerable

amount of S1O2 (around 60 nm m depth) is lemoved in the regions of the exposed

resist, eventually remaining resist layers at these points are removed together with the

dissolved silica, before the metal films are deposited by evaporation. Thus, the metal

films at the bottom of the pits have a metal/silica mtciface, hardly influenced by

contaminations of any kind The situation is different, if the etching step is skipped.
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Then, the metal is evaporated onto regions of the wafer that were in contact with the

resist layer. Therefore, all polymeric material of the resist that has withstood the re¬

mover solvent, is located between the silica and the metal. Thus, the metal-support

interactions are reduced strongly. This leads to the mobility of entire metal particles

with diameters of nearly 300 nm over micrometer distances. The phenomenon was

shown for metal crystallites supported by carbon that sintered mainly due to migration

of the entire crystallite, especially in H2 and 0> atmospheres [Bar93]. The behavior

was explained by metal induced reactions of the carbonaceous material to CH4, CO or

C02. The gases are thought to lift the metal particles, causing them to float over the

surface. Evidence for this mechanism are TEM images, showing channels left behind

by the migrating particles. Similar behavior was reported for Ni crystallites, supported

by a carbon-contaminated alumina model support [Ruc84]. For clean alumina model

substrates a completely different behavior was reported. Therefore, impurities play an

important role in the sintering behavior of supported metal clusters, especially on flat

model supports.

5.2.1.2 Behavior of palladium particles under oxidizing and reducing conditions

In contrast to the UHV results obtained on the dot samples, the regular

arrangement of the metal clusters inside the pits was retained, even when the pitted

catalysts were exposed to an oxygen-containing atmosphere at elevated temperatares.

To prove this, a sample with a Pd film (thickness of 20 11111) was treated in a quartz

glass reactor in a flow of oxygen and hydrogen at temperatures up to 400°C. The first

oxidation/reduction cycle was performed at 200°C at an overall pressure of about

105 Pa. First, the sample was exposed to an argon'oxygen mixture for 60 min, then the

reactor was purged with pure argon at the same temperature and the flow of the

argon/hydrogen mixture was started. The gas flow was 2 ml/min, and the

argon/oxygen and argon/hydrogen ratios were 1:1. This cycle was repeated three

times. The temperature of the oxidation treatment was then increased to 350°C and

kept at that temperature for 10 hours (argon/oxygen flow). Finally, the temperature

was increased and remained constant at 400°C for 60 min. The system was then

cooled down to 200°C, and the gas flow was switched to the argon/hydrogen mixture

for two more hours. The sample was immediately transferred to the UHV system for
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XPS measurements. The results are discussed below. The topography was in¬

vestigated by AFM after the XPS measurements. Although the temperature of the

reactor did not exceed 400°C (measured on the outside walls of the glass reactor

tube), the particles in the pits are reconstructed in a way similar to that described after

the UHV annealing at 700°C. Comparable oxygen-induced variations in the shape of

the late transition metals on oxide surfaces were reported for Pt on CeOo in oxidizing

atmospheres at atmospheric pressure and temperatures around 700°C (Johannson ct

al. [Joh99]). The Pt particles in that stady were produced by means of e-beam litho¬

graphy and reconstructed from polycrystalline disks to 3D single crystals, as shown

by SEM measurements. In our stady, it was not possible to determine the crystallinity

of the Pd particles inside the pits by AFM because of the tip-induced change in the

shape of the particles (the corners became curved). However, according to the smooth

metal surfaces and the extremely steep slopes of the side walls of the particles, 3D

crystallinity is likely. Furthermore, during the oxidation/reduction cycles the

condensation of water was observed inside the glass reactor on the colder parts of the

equipment outside the oven. Therefore, it is concluded that the catalyst was active for

hydrogen oxidation. Since the reaction is strongly exothermic, the temperature at the

surface of the Pd particles can easily exceed 400°C during the reaction. Nevertheless,

sintering was never observed.

5.2.1.3 Behavior ofsilver particles under oxidizing and reducing conditions

Also for systems that are more susceptible to sintering at elevated temperatures,

no sintering was observed. To prove this, pitted samples with silver instead of

palladium films inside the pits (15 mn film thickness), were exposed to oxygen at

elevated temperatures. Figure 5-3 presents the topography of such a silver sample

before (left) and after (right) the treatment in flowing oxygen. The sample was placed

in an oxygen flow (1 ml/min) at 400°C for 30 min. While it has been reported that

arrays of lithographically produced silver clusters on flat silica surfaces were erased

under these conditions [Yan98], this did not happen with our samples. The metal films

inside the pits again reconstructed to isolated particles, but the reshaped particles did

not leave their pre-determined location.
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5.2.2 Cleaning the model catalysts

After the lift-off procedure, X-ray photoelectron spectra of pitted samples

indicated a large number of carbonaceous species on the surface. This contamination

is probably due to an ovei layer of polymeric material The palladium samples were

not able to chemisorb and desorb carbon monoxide. Therefore, it was concluded that

the Pd particles were covered by carbon adlayers [Jac97] Figure 5-4 shows the C Is

spectra measured on the samples shown m Figure 4-2a m the foregoing chapter.

Spectrum a) shows the C Is signal before treatment and after several cleaning steps

(b-g) Spectra b) and c) were recorded for the same sample as spectrum a) Spectra

d) f) were measured on a second sample and spectrum g) on a third sample, each

with an initial amount of carbon contamination comparable to that given for a). The

catalyst of spectrum a) was treated for 30 mm mal 1 mixture of II2SO4 (cone ) and

II2O2 (30%) and rinsed with bidistilled water and ethanol (absolute, puriss.) prior to

recording spectrum b) Without transferttng the sample to the atmosphere, it was

Ar1 sputtered for 30 mm at 4 keV ion energy (grapli c) The relative intensities given

111 Table 5.1 are based on the integration of the individual peak areas after subtracting

the background and satellites The resulting values were divided by the relevant
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atomic sensitivity factors and were normalized to the intensity of the Si 2p peak. It is

clear that some but not all of the carbon on the surface can be removed under the

conditions applied.
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XPS spectra of the C Is signal of the pitted samples evaporated with

20 nm Pd. Spectra are recorded at room temperature after cleaning

(Table 5.1). All spectra arc recorded at a pass energy of 50 eV.
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Cleaning and activation of real metal catalysts are usually carried out through

oxidation/reduction cycles. Thus, a sample was treated in a quartz glass reactor as de¬

scribed above. After three cycles at 200°C and lO^Pa (2 hours in a flow of

argon/oxygen, 2 hours in a flow of hydrogen/argon), followed by 10 hours at 350°C

and 1 hour at 400°C in argon/oxygen, the sample was reduced for two more hours at

200°C in a hydrogen/argon atmosphere. During transfer to the UHV system, the

sample was exposed to atmosphere for 5 min. In order to remove any adsorbed

species from the surface, the sample was flashed to 400°C in UHV for 5 min.

Table 5.1

XPS intensities of the C Is and Pd 3d peaks relative to the Si 2p signal. Spectra a) - c)
are recorded on the same sample, spectra d) - g) on a second sample and spectrum f) on

a third sample. All samples are pieces of the same 4 inch wafer.

Graph Sample pretreatment C Is Pd 3d

a) as produced, after lift-off 0.37 0.17

b) 30 min in H202/H2S04 at room temperature 0.13 0.18

c) Ar+ sputtering at 1.10-4 mbar Ar, 4 keV, 30 min 0.07 0.17

d) 30 min oxidation at 1.10-6 mbar 02 at 300°C 0.11 0.2

30 min reduction at 1.10-6 mbar 112 at 200°C

e) Ar+ sputtering at 1.10-4 mbar Ar, 4 keV, 30 min 0.05 0.2

30 min oxidation at 1.10-4 mbar 02 at 300°C

30 min reduction at 1.10-4 mbar 112 at 200°C

f) repetition of procedure described in e) 0.04 0.2

g) repeated high-pressure oxidatioifreduction cycles 0.05 0.07

as described m text

As described above, the disk-like films inside the pits reshaped under the

oxidizing conditions of the cleaning cycles to give three-dimensional particles with a

high aspect ratio. Therefore, the intensity of the Pd 3d peak decreased strongly

(comparable to the decrease in intensity after UHV annealing at temperatures above
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500°C). However, the amount of carbon on the surface (Figure 5-4, graph g) was

comparable to that after repeated sputtering and high-vacuum oxidation/reduction

cycles (graph e and i). Repeating the high-pressure treatment in oxygen at

temperatares up to 600°C did not lead to a further decrease in the intensity of the C Is

signal. During the oxidation/reduction cycles, water condensed on the colder parts of

the glass tube of the reactor after the gas flow was switched from oxygen to hydrogen

and vice versa. Because purging with pure argon after each oxidation (reduction) was

done only to an ensure that about half of the oxygen (hydrogen) was pumped out of

the reactor before the hydrogen (oxygen) flow was restarted, water probably formed

on the Pd particles. "Water condensation was not observed in the absence of

Pd-covered systems. Therefore, the surface of the model catalysts can be cleaned b

means of the same methods used for preparing actual metal catalysts. As will be

shown in the following chapter, the samples were active for carbon monoxide

oxidation after the treatments described here. Since the surface science cleaning

methods did not produce particularly good results and because homogeneous

sputtering of the entire surface area of a 4 inch wafer requires large and expensive

facilities, cleaning as well as activation through oxidation/reduction cycles in a simple

glass reactor are suitable alternatives. This, however, requires that the systems are

sufficiently stable under the conditions applied.

5.3 Additional remarks

5.3.1 Palladium suicide and SiO formation on samples with thin silicon oxide

layers

The restructuring of the metal films to 3D particles with a significant lower

surface-to-volume ratio was described above. It was concluded that this is responsible

for the loss of XPS signal intensity after the high temperature treatment. However,

two other explanations must also be considered. The first is the migration of the

palladium into the silicon bulk and, therefore, the formation of palladium suicide

[Sco83]. This diffusion process is a widely used method to enrich surface regions of

semi-conductive silicon by pre-deposited dopants, and is intensively investigated for
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the near-noble metals nickel, palladium and platinum [May92]. Due to the con¬

centration gradient, the doping material (here: palladium) migrates into the silicon

and, on the other hand, the silicon moves into the metal dots. These processes result in

a loss of active Pd surface. The second possible effect is the formation of volatile SiO

at the Si/Si02 interface under high temperature due to the decomposition of Si02

(under UHV conditions) or partial Si oxidation (in the presence of oxygen) [Tro85],

[Kob92], [Sun92]. Redeposition of the volatile species in form of Si or SiÛ2 on the Pd

particles can fonn a shielding layer, therefore causing a poisoning of the metal

surfaces and the decrease in the intensity of the XPS signal. Since the decomposition

of SiO; requires temperatures above 800°C (900- 1000°C), and SiO in the presence

of oxygen desorbs from the surface only at temperatures above 700°C, neither process

can explain the effects observed in our studies. Therefore, only the migration of

palladium into the silicon bulk must be considered as a possible pathway for the loss

of metal surface.

5.3.2 The influence of thick silicon oxide layers

However, migration can be prevented by preparing thick oxide layers between the

metal and the semiconductor. The remaining oxide layer at the bottom of the pits of

all the samples discussed in this thesis was at least 60 nm thick. Usually, 10 nm oxide

layer are considered to be sufficient for an effective diffusion barrier. Here we present

results for the UHV annealing of a nanostructured Pd/SKVSi system with a very thin

silica layer between the metal and the semiconductor. The results differ significantly

from the results obtained on the samples described so far. The experiments were per¬

formed on a sample from which the oxide layer at the bottom of the pits had been

removed, thus leading to an interface consisting only of native silicon oxide. Figure 5-

5 (left side) shows XPS spectra of the Pd 3d signals recorded on such samples as

compared to the spectra of the sample with the thick oxide layer (right side), as shown

before in Figure 4-4 in the foregoing chapter, after annealing at the same

temperatures. The signal again showed a 40% decrease in the intensity of the Pd 3d

signal of the initial values. However, m this case a shift in binding energy of 1.4 eV to

a higher binding energy was observed between the spectrum recorded at room

temperature and after annealing the catalyst at 700°C. The formed palladium species
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could not be reduced in hydrogen to the metal state (Pd°). Furthennore, the

topography of these samples (Figure 5-6 before (left) and after (right) the annealing)

differed from that of the catalysts with the thick oxide interface (Figure 4-3 m the

previous chapter). Only flat, very broad particles were detected at the bottom of the

pits, thus indicating diffusion of the palladium towards the silicon bulk.

RT:335.4eV AEh=1.4eV 336 3eV (RT) AEb= - 0.7eV

J l_ I i _1 l_ I 1 I i l__4: I I . I i M ' '

350 345 340 335 330 325 350 345 340 335 330 325

Binding energy [eV] Binding energy [eV]

Figure 5-5

Comparison of the XPS spectra of the Pd 3d signal of the pitted samples with

only native (left side) and thick silicon oxide la\er (60 nm, right side) between the

silicon and the palladium.

These results lead to the conclusion that the deposited metal diffused into the

silicon and formed sihcides The observed binding energies and shifts after annealing

coincided with values reported for the formation of PdSi, PdoSi, and PcUSi from the

palladium metal and the silicon semiconductor [Cro83], [Gra82].
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In contrast, the volume of the metal films and particles was constant on all

samples with thick oxide layers. There were no shifts m binding energy to higher

values at temperatures up to 700°C except for samples under oxidizing conditions, on

which the formed palladium oxide was completely 1 educed m hydrogen. Therefore,

restructuring of the metal films to 3D particles is probably the only reason for the loss

ofXPS signal intensity

Figure 5-6

AFM images (three-dimensional views, 0.6 \ 0.6 um2) of a sample with only a

native oxide layer between Pd and Si before (a) and after (b) annealing the

sample at 700°C in UHV.

5.4 Conclusions

Palladium and silver particles were deposited onto a nanostractured silicon oxide

surface. For comparison, identical clusteis were cieated on a flat substrate surface.

The stability of the arrays produced on the nanostractured sample was significantly

higher, even under harsh catalytic conditions. The perfectly ordered arrays of metal

clusters showed significant amounts of caibon-contammg contaminants on the

surface, which is common in s> stems produced by lithography. Typical surface

science methods of cleaning the surfaces did not give satisfying results. However,

since the pitted model catalysts showed that the well-ordered arrays were uniquely
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stable, high temperature treatments under oxidizing conditions did not disturb the

arrangement of the metal particles. This seems to be a promising method for

activating the metal clusters for catalysis and will be discussed m the next chapter.

Furthermore, the necessity of using thick silicon oxide layers on top of the silicon

wafers so as to avoid the formation of suicide at elevated temperatares was shown.
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6. Foils, films, and nanostructured surfaces: A comparative

study of model catalyst surfaces

6.1 Introduction

A polycrystalline palladium foil and palladium films of various thickness, sup¬

ported on oxidized silicon wafers, were treated under catalytic conditions in a gas

flow reactor. Their topography and chemical composition were investigated before

and after exposure to oxygen and hydrogen by atomic force microscopy and X-ray

photoelectron spectroscopy. The results were compared with those of nanostructared

palladium model catalysts measured under the same conditions. The nanostructured

samples were prepared on oxidized silicon wafers by laser interference lithography

and subsequent metal evaporation. Hydrogen and carbon monoxide oxidation were

used as test reactions in a quartz reactor at 10^ Pa pressure and at temperatures up to

600°C. All palladium-containing systems were catalytically active after several

activation cycles. Nanostractured silver model catalysts were treated in the same way

for comparison.

The high temperature treatment at atmospheric pressures in oxygen and hydrogen

proved to be highly effective in decontaminating the surface of the catalysts and

especially in ridding it of carbon-containing species. Significant changes in the topo¬

graphy of the metal surfaces due to catalytic etching were observed after treatments at

400°C and 600°C in the presence of oxygen and hydrogen. While larger palladium

clusters on the flat SiO: surface tended to sinter and to form larger aggregates, the

silver particles started to split and spread over the substrate.

The aim of this investigation is to compare the chemical and topographical be¬

havior of a pure bulk sample (foil) and a number of model catalysts under the same

catalytic conditions when the elongation of the metal layer is restricted in one (films)

or more (particles) directions. The probability that a single atom, initially located in

the bulk of a very small metal cluster, migrates to the surface due to restructuring pro¬

cesses during a catalytic reaction is significantly higher than for a single atom in a
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larger particle. This may play an important role in the catalytic performance of multi-

component particles such as alloys, where the ratio of the various species on the sur¬

face is essential for the properties of the system. Phenomena such as sintering, re-

dispersion, and changes in the particle shape of catalysts, induced by processes such

as thermal and catalytic etching [Wei96], have been investigated in the past in detail

using important catalytic metals (e.g., silver, copper, platinum, and rhodium). In semi¬

conductor research, emphasis has been placed on elements such as silicon, aluminum,

and titanium [Bec93], There has been little, if any, cross-referencing between the two

research fields. To the best of our knowledge, little has been published on palladium-

based systems.

It is usually difficult to compare results obtained with model systems in catalysis

and surface science, because the results are influenced by the methods of preparation,

the quality and the purity of the materials used, as well as by the technical equipment.

Carbon and other contaminants strongly influence the equilibrium shape of supported

metal particles, as known from Pt catalysts [Wei96]. Therefore, with the exception of

the foil sample, all the model catalysts studied in this chapter were prepared as far as

possible on identically prepared substrates with the same parameters.

6.2 Preparation of the model catalysts and instrumentation

A polycrystalline palladium foil (Johnson Matthey, 99.9 % metal based purity,

thickness 0.25 mm) was used as a reference for all the other palladium samples. The

foil was cut into pieces of approximately 10 x 10 mm", and the pieces were cleaned in

ethanol and acetone in an ultrasonic bath prior to use. The film samples and the nano¬

stractured model catalysts were prepared on heavily oxidized silicon (100) wafers.

The 120 nm thick oxide layer on the wafers was produced by annealing the wafers in

dry oxygen. Depositing of Pd and Ag films was done by electron-gun evaporation of

the metal on the oxidized wafers in the Balzers BAK 550 system at an initial pressure

below 10"4Pa. The films were deposited at rates of 0.3 mri/sec (10 nm films) and

around 10 nm/sec (500 nm films). The wafers were kept at room temperature during

evaporation, and the thickness of the evaporated films was controlled by a quartz
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microbalance. The preparation of the nanostractured model catalysts was performed

according to the procedures described in the foregoing chapters.

The treatment of the model catalysts and the catalytic tests were carried out in the

quartz glass reactor as described in the experimental chapter. The X-ray photoelectron

spectroscopy (XPS) experiments were carried out with a constant pass energy of

50 eV for all spectra. All spectra reported below are raw data.

All the samples were transfeiTcd from the glass reactor to the UHV equipment

and back again in air. The samples were fixed on the sample rod by the frame-like

construction shown in the experimental chapter and the time of exposure to air was

kept as short as possible (around 2 min). In the preparation chamber of the UHV

system, the catalysts were flashed to a maximum temperature of 400°C (after expo¬

sure to 400°C or 600°C in the glass reactor; fresh samples were not flashed prior to

UHV investigations) in order to remove any adsorbed material from the surface of the

samples before transferring them to the analysis chamber.

After the XPS analysis, the topography of the model catalysts was imaged by

atomic force microscopy. The AFM was used in ambient atmosphere in contact

(constant force), intermittent, and non-contact mode, depending on the stability of the

metal films or particles on the samples.

For all experiments described below, wafers fragments (10 x 10 mm2) were used

because of the size requirements of the UHV equipment, the AFM, and the reactor.

6.3 Results and discussion

6.3.1 Characterization of the untreated catalysts after preparation.

6.3.1.1 XPS analysis ofthe fresh catalysts

Figure 6-1 shows XPS spectra of the Pd 3d signal. The spectra of the various

model catalysts were recorded as they were received (foil) or produced (all other

samples). Dust particles were removed from the surface of the samples by rinsing

them with a few drops of acetone and ethanol before the measurements. The upper

three spectra were recorded on the Pd foil and the two film samples. The binding

energy for the Pd foil was 334.8 eV and 340.1 eV for the Pd 3dV2 and the Pd 3d3/2
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peaks, respectively. The same values (± 0.1 eV) were obtained for the film samples.

Therefore, the binding energy values for all three samples were in agreement with

literature values [Bri90] for palladium in the metallic state. No charging was

observed. Thus, it is presumed that the Pd on both film samples was deposited as

closed layers on top of the SiO; on the silicon wafer. This was confirmed by the ab¬

sence of the Si 2p peak in the XPS spectra of the 500 nm thick film. Only a very weak

signal contribution from SiO; was observed on the 10 nm film sample, probably due

to minor scratches in the film.

Since the amount of palladium on the nanostructured catalysts was much smaller

than on the film samples, the Pd 3d signals were less intense. For the sake of clarity,

these three signals were enlarged in Figure 6-1 (note the difference in the lower and

upper scale of the graph). In the case of the nano-pits, the substrate was etched before

evaporation, whereas in the case of the nano-dots the particles were located on the flat

oxide surface. Seven and 20 nm of palladium were evaporated through the structured

photoresist on the dot samples. Specific differences in the behavior of the two dot

samples in the various treatments will be discussed later. The etched sample was

loaded with 20 nm of palladium, and the pits were 60 nm deep before the evaporation.

The intensity of the signal of the 20 nm (7 nm) dot sample was only 12% (8%) of

that of the average intensity of a film sample, whereas the intensity of the pitted

samples (Pd film in the pits was 20 nm thick) reached only 9%. These values were in

good agreement with AFM measurements, where a Pd coverage of 14% was

calculated for the 20 nm dot samples and of 12% for the pitted samples. The XPS

results indicated a lower coverage in both cases, the difference between the values

obtained by XPS and AFM being larger for the pitted sample. We propose two

explanations. First, there was a significant amount of carbon on the surface of both

types of samples (Table 6.1). In the case of the pitted samples, the carbon-to-

palladium signal intensity ratio was nearly double that of the dot samples. Since the

number of carbon-containing species on the silicon oxide should be comparable in

both cases, it was assumed that most of the carbon was located on or around the

palladium particles. Second, the Pd signal on the pitted sample was shielded to a great

extent by the carbon layer. Furthermore, the slightly sloping walls of the Pd particles

on the pitted samples were very close to the SiO; rims of the pits. It was expected that
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there is a small, if any, signal contribution from the side-walls of the particles, m

contrast to the dots, which weie exposed on the flat suiface
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Figure 6-1

XPS spectia of the Pd 3d signal of the model catalyst samples as

received/pi oduced:

a) foil; b) 500 nm film; c) 10 nm film;

d) 7 nm dots; e) 20 nm pits; f) 20 nm dots.
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The binding energies of both samples were identical (335.8 eV and 335.9 eV for

the Pd 3d5ß peaks, 341.1 eV and 341.2 eV for the Pd 3d.v2 peaks, respectively). These

values were about 1 eV higher than the values for the foil and the film samples. Since

the samples were prepared and treated in the same way as the film samples, this

difference was not due to changes in the chemical oxidation state but to the isolated

position of the clusters on the insulating support material. The binding energies of the

Pd 3d signals (336.0 and 341.3 eV) were the same as on the thin Pd film (thickness of

the Pd layer 10 nm), after the sample was annealed to give isolated particles (compare

Figures 6-3c and 6-4c. The binding energy of the Si 2p peak of the Si02 was between

104.1 and 104.3 eV, which is also about I eV higher than usually reported for silicon

oxide and typical of thick insulating films [Ter96],

Table 6.1

XPS intensity of the C Is peaks relative to the Pd 3d signal on the various model

catalysts. Details of treatments are given in the text.

Sample Cl s intensity relative to the Pd 3d signal

after various pre-treatments

Redox Oxidation Redox

Fresh 400°C 600°C 600°C

Pd foil 0,42 0.10 0.12 0.08

Pd film

500 nm

0.22 0.13 0.08 0.07

Pd film

lOnm

0.22 0.06 0.08 -

Pd dots

20 nm

(7 nm)

0.19

(0.22)

0.05

(0.08)

0.04

(0.05)

0.05

(0.03)

Pd (pits) 0.38 0.07 0.05 0.05

20 nm
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6.3.1.2 AFM analysis ofthefresh catalysts

The topography of the untreated samples, as shown by AFM, is shown in Figures

6-2a to 6-2e. Figure 6-2a images the surface of the untreated Pd foil. Hollows are

visible between long, parallel stretching featares. The appearance of the surface of the

foil is probably due to the polishing procedure used by the manufacturer. When the

resolution was enhanced, a few narrow trenches in the surface, in no particular

direction, became visible. These trenches are thought to be grain boundaries and will

be discussed in greater detail later. No long-range order of any kind was revealed by

AFM (regions of 140 x 140 urn can be scanned with our equipment) for the two film

samples. The surface merely consisted of a flat layer of palladium with irregularly

shaped particles of various sizes on top of it (Figures 6-2b and 6-2c). The main

difference between the thick and the thin films was the roughness of the surface,

which is more pronounced on the thick film (by about one order of magnitude), which

is due to the higher deposition rate during the preparation of the thick film sample.

Figures 6-2d and 6-2e show two characteristic nanostructured samples: palladium dots

(7 mn in height) on the silicon oxide layer and palladium (20 mn) deposited in the pits

(60 mn in depth) of the oxide. The single palladium dots were well separated from

their neighbors and have nearly the same size and shape. The arrays, formed from

these ordered particles, cover the 4 inch wafers. Most of the dots investigated on the

samples have a rough surface stractare as presented here, which exhibits iixegular

features. It is not clear whether the small particles on top of the metal clusters are a

result of the sputtering process and consist of palladium or whether these features

were created during the lift-off and cleaning process after evaporation. If the latter is

true, then they would consist mainly of carbonaceous, polymeric material from the

photoresist. XPS spectra of both samples revealed a large amount of carbonaceous

material on the surface (Table 6.1). However, a space-resolved investigation of the

distribution of the various elements on the surface is difficult. The resolution of most

scanning Auger microscopy equipments, which would be a promising tool for making

this detennination, is not high enough for such small particles.
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Figure 6-2

Topography of the palladium model tatahsts (as leceived/produced) as shown by
AFM (3D presentation):

a) foil (40 x 40 urn2); d) 7 nm dots (1.3 x 1.3 um2);

b) 500 nm film (10 x 10 urn2); e) 20 nm pits (1.4 x 1.4 um2).

c) 10 nm film (10 x 10 urn2);
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To clean and activate the contaminated model catalysts, oxidation and reduction

treatments as described below were applied. These treatments are similar to the clean¬

ing and activation processes used in industrial catalysis and were chosen because they

indicated good results, as described in the foregoing chapter. Furthermore, the typical

surface science methods such as sputtering or oxygen plasma etching have been tested

to be less successful in removing the polymeric adlayers and it was reported that a

silicon oxide layer formed on Pt particles when plasma etching was applied [Jac96].

6.3.2 Characterization of the catalysts after repeated cycles of oxidation at

400°C and reduction at 200°C.

All model catalyst systems were treated in a flow of oxygen and argon or hydro¬

gen and argon in the quartz glass reactor described above. Overall flow rates were

around 4 ml/min at a pressure of 10*1 Pa, the ratio between the argon and the second

gas being 3:1 in all cases. The oxidation/reduction cycles were carried out in the

following manner: First, the samples were heated to 200°C in the flowing A1VO2

mixture and kept at that temperature for two hours. The oxygen flow was stopped and

the argon flow (3 ml/min) continued for 10 min. Then the gas flow was switched to

the Ar/Hi mixture at the same temperature. At that time, oxygen was still present in

the reactor, which led to the fonnation of water on the Pd particles or films. The water

was visible as it condensed on the cooler parts of the outlet tube and could be

measured by the QMS. The reduction took two hours. This cycle was repeated three

times, while the last oxidation was carried out overnight (usually 10 - 12 hours). After

reducing the sample again at 200°C, the temperature was increased to 400°C under a

flow of Ar/02. That temperature was maintained for 2 hours before the reactor was

allowed to cool down to 200°C and the flow switched back to the hydrogen gas

mixture. The reduction was always carried out at 200°C to avoid the formation of

palladium suicide [Lom98] on the supported catalysts. This cycle was repeated at

least twice. The catalyst then was removed from the reactor (at a temperature of

around 80°C) and transferred immediately to the UHV chamber.
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6.3.2.1 XPS andAFManalysis ofthe Pd catalysts after a redox-treatment at 400°C

Figure 6-3 shows the XPS spectra of the Pd 3d signals after the

oxidation/reduction treatment. Minor changes in the peak area intensity were observed

for the foil and the thick palladium film (500 nm), whereas the binding energies of the

Pd 3d signals did not change. Therefore, any palladium oxide that formed during the

oxygen treatment was reduced by hydrogen. The increase in the peak intensity was

due to the removal of a significant amount of carbon-containing material from the

metal surface during oxidation. The relative amount of carbon compared to the

untreated samples was decreased by a factor of 4 (2) on the foil (film) (Table 6.1).

In contrast, significant changes in the binding energy of the thin palladium film

(10 nm) as well as in peak intensity of the palladium and silicon signals were ob¬

served, whereas only the peak intensity of the nanostructured samples changed

drastically. The Pd 3d signals of the thin film sample shifted from the metallic values

observed for the fresh sample to values of 336.0 and 341.3 eV, which are the same

values that were found for the palladium particles of the nanostractured samples. The

higher binding energy in this case was not caused by changes in the chemical state of

the palladium. If that had been the case, then the Pd on the thick film and the foil

would have undergone the same changes after these treatments. Loss of metal due to

evaporation from the surface to the gas phase did not occur because of the low

temperature applied (400°C). Therefore, the drop in the signal intensity was due to the

topographical re-arrangements of the palladium surface. The decrease in the intensity

of the Pd 3d signal combined with a strong increase in the Si 2p peak at a binding

energy of 104.1 eV led to the conclusion that the closed film of the fresh sample had

reshaped to form isolated particles. The silicon oxide of the support was uncovered

and the sample became insulating. AFM images of the sample (Figure 6-4c) show the

formation of inegularly shaped isolated particles with uncovered substrate material

between them. This effect is well known from investigations of MOS (metal-oxide-

semiconductor) sensors [Erl9l] and also from the production of supported noble metal

particles from thin films on model substrates [Gun97], [Ilen98].

Comparable effects caused a decrease in the intensity of the signal of the nano¬

structared samples. The effects on the pitted samples were discussed in the foregoing

chapters; the explanation is similar m the case of the nano-dots. As can be seen in
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Figure 6-3

XPS spectra of the Pd 3d signal of the model catalyst samples after

oxidation and reduction treatments at 400°C:

a) foil; b) 500 nm film; c) 10 nm film;

d) 7 nm dots; e) 20 nm pits; f) 20 nm dots
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Topography of the palladium model catahsts attei oxidation and reduction

treatments at 400°C as shown bx AFM (3D piesentation):

a) foil (40 x 40 nm2); d) 7 nm dots (1.2 x 1.2 um2);

b) 500 nm film (10 \ 10 urn2); e) 20 nm pits (1.4 x 1.4 urn2),

c) 10 nm film (3x3 um');
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Figure 6-4d, the flat cylinders supported on the flat (non-structured) Si02 (Figure 6-

2d) have reshaped to form small cones of increased height but with significantly

smaller base radii. Some of the cones seemed to consist of one piece of metal, where¬

as most of the cones obviously consist of several crystallites. Even after scanning

relatively small areas of the surface of the wafer, it was obvious that they were no

longer uniform. Whereas some particles were smaller due to a loss of material, others

were bigger as a result of the palladium migration processes induced on the surface.

Therefore, two effects were responsible for the lower signal after the

oxidation/reduction treatment: the formation of larger aggregates caused a decrease in

the surface to volume ratio of the overall amount of palladium. Much more important,

however, was the reshaping from flat cylinders to cones with a higher aspect ratio.

This was proven best by simple geometry. All the deposited palladium films and

particles discussed here were thicker than the information depth of XPS under the

given conditions. Therefore, the signal intensity (peak areas) is directly related to the

surface area that was exposed to the X-ray beam. In a first approximation, a

cylindrical shape was assumed for the calculation of the surface of the flat disks (on

the dot samples after preparation). The surface area of an ideal cone was assumed for

the reshaped particles after the high temperature treatment. If the volume of a given

dot is assumed to be constant, then the reshaped cone exhibits only around 34% of the

surface area of the formerly flat cylinder. Therefore, the decrease in intensity,

observed by XPS, can be explained by the loss of surface area due to reshaping and

sintering of the particles.

The relative decrease in the intensity of the pitted sample was usually smaller

than that of the flat samples. As stated above, the initial lower intensity of the Pd films

in the pits was mainly caused by the large amount of carbon on the surface of these

samples. After the oxidation and reduction cycles, the ratio between the intensity of

the carbon and palladium signals was nearly the same on the pitted and the dot

samples. Since the metal clusters in the pits could not change their position and, there¬

fore, no sintering was observed, this loss is due solely to the reshaping of the clusters.

Except for the decrease in the intensity of the O Is signal and, as a result, the in¬

crease in the intensity of the Pd 3d signal, the XPS spectra of the palladium foil and

the 500 nm film showed no significant differences compared to the fresh samples.
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Nevertheless, the topography of the two samples changed. This is most obvious in the

case of the thick film sample (Figure 6-4b). The formerly random arrangement of

particles with a broad size and shape distribution on top of a closed and flat layer of

metal disappeared. The surface was instead divided into irregularly shaped, sub¬

micrometer-sized domains by deep narrow trenches. Since no charging effects and no

signal contribution from the silicon oxide of the support were detected, the domains

were assumed to be in close contact. The domains represent the nano-crystallites that

were formed during the deposition of the growing film. The appearance of such

features in the structure of thick evaporated or sputtered aluminum films after

annealing is known from publications on semiconductors [Bec93]. Elevated featares

were visible at the "triple points" (where three or more boundaries meet). Such

features are usually observed on metal films, which are doped with a second material,

such as silicon. The temperature-induced reshaping of the films then leads to

segregation of the doping material at the triple points of the grains of the host

material. Since carbon was the only compound present in large amounts on the

samples investigated, we suppose that the featares contained a significant amount of

carbon (silicon, originating from the wafer as a possible contaminant, was not

detectable by XPS on the sample surface). This is in agreement with the intense C Is

signal observed on the sample after the treatments at 400°C. The amount of surface

carbon was reduced by only a factor of 2, whereas on the other model catalysts the

C Is intensity was decreased by at least a factor of 4. Since the surface contamination

of the sample by carbon was comparable to that of the thin film and the dot samples

before any treatment but was much less than on the foil and the pitted samples, the re¬

maining carbon probably separated from the bulk of the film and the palladium/silicon

oxide interface and became attached to the surface. When the sample was exposed to

oxidizing conditions for a longer period of time at higher temperatures, the amount of

carbon decreased considerably (Table 6,1), which was again correlated with a change

in the structure of the film (see next section).

Removing carbon from metals by combustion to COi in the presence of oxygen

has been discussed as a possible driving force for the restructuring of metal surfaces

[Eri90], [Erl91], [Wei96]. The exothermicity of the formation of water from hydrogen

and oxygen and the humidity inside the reactor during the high temperature treatments
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can be excluded as reasons for the reshaping of the structured samples. The particles

behaved the same when they were oxidized in dry oxygen at the same temperature of

400°C. For restructuring to occur under UHV conditions, temperatures above 550°C

were necessary.

6.3.2.2 Behavior ofstructuredAg catalysts after redox-treatment at 400°C

For comparison, the changes in the topography of a silver dot sample before

(Figure 6-5a) and after oxidation/reduction at temperatares up to 400°C (Figure 6-5b)

are shown in Figure 6-5. The sample was prepared m the same way as the cor¬

responding Pd dot samples, by evaporation of a silver layer of 10 nm. The dots in

Figure 6-5a show a significantly rougher surface than the comparable Pd dots. After

the oxidation and reduction cycles, the formerly well-ordered arrays disappeared al¬

most completely (a comparable behavior of Ag dots prepared by electron beam litho¬

graphy has been reported [Yan98]). The silver spread over the surface and covered the

whole substrate with a grainy layer of small clusters. These clusters were only loosely

bound to the surface. The lower corner of the sample imaged in Figure 6-5b was

scanned several times by the AFM tip in contact mode, using rather high scan

frequencies and high tip forces (7 to 8 nN). The scan area was then enlarged and the

image recorded during the first scan. It is obvious that the silver in the small scan area

was swept to the borders of the rectangular region. XPS spectra recorded on such

samples (not shown here) after the oxidation/reduction treatments showed a higher Ag

intensity than that on the freshly prepared dots, since the surface to bulk ratio was

slightly increased. Figures 6-5c and 6-5d show a pitted sample, the pits filled with a

15 nm Ag film by evaporation, before and after the sample was treated with oxygen

and hydrogen at 400°C. The surface structure of the Ag films inside the pits right after

preparation (Figure 6-5c) is comparable to the structure of the dots in Figure 6-5a.

Nevertheless, the walls of the pits prevented the metal from spreading over the entire

surface, as was observed on the fiat S1O2 surface.
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Figure 6-5

Topographx of the silver model catalysts before and after oxidation and

i eduction treatments at 400°C as shown bx AFM (3D presentation):

a) Ag dots (height 15 nm) on flat

Si02, untreated (3x3 um');

b) Sample as shown in a) but after

oxidation/reduction cycles at

400°C (3.5 x 3.5 pm2);

c) Ag (film height 15 nm) on pitted
SiO, substrate (1.7 x 1.7 um2).

d) same sample as in c) but after

oxidation/reduction cycles at

400°C (1.7 x 1.7 urn2).

6 3 3 Oxidation of the Pd catalysts at 600°C

I he samples desciibed aboxe (except loi the samples containing silver) wete used

toi oxidation at 600°C Attei oxidation and ieduction cycles at up to 400°C and

subsequent XPS and AIM investigations, the samples weie tiansferred back to the

glass leactot After two oxidation/ieduction cycles at 200°C and two cycles at 400°C,

the temperature was mcieased to 600°C The samples were kept m an argon/oxygen

flow as desciibed aboxe The temperataic was steady foi two houis, aftei which the

reactor was cooled to 100°C m about 30 mm w ithout further teduction of the samples
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The samples were transferred immediately to the UHV system for further

investigation.

6.3.3.1 XPS andAFM analysts offoil and films after oxidation at 600°C

Figure 6-6 shows the XPS spectra of the oxidi/ed samples. The main peaks of the

Pd 3d signal for the Pd foil (and the 500 nm film) were now located at 336.6 eV

(336.5 eV) and 342.0 eV (341.9 eV). This indicated a heavily oxidized metal surface.

Nevertheless, a clear shoulder at the lower binding energy side was observed,

especially in the spectrum of the thick film. Deconvolution of the spectrum led to

binding energies for the metallic palladium of 335.2 eV/340.0 eV (foil) and

334.5 eV/339.8 eV (film), indicating slight shifts to higher binding energy compared

to the values obtained for the reduced samples. The entire outer metal surface area of

the foil catalysts was oxidized m the reactor, thus causing an insulating oxide layer

that covered all of the palladium foil, and therefore, shifted the signals to higher

energy values as a result of charging. The effect was less significant for the thick film

sample, where the amount of detectable Pd metal was comparatively larger (see peak

in Figure 6-6). Furthermore, after oxidation of this sample at 600°C, a small Si 2p

signal contribution by the SiO? layer was observed for the first time. Therefore, it was

concluded that, at the higher temperature of 600°C, the thick evaporated metal layer

underwent reshaping that was comparable to that of the thin film at 400°C. A first

indication of this was already observed after the treatment at 400°C, when clearly

separated grain boundaries were visible on the thick film sample.

However, the packaging of the domain areas was still very dense and no

contribution by the SiO: to the XPS signal was observed after the treatments at

400°C. Increasing the température to 600'C led to a significant decrease in the

amount of carbon detected on the surface (Table 6.1) and to a break-up of the

formerly closed Pd layer (Figure 6-7b). The binding energies of the palladium m the

metallic state and the AFM images led to the conclusion that none of the particles

were completely isolated but that a coherent network of irregular shaped metal/metal

oxide clusters was formed.
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Figure 6-6

XPS spectra of the Pd 3d signal of the model catalyst samples after

the oxidation at 600°C:

a) foil; b) 500 nm film; c) 10 nm film;

d) 7 nm dots; e) 20 nm pits; f) 20 nm dots.
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Figure 6-7

Topography of the palladium model catalysts after oxidation at 600°C as shown by
AFM (3D presentation, with the exception of the foil sample):

a) foil (40 x 40 urn2);

b) 500 nm film (4x4 urn2);

c) 10 nm film (10 x 10 um2);

d) 7 nm dots (1.2 x 1.2 um2);

f) 20 nm dots (4 x4

e) 20 nm pits (1.3 x 1.3 urn2);



-*3 Comparison of Model Catalysts

There was a predominance of elongated and elevated parallel structures on the

fresh foil, which were still visible after the treatments at 400°C but almost completely

disappeared after oxidation at 600°C (Figure 6-7a). At the same time, the depth of the

holes on the foil surface decreased significantly. Instead of the long-range, ordered,

parallel structures that were probably due to the manufacturing process, the samples

exhibited elevated structures, which formed the boundaries of large domain areas.

These domains, however, were orders of magnitude larger than the small regions

observed on the thick film sample after treatment at 400°C.

6.3.3.2 XPS andAFManalysis ofthe structured samples after oxidation at 600°C

The effect of high temperature oxidation on the stractared samples is shown in

the XPS spectra in Figure 6-6 and the AFM images in Figure 6-7. All the palladium

particles were heavily oxidized according to peak shape and binding energy. The

values for the Pd 3d doublets of both the pitted and the dot samples were 337.9 and

343.2 eV, respectively (again, the values were shifted to higher binding energies as

compared to the foil and the thick film sample). Compared to the values observed for

the same samples after reduction (336.0 and 341.3 eV), this is a shift of almost 2.0 eV,

indicating that PdO was the predominant palladium species on the surface of the

catalyst. All spectra of the stractared samples showed low binding energy shoulders.

Deconvolution led to binding energies of 336.2 and 341.5 eV for the palladium

remaining in the Pd° state. Only very few differences were found in the topography of

the pitted samples and the 7 nm dot samples after oxidation at 600°C and the redox

treatment at 400°C. Deviations in the height and width of the clusters were attributed

to the lower density of PdO compared to Pd. The two dot samples, however, differed

significantly from each other. The sample with the 7 nm dots still exhibited a

well-ordered arrangement of the particles on the surface, and all the dots were split

into small, conically shaped crystallites (Figure 6-7d), comparable to the structure

after the O2/H2 treatment at 400°C (Figure 6-6d). The thick Pd dots (20 nm, Figure 6-

7f) were more mobile on the surface and the particle surface appeared to be smoother

after the high temperature oxidation. Note the difference in the lateral scale of the two

images. For the purpose of comparison, the magnification factor in the z direction

(height) was the same for both images. The arrangement of the thicker dots on the
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surface was less regular than before the oxidation, and smaller features were visible

between the regular positions of the dots. These features were randomly spread over

the surface and were presumed to be traces of larger particles that moved around on

the substrate. We do not yet know the causes of this behavior or why the larger

particles were more mobile on the surface. (Note: the sizes of the metal dots

investigated here differed in height, not in diameter. Therefore, the contact region

between the metal and the substrate was the same for all of the dots.) However,

comparable investigations of Pt particles, produced by electron beam lithography on

CeOi, showed disintegration of particles with diameters larger than 300 nm, whereas

smaller particles crystallized into single crystals after coming into contact with a

mixture of H2/O2 at 727°C [Joh99], Therefore, the different behavior of 'smaller' and

'larger' metal particles on oxide surfaces may be due, among others, to the optimum

surface-to-volume ratio, which is determined by the different materials involved

(metal, oxide, adsorbates).

After the high temperature oxidation, all the samples described here were reduced

at 200°C in a stream of an argon/hydrogen mixture in a further step for 2 hours. After

this treatment, the binding energies of the Pd 3d signals of all the samples were the

same as those which were determined after the oxidation/reduction steps at 400°C.

The carbon-to-palladium ratios are given in the right column ('Redox 600°C) of

Table 6.1. The topography of the oxidized and the reduced samples was slightly

different, with the latter having nanostractured particles with a smoother surface. No

obvious structural changes were observed for the foil and film samples after the

additional reduction step.

6.3.4 Reactions carried out on the model catalysts.

As described above, the palladium-based catalysts were active towards the

oxidation of hydrogen during the oxidation/reduction treatments. Since some parts of

the reactor could not be heated, the water that formed during the experiments was

visible as a condensed water film on the inner walls of these reactor parts. More

reliable and comparable measurements of the activity for the formation of water were

not possible, because the stainless-steel capillary that was used for connecting the

reactor to the mass spectrometer showed high catalytic activity, too. Therefore, the
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capillary was removed from the reactor during the oxidation/reduction cycles. The

pitted samples with palladium as the active material showed the best stability against

oxidizing atmospheres at elevated temperatures. One of these samples was therefore

used after the treatments at 400ÛC to test the catalytic activity for the CO oxidation.

50 67

Time [min]

Figure 6-8

Formation of C02 on a pitted Pd sample in a flow of Ar/CO/02 as a

function of temperature (dashed line). Details are given in the text.

The sample was kept in a flow of 6 ml mm Ar and 2 ml/min CO at 10 Pa and

300°C. When the flow of oxygen (2 ml mm) started, no CO2 was formed at this

temperature (Figure 6-8). Increasing the temperature to 350°C (dashed line) caused

the catalytic reaction to start, showing oscillations. The temperature was then

increased again to a maximum of 475°C. The maximum production of CO2 was

achieved already at a temperature around 360°C, with no major changes above this

temperature. The empty reactor (without the catalyst but with the steel capillary)

showed almost no activity towards CO oxidation. Therefore, the oxidation and

reductions cycles, as described above, are appropriate for cleaning and activating

model catalysts that have been contaminated by large amounts of carbon-containing
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species. Contaminations of that kind are a typical problem of systems produced by

lithography.

6.4 Conclusions

The influence of oxidation and reduction treatments on various model catalysts at

high temperatures was investigated. We focussed on the topography and chemical

composition (the oxidation state of the active material and the number of

contaminants on the surface) of the model systems which all were prepared under

very similar conditions. The long-term oxidation and reduction cycles proved to be

appropriate cleaning and activation procedures, even for catalysts that were produced

by lithography and were, therefore, contaminated by carbonaceous adlayers. Carbon-

containing contaminants were burned off the surface, leading to catalytic active metal

surfaces. The metal foils, films, and structured particles showed significant

restructuring of the surface and the "near-surface" bulk. Defined and reproducible

restructuring without sintering was only observed on the pitted samples. Some of the

results that relate to major restructuring and oxidation/reduction behavior are not new.

However, if we focus on the exact behavior of systems with defined system properties

(e.g., particle size, particle arrangement, purity, and chemical composition), the

investigation showed that further research must involve more than the simple

evaporation of metal films on flat substrates. The etching of the active species (films

or particles) exposed to elevated temperatures and reactive conditions (described as

thermal and catalytic etching in the literature [Wei96]) depends strongly on the

properties of these materials. Therefore, when the size, shape, bulk, and surface

composition differ from one system to another, it is not surprising that the results of

catalytic investigations on nearly identical systems are contradictory. Chemists

working in the field of catalysis know that the performance of a given catalyst

depends strongly on the method of production and on pre-treatment. The pitted

samples presented here as nanostructured catalysts are remarkably stable against

'long-range etching' (i.e., mobility of metal particles on the oxide surfaces leading to

sintering). Therefore, they can be treated in an identical manner as actual metal

catalysts used in industry that are supported on powdered, porous substrates.
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7. Silver model catalysts prepared on pitted Si02 surfaces

7.1 Introduction

Silver is used as a catalyst for a number of industrial partial-oxidation reactions.

The epoxidation of ethylene and the synthesis of formaldehyde have attracted far

more attention. Despite the widespread use of silver in heterogeneous catalysis and

numerous investigations of the elemental steps of the reactions, only little is actually

known about the detailed mechanisms and the changes induced in the active silver

phase during the reactions. It was reported recently [Nag99] that almost none of the

numerous surface science studies available took the effort to observe the

morphological changes in the catalyst during or after exposure to oxygen at elevated

temperatures. In addition to a wealth of single-crystal studies on Ag (110) and Ag

(111) surfaces and on polycrystalline silver foils (references can be found in [Bei94]

and [Nag99]), only few "realistic" catalyst models (silver clusters supported on flat

oxide supports) have been investigated so far [At*a84], [Bci94], [Ruc84]. This may be

due to weak metal-support interactions between the silver and the oxide supports,

which are in the range of Van-der-Waals interactions. Model calculations for Ni and

Pt clusters on alumina supports showed repulsive forces between the occupied O""

orbitals and the almost filled d-orbitals of the noble metals. Experimental proof of the

weak anchoring of evaporated silver particles on oxide surfaces like AI2O3 and Si02

resulted from AFM investigations of such systems. Imaging of thin films or small

particles right after evaporation was not possible in contact mode, because the forces

between the scanning tip and the cluster were larger than the cluster-support

interactions. Only after UHV annealing of the systems and applying tip forces below

0.8 11N was it possible to image isolated silver clusters on the single crystalline AI2O3

surface [Bei94]. XPS investigations of the same samples showed that the silver

particles already had undergone sintering under the annealing conditions. Even after

annealing, it was possible to move the clusters along the terraces of the oxide crystal

by the scanning tip (see also Chapter 6.3.2, Figure 6-5a).
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Therefore, the poor stability of supported silver model catalysts may explain the

lack of detailed investigations of the effect of size, structure and morphology of

supported silver particles on the catalyst properties during partial oxidation reactions.

This chapter describes the use of nanostractured supports for the preparation of

supported silver catalysts. The stability of the arrangement of the supported silver

particles improved considerably, whereas on flat supports sintering and redispersion

occurred under the reaction conditions.

7.2 Results and discussion

7.2.1 Pitted samples with evaporated silver inside the pits

Preparation and analysis of the silver model catalysts were described in

Chapter 6. In addition to the standard procedures described thus far, silver films were

evaporated onto flat and structured (pitted) surfaces after removing the photoresist.

Subsequently, the films were annealed and the behavior of the silver layer observed

by AFM.

Chapter 6.3.2 reported changes m the topography of silver films (10 mn thick),

evaporated through the stractured resist into the pits of a silica surface, after

oxidation/reduction treatments at 400°C. The films showed a rough surface

morphology after evaporation, and they reshaped during the annealing procedure.

Contrary to comparable palladium samples, several spherical silver particles were

found in a single pit after annealing.

Comparable results were obtained after UHV annealing of the samples.

Figure 7-1 shows the AFM image of a pitted sample with 15 nm of evaporated silver

inside the pits, after 5 min at 500°C in UHV. In contrast to the results for palladium

(Chapter 4), the films already reshaped at this temperature to form 3D particles at the

bottom of the pits; small regions of the flat, smooth, silica bottom are visible between

the clusters. The average diameter of the particles was 75 nm, and the average height

was around 30 nm (measured from the visible areas at the bottom of the pits to the

tops of the particles). However, due to the formation of several small clusters instead

of one large particle, the surface area relative to the particle volume was not that much
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Figure 7-1

Three-dimensional view of an AFM image
(2x2 urn2) of a pitted sample with 15 nm Ag in the

pits. The sample was annealed at 500°C in TCHV

for 5 min.

smaller. Therefore, no de¬

crease in the XPS intensity

of the Ag3d signals relative

to the Si 2p peak was ob¬

served, as shown in Figure

7-2.

However, this changed

significantly after exposing

the samples to temperatures

above 600°C. Depending on

the amount of deposited

silver and on the temperature

and pressure during the an¬

nealing, much less or even

no silver was left on the sur¬

face, even after short an¬

nealing tunes of 10 mm. A significant increase m the vacuum chamber pressure was

observed when the silver samples were heated to 650°C in UHV, although the

evaporation rate of silver metal as dependent on the vapor pressure should be quite

low at that temperatare. However, Sambles et al. reported that the rate of evaporation

of Ag increased considerably m the presence of contaminations and/or small amounts

of water [Sam70]. Nagy [Nag99] observed a change m the color of Si02 pellets,

supporting Ag particles, from white to gray after running the oxidative coupling of

methane as a test reaction m a quartz tube reactor at 800°C. The analysis revealed the

presence of carbon and silver m the formerly silver-free S1O2 pellets. This, too,

suggests the sublimation of the silver from small supported particles under actual

catalytic conditions and temperatures far below the melting point of the bulk silver. In

closely packed catalyst beds, most of the silver is re-deposited m cooler parts, whereas

on the flat samples described here, the silver is removed permanently from the

surface.
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Figure 7-2

XPS spectra of the Ag 3d peak of the sample shown in Figure 7-1. The intensity
after the UHV annealing (- a -) was identical to the intensity of the samples as

prepared (- o -), when the annealing temperature was below 600°C. Annealing
at 650°C for I min led to a significant decrease in intensity due to sublimation

of the Ag (- 0 -).

Using thinner films of the evapoiated silvei initially led to fewer and smaller

particles after amiealing the samples Figuie 7-3 shows a sample with 1 1 nm of

evaporated silver after the lift-off pioceduie (a) and after annealing the sample for

5 mm m pure oxygen at 10'1 Pa and 400°C (b) There are only few small features in

the pits after evaporation Measurable heights of isolated particles range from 4 to

10 mn, whereas othei regions on the bottom of the pits aie completely free of silver

While 13% of the surface of samples with 15 nm of evaporated silver (as determined

by XPS) was covered with sihei, compatible measuiements gave a coverage of 4%

m case of the thm film (1 I nm) ITieie were even fewer particles on the surface after

oxidation, most of which weie still inside the pits (b) It is difficult to determine the

exact size of the annealed silvei efusteis Howevei, the dimensions increased by at

least one oidei of magnitude Theiefoie, it is concluded that the small isolated
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structures (Figure 7-3a) sintered to form single clusters (Figure 7-3b). However, the

size and morphology of the clusters varied widely.

7.2.2 Pitted and non-structured samples with evaporated silver films

The deposition of thin metal films onto oxide substrates by evaporation and

annealing of the resulting systems is widely used to produce model catalysts (see

Introduction and [Hen98]). However, as mentioned above, these particles have a

broad distribution of size and it is almost impossible to achieve a well-defined

arrangement of the clusters on the surface. Structuring the surface using methods

described above helps to improve the uniformity of the clusters and enables the

creation of a predefined pattern of metal particles on the flat surfaces. However, some

contamination of the metal by carbonaceous species must be taken into account.

Furthermore, the lift-off procedure requires a large amount of material, and the largest

part of the expensive noble metal film is lost.

The enrichment of metal clusters at defective sites such as steps, kinks, and edges

of flat supports after depositing thm films on oxide supports is well-known for
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systems with only weak metal-support interactions. We used the well-defined

arrangement of artificial defects (pits) on the flat silicon oxide surfaces to influence

the formation of particles during the annealing of thm silver films.

Figure 7-4 shows two examples of the resulting model catalysts. Four nm of

silver were evaporated onto heavily oxidized silicon wafers in both cases. The oxide

surface m Figure (a) was structured to give a pitted surface, whereas the sample in

Figure (b) was taken from an unstructured wafer. Nevertheless, both samples were

covered by photoresist and had been m contact with the etching solution. After

etching and the removal of the resist, both samples were treated in a stream of oxygen

at 400°C and l(f Pa for several hours before the silver was deposited in order to

remove as much of the remaining resist as possible. After evaporating the metal, the

samples were annealed m a stream of pure oxygen at 10"1 Pa and 450°C for 10 min.

The procedure is comparable to routines applied in the manufacture of silver particles

on glass slides, which are used to investigate SERS effects (Surface Enhanced Raman

Scattering) [Stö99]. The silver particles are arranged randomly on the flat surface
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(Figure b), whereas the particles on the structured surface (Figure a) fill the pits and,

therefore, resemble the arrangement and diameters of the pits. Further amiealing in

UHV or under the same conditions as described above led to no further changes in the

morphology of the samples. The particle size distribution is rather broad in both cases.

The advantage of the well-ordered arrangement of the clusters on the stractured

substrate is somewhat diminished by the larger particles. The heights of the clusters

(measured from the level of the flat silicon surface) ranged from 20 to 55 nm, and the

diameters varied from 340 to 360 nm, whereas the particles on the flat surface were

20 to 40 mn high and had diameters between 100 and 180nni. Decreasing the

diameters of the pits and using thinner evaporated films should lead to smaller metal

clusters.

The surface structure shown in Figure 7-4b is surprising, when compared with

that of the sample shown in Chapter 6.3.2, Figure 6-5b. In the latter case, a silver dot

sample (silver clusters prepared by lithography on a flat, unstructured silica surface)

was treated for several hours in oxygen and hydrogen at 400°C and atmospheric

pressure. Despite the similar treatments, the resulting morphology, i.e. the size and

distribution of the silver clusters, was very different. Thus, even the metal-support

interactions between the silver and the silica were much weaker than on the samples

presented here. The reasons for this different behavior are not yet clear. It is suggested

that the different pre-treatments of the support and the resulting variations in the

surface composition of the support and the metal clusters play an important role.

Furthermore, the dot sample presented in Chapter 6.3.2 was exposed to oxygen and

hydrogen during annealing. Therefore, small amounts of water formed on the metal

parts of the glass reactor, leading to humidity in the tube, whereas the oxygen used in

these investigations was completely free of water. These contrasting results for both

types of samples and annealing conditions are reproducible; thus, the different

behavior must be due to the different annealing conditions.

7.3 Conclusions

Little is known about the behavior of supported Ag particles that are exposed to

catalytic conditions, perhaps because of a lack of appropriate, stable model systems. It
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was shown that the behavior of small silver clusters and thin films, which were

deposited on flat silicon oxide layers, were significantly influenced by the

morphology and chemical composition of the substrate. The performance of a catalyst

is usually based on the entity of its components; thus, the importance of "realistic"

model systems must not be underestimated. The increase in the rate of sublimation of

silver from supported silver clusters compared to the bulk silver of single crystals or

foils is only one significant indication of the effect of the interactions between the

active phase of a catalyst and its surroundings.

Furthermore, silver is widely used as a substrate for UV-V1S extinction

spectroscopy and for Raman spectroscopy investigations [Dec98], [Gun99], [Jen99]

due to its unique optical and electronic properties. After gold, copper, and aluminum,

it is one of the most common metals used in IC technology. In all these research

fields, detailed knowledge of the behavior of small amounts of metal (clusters or thin

films) in contact with one or more different materials (e.g., wetting behavior,

reconstruction, epitaxy, alloy formation) is essential.

The use of structured supports with well-defined properties, as described here,

offers good opportunities for such studies.
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8. Concluding remarks

8.1 Nanotechnology and catalysis

The detailed observation of catalytic processes by means of modern surface

science techniques has aided our understanding of catalytic mechanisms on a

molecular level. To increase this knowledge, however, simplified model systems that

closely resemble industrial catalysts must be developed for basic research in catalysis.

Therefore, cheap and efficient methods for the production of submicrometer- to

Ängstrom-sized particles on flat support materials are highly desirable. A number of

methods are available for producing highly defined metal-particle arrays on flat

support materials. Recent developments m the microelectronic industry, including

electron-beam lithography and thin film deposition techniques, have contributed to the

fast development of new and sophisticated model catalysts. Although the features

produced that way are much larger than the size of the particles in most heterogeneous

catalysts, the systems have a number of excellent features (well-defined individual

clusters on the nanometer scale, accessibility by surface science methods and high

reproducibility). In view of the progress made in miniaturization and the complexity

of small-scale circuits in IC technology (aided by progress in computer technology) in

the last few decades, it seems to be worthwhile to continue the attempts for bridging

the remaining gaps between catalysts used in industry and the model catalyst systems

available today.

8.2 The contribution of this work to the development of model catalysts

We succeeded in developing new model catalysts by means of laser-interference

lithography. The method enables the fast, convenient production of low cost model

catalyst systems with submicrometer-sized featares on 4 inch wafers. The systems

discussed here provide an ideal combination of structured topography (mimicking

porous and powdered supports), high stability even under catalytic conditions, and
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easy accessibility by a variety of surface science methods. Controlled deposition of

metallic particles onto a nanostructured silicon oxide surface was achieved. The

evaporation of palladium or silver through a patterned resist into pre-etched pits as

well as the (more realistic) wet chemical method of copper and palladium by

spin-coating precursor solutions led to perfectly ordered arrays of metal clusters with

predictable sizes. A wide variety of support materials and metals can be used, once

the system has been installed. Silica as a support material in combination with

palladium, silver, and copper as active metal compounds has been described in this

thesis.

Detailed investigations of the chemical composition and topography of the

catalysts were earned out by means of electron spectroscopy (XPS), scanning probe

microscopy (AFM, SEM), and mass spectrometry. The behavior of the systems, after

being treated thermally (UHV amiealing) and thermo-chemically (reactive gas

annealing) (the treatments are also described as thermal and catalytic etching), was

compared to standard model catalyst systems such as metal foils, thin films, and

nanostructared metal clusters on flat silica surfaces.

Compared to most model systems known thus far, our arrays offer a unique

combination of uniformity, stability, reproducibility, and large metal surface area. The

otherwise flat silicon oxide layers on oxidized 4 inch wafers had 109 to I010 active

metal sites. Therefore, the catalysts provide sufficient metal surface area for reaction

studies, even at atmospheric pressure. Thus far, hydrogen and carbon monoxide

oxidation have been active on the Pd systems after long activation and cleaning

treatments. Cleaning and activation steps can be carried out according to procedures

used in the actual preparation of catalysts at high pressure and high temperature,

without disturbing the ordered arrangement of the individual metal clusters. It was

shown that the stability of the pitted samples is significantly higher than that of

evaporated particles located on a flat silicon oxide surface. Therefore, the

restructuring of the metal clusters can be observed without the disturbing effects of

sintering.
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8,3 Further possible advantages of the pitted surfaces

The described systems offer many possibilities for research related to surface and

materials science, not only in the field of catalysis. The wetting behavior of various

metals on a variety of support materials at extremely high temperature and in various

gas atmospheres can be studied in detail. The role of interfaces and contact regions

can be detemiined by employing multi-layered systems with defined sequences of

material (i.e., support/metal/promoter). The spin-coating method enables a more

detailed investigation of the essential steps of catalyst production using wet chemical

methods without the problems related to sintering at elevated temperatures. Finally,

the mechanisms involved in alloying and the properties of the resulting composites

can be investigated by evaporating two or more metals into the pits and then

annealing them. Therefore, these samples may contribute to the ongoing research in

combinatorial chemistry and catalysis (see [Jan98], [Wei98], [Con99], and [Jan99],

for example).

Although much work remains to be done (e.g., improving the uniformity of the

clusters and the purity of the systems, designing reactors that are more suitable for flat

samples), the pitted samples offer a unique possibility for investigating isolated

particles that interact only with the surrounding substrate and the reactive gas

atmosphere. Changes in catalytic performance can then be traced back to a single

microscopic particle instead of to the changing bulk sample. However, the

development of analytical tools is not keeping pace with the ongoing trend toward the

miniaturization in building nanowires, nanoclusters, and quantum devices. While it is

possible to arrange single atoms in predefined patterns on surfaces and image the

topography of surfaces with atomic resolution, only few analytical tools for elemental

or even molecular analysis with comparable high spatial resolution are available.

Surface-sensitive techniques with extremely high depth resolution (down to

monolayers) like SIMS (secondary ion mass spectrometry) and SAM (scanning Auger

microscopy) usually have only limited lateral resolution to a few micrometer and are

restricted to UHV conditions.

The laboratory of Prof. R. Zenobi (Laboratory for Organic Chemistry, ETH

Zürich) has a scanning near-field optical microscope with which near-field Raman

spectroscopy can be done on a few molecules [Uec98], This group is attempting to
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build a reactor cell around the microscope. The catalytic performance of the catalyst

would then be monitored by mass spectrometry or gas chromatography, while the

microscope would yield information about molecules adsorbed on the clusters and

about changes in the topography, all in a single experiment, carried out under realistic

conditions.



109

8\

*

f



no

i M C » I



Ill

9. Literature

[Ara84] M. Aral, T. lshikawa. T. Nakayama and Y. Nishiyama, J. Colloid Interf.

Sei. 97 (1994) 254.

[Bag92] J.E.E. Baglm, Nucl. lustrum. Methods B 65 (1992) 119.

[Bar93] C.H. Bartholomew, in: Catalysis (J.J. Spivey, Ed.), Royal Society of

Chemistry, London, 1993.

[Bec93] F. Beck, Integrierte Halbleiterschaltungen, VCH Weinlieim, 1993

Chapter 5.

[Bei94] G. Beitel, Charakterisierung eines Ag/AlfürModellkatalysators mittels

Rasterkraftmikroskopie und Elektronenspektroskopie, Dissertation,

Universität Ulm, Ulm, 1994.

[Bha99] M.M. Bhasin, Catal. Lett. 59 (1999) 1.

[Bin86] G. Binnig, CF. Quatc and Ch. Gerber, Phys. Rev. Lett. 56 (1986) 930.

[Boe60] H.P. Boehm and G. Kämpf, Z. Phys. Chem. N. F. 23 (1960) 257.

[Boc66] H.P. Boehm, Adv. Catal. 16 (1966) 179.

[Bön94] FI. Bönnemann, W. Brijoux, R. Brinkmann, R. Fretzen, T. Joussen, R.

Köppler, B. Korall, P. Neiteler and J. Richter, J. Mol. Catal. 86 (1994)

129.

[BonOO] Y. Bonetti, Dissertation, ETH Zürich, 2000

[Bra98] ü. Brandon and W.D. Kaplan, Microstriictural Characterization of

Materials, John Wiley & Sons, Chichester, 1998.

[Bri83] D. Briggs and M.P. Seah (Eds.), Practical Surface Analysis by Auger and

X-Rav Photoelectron Spectroscopy, Wiley&Sons, New York, 1983.

[Bri90] D. Briggs and M.P. Seah (Eds.), Practical Surface Analysis Vol.1,

Wiley&Sons, New York, 1990.



Chapter 9 112

[Bro99] M.A. Brookshier, C.C. Chusuei and D.W. Goodman, Langmuir 15 (1999)

2043.

[Bru97] E. Brunc, R. Hellborg. H. Whitlow and O. Hunderi (Eds.),

Surface Characterization. Wiley-VCII, 1997.

[Bur99] F. Bunneister, W, Badowsky, 'f. Braun, S. Wieprich, J. Boneberg and

P. Leiderer, Appl. Surf. Sei. 145 (1999) 461.

[Car75] T.A. Carlson, Photoelectron andAuger Spectroscopy, Plenum, New York,

1975.

[Cha97] M. Chaplin, Structure Sensitive Catalyzed Reaction Studies on Layered

Synthetic Microstructures (LSMs), Dissertation, University of Rochester,

Rochester, 1997.

[Che98] Z.X. Chen, G.C. Smith, C.A.J. Putman and E.J.M. ter Voert,

Catal. Lett. 50(1998)48.

[Chu99] C.C. Chusuei, M.A. Brookshier and D.W. Goodman, Langmuir 15 (1999)

2806.

[Con991 P.J. Cong, Y.M. Liu, R. Doolen, Q. Fan, D. Giaquinta and W.H.

Weinberg, Abstr. Pap. Am, Chem. U702 (1999) 218.

[Cro83] A. Cros, R.A. Pollak and K.N. Tu, Thm Solid Films 104 (1983) 221.

[Cro93] M.F. Crommie, CP. Lutz and D.M. Eigler, Science 262 (1993) 218.

[Cum96] D.R.S. Gumming, S. Thorns, S.P. Beaumont and J.M.R. Weaver, Appl.

Phys. Lett. 68 (1996) 322.

[Daw76| P.EL Dawson (Ed.), Quadrupole Mass Spectrometry and its applications,

Elsevier, Amsterdam. 1976.

[Dec85] H.W. Deckman, J.H. Dunsmuir and B. Abeles, Appl. Phys. Lett. 46

(1985)171.

[Dec86] H.W. Deckman, B. Abeles, J.H. Dunsmuir and C.B. Roxlo, Appl. Phys.

Lett. 50(1986)504.



L nu'ülur"

[Dec98] V. Deckert, D. Zeisel, T. Vo-Dinli and R. Zenobi, Anal. Chem. 70 (1998)

2646.

[Dob95] E.A. Dobisz, F.K. Perkins, S.L. Brandow, J.M. Calvert and CR.K.

Marrian, Mat. Res. Soc. Symp. Proc. 380 (1995) 23,

[Doo95] C. Doornkamp, C. Laszlo, W. Wieldraaijer and E.W. Kuipers, J. Mater.

Res. 10(1995)411.

[Du98] H. Du, X.M. Qian, W.M. Li, F.Q. Liu. J. Tang, X.Y. Tang, Y.B. Bai and

T.J. Li, Mat. Res. Soc. Symp. Proc. 501 (1998) 221.

[Eck98] R. Eckert, Sehen heisst wissen- das Rasterelektronenmikroskop im

Fehleranalyselahor, Selbstverlag, Stuttgart, 1998.

[Ems58] A.G. Emshe, F.T. Bonner and L.G. Peck, J. Appl. Phys. 49 (1958) 858.

[Eng97] A.F.P. Engelen, Dissertation, Eindhoven University of Technology,

Eindhoven, 1997.

|Eri90] M. Eriksson, L. Hultman and L.-G. Petersson, Vacuum 41 (1990) 138.

[Erl91] R. Erlandsson, M. Eriksson, L. Olsson, U. Ilelmersson and L. Lundström,

J. Vac. Sei. Technol. B 9 (1991) 825.

[Ert85] G. Ertl and J. Küppers, Low Energy Electrons and Surface Chemistry,

VCH, Weinheim, 1985.

[Fla84] W.W. Flack, D.S. Soong, A.T. Bell and D.W. Hess, J. Appl. Phys. 56

(1984)1199.

[Gar98] N. Garcia, M. Nieto-Vesperinas and H. Rohrer (Eds.), Nanoscale Science

and Technology, Kluwer, Dordrecht 1998.

[Gho83] P.K. Ghosh, Introduction to Photoelectron Spectroscopy, Wiley, New

York, 1983.

[Gru82] P.J. Grunthaner, F.J. Grunthaner and A. Madhukar, J. Vac. Sei. Technol.

20(1982)680.



Chap ta' 9 114

[Gun97] P.L.J. Gunter, J.W. Niemantsverdriet, F.H. Ribeiro and G.A. Somorjai,

Catal. Rev.-Sci. Eng. 39 (1997) 77.

[Gun99] L. Giiniiarsson, S. Petronis, B. Kasemo, H. Xu, J. Bjerneld and M. Kall,

Nanostruct. Mater. 12 (1999) 783.

[Har95] R.M. van Ilardeveld, P.L.J. Gunter, L.J. van IJzendoorn, W. Wieldraaijer,

EW. Kuipers and J.W. Niemantsverdriet, Appl. Surf. Sei. 84 (1995) 339.

[IIei99] U. Heiz, A. Sanchez, S. Abbet and W.-D. Schneider, J. Am. Chem. Soc.

121(1999)3214.

[FIen98] CR. Henry, Surf. Sei. Rep. 31 ( 1998) 231.

[Hol85] A.F. Hollemann and E. Wiberg, Lehrbuch der Anorganischen Chemie,

Walterde Gruyter, Berlin, 1985.

[Hop97J B. Hoppe, Mikroelektronik 1 - Prinzipien, Bauelemente und Werkstoffe

der Siliziumtechnologie, Vogel Fachbuch, Würzburg, 1997.

[Hop98] B. Hoppe, Mikroelektronik 2 - Herstellungsprozesse für integrierte

Schaltungen, Vogel Fachbuch, Würzburg, 1998.

[Hul95] J.C Hulteen and R. P. van Duyne, J. Vac. Sei. Technol. A 13 (1995)

1553.

[Hul99] J.C. Hulteen, D.A. Treichel, M.T. Smith, M.L. Duval, T.R. Jensen and R.

P. van Duyne, J. Phys. Chem. B. 103 (1999) 3854.

[11195] M. Illing, G. Bacher, T. Kümmell, A. Forchel, D. Hommel, B. Jobst and

G. Landwehr, J. Vac. Sei. Technol. B 13 (1995) 2792.

[Jac96] P.W. Jacobs, F.H. Ribeiro and G.A. Somorjai, Catal. Lett. 37 (1996) 131.

[Jac97] P.W. Jacobs, S.J. Wind, F.H. Ribeiro and G.A. Somorjai, Surf. Sei. 372

(1997) L249.

[Jaco97] H.P. Jacobscn and P. Kleinschmitt, Flame Hydrolysis; in: Handbook of

Heterogeneous Catalysis, VCH, Weinheini, 1997.

[Jan98] B. Jandeleit and W.H. Weinberg. Chem. Ind.-London 19 (1998) 795.



"^ I ituv.tarc

[Jan99] B. Jandeleit, D.J. Schacfer, T.S. Powers, H. W. Turner and W.H.

Weinberg, Angew. Chem. hit. Edit 38 (1999) 2495.

[Jen99] T.R. Jensen, G.C. Schatz and R.P. van Duyne, J. Phys. Chem. B 103

(1999)2394.

[Joh99] S. Johansson, K. Wong, V.P. Zhdanov and B. Kasemo, J. Vac. Sei.

Technol. A 17 (1999) 297.

[Jon97] A.M. de Jong, V.H.J, de Beer, J.A.R. van Veen and J.W.

Niemantsverdriet, Stad. Surf. Sei. Catal. 106 (1997) 273.

[Kao93] S.C. Kao and R.1I. Doremus, in: The Physics and Chemistry of SiO2 and

the SiO-SiO? Interface 2, CR. Helms and B.E. Deal (Eds.), Plenum Press,

New York, 1993.

[Kob92] Y. Kobayashi and K. Sugii. J. Vac. Sei. Technol. A 10 (1992) 2308.

[Kra94] A.C. Krauth, K.I1. Lee, G.H. Bernstein and E.E. Wolf, Catal. Lett. 27

(1994)43.

[Kra97] A.C. Krauth, G. 11. Bernstein and E.E. Wolf, Catal. Lett. 45 ( 1997) 177.

[Kuc89] 11. Kuchling, Taschenbuch der Physik, Verlag Harri Deutsch,

Frankfurt/M., 1989.

[Kui93a] E.W. Kuipers, C. Laszlo and W. Wieldraaijer, Catal. Lett. 17 (1993) 71.

[Kui93b] E.W. Kuipers, C. Doornkamp, W. Wieldraaijer and R.E. van den Berg,

Chem. Mat. 5(1993)1367.

[Lom98] D. Lomot, Polish J. Chem. 72 ( 1998) 2598.

[Lu97] Z. Lu, Size Effects in Heterogeneous Reactions using Layered Synthetic

Microstructures, Dissertation, University of Rochester, Rochester, 1997.

[May92] J.T. Mayer, R.F. Lin and E. Garfunkel, Surf. Sei. 265 (1992) 102.

[Mcy78] D. Meyerhofer, J. Appl. Phys. 49 (1978) 3993.



Chapter1) 116

[Nag99] A. Nagy, The Role of Subsurface Oxygen in Silver-Catalyzed Partial

Oxidation Reactions. Dissertation, Technical University of Eindhoven,

Eindhoven, 1999.

[Nak94] A. Nakajima, H. Aoyama and K. Kawamura, Jpn. J. Appl. Phys. 33 (1994)

LI 796.

[Nie95] J.W. Niemantsverdriet, Spectroscopy in Catalysis, VCH Weinlieim, 1995.

[Nie99] J.W. Niemantsverdriet, A.F.P. Engelen, A.M. de Jong, W. Wieldraaijer

and G.J. Kramer, Appl. Surf Sei. 144-145 (1999) 366.

[Oet98a] L.C.A. van den Oetelaar, A. Partridge, P.J.A. Stapel, C.F.J. Flipse and

H.H. Brongersma, J. Phys. Chem. B 102 (1998) 9532.

[Oet98b] L.C.A. van den Oetelaar, A. Partridge, S.L.G. Toussaint, C.F.J. Flipse and

H.H. Brongersma, J. Phys. Chem. B 102 (1998) 9541.

[Par96] A. Partridge, S.L.G. Toussaint and C.F.J. Flipse, Appl. Surf Sei. 103

(1996) 127.

[Pen76] D.R. Penn, J. Electron Spectr. 9 (1976) 29.

[Per85] P.D. Persans, A. Ruppert, B. Abeles and T. Tiedje, Phys. Rev. B 32

(1985)5558.

[Pet87] E.E. Peterson and A.T. Bell (Eds.), Catalyst deactivation, Chemical

Industries Vol. 30, Marcel Dekker Inc.. New York, 1987.

[Pfa99] A. Pfau and W. Schrepp, Phys. Blätter 55 (1999) 31.

[PSI97] Park Scientific Instruments, A Practical Guide to Scanning Probe

Microscopy, 1997.

[Reb95] M. Rebholz and N. Kruse. J. Chem. Phys. 95 (1991) 7745.

[Rox86] C.B. Roxlo and B. Abeles, Phys. Rev. B 34 (1986) 2522.

[Ruc84] E. Ruckenstein and S.U. Lee, J. Catal. 86 (1984) 457.



117 L,n&,ruî uro

[Sam70] J.R. Sambles, L.M. Skinner and N.D. Lisgarten, Proc. Roy. Soc. London

A. 318(1970)507.

[San99] A.F.H. Sanders, A.M. de Jong, V.H.J, de Beer, J.A.R. van Veen and J.W.

Niemantsverdriet, Appl. Surf, Sei. 144-145 (1999) 380.

[Sch92] G. Schmid, Chem. Rev. 92 (1992) 1709.

[Sch95] M. Schildenberger; Wechselwirkung von Edehnetallorganosolen mit

einkristallinen Graphitoberflächen, Diploma Thesis, Universität Ulm,

1995.

[Scli96] A. Schumacher, Reibung, Elastizität und Struktur von Molybdänsulfid,

Glimmer und Aluminiumoxid: Untersuchungen mit Hilfe der

Rasterkraftmikroskopie, Dissertation (Diss. ECTFI Nr. 11617), ETFI Zürich,

1996.

[Sch98] M. Schildenberger, Y. Bonetti, M. Aeschlimann, L. Scandella, J. Gobrecht

and R. Prins, Catal. Lett. 56 (1998) 1.

[Sch99a] M. Schildenberger, Y.C Bonetti, J. Gobrecht and R. Prins, accepted for

publication, Top. Catal. (1999)

[Sch99b] M. Schildenberger, Y.C. Bonetti and R. Prins, submitted for publication,

J. Phys. Chem. B( 1999)

[Sco83] D.M. Scott, S.S. Lau, R.I, Pfeffer, R.A. Lux, J. Mikkelson, L. Wielunski

and M.-A. Nicolet, Thin Solid Films 104 (1983) 227.

[Sel97] Ch. Sellmer, Oberflächenanalytische Untersuchungen katalytischer

Reaktionen: NO Zersetzung auf Rhodium und CO-Hydrierung an

dotierten Pd/SiO? Katalysatoren, Dissertation (Diss. ETFI Nr. 12022),

ETH Zürich. 1997.

[Sha99] Sh. Shaikhutdinov, M. Schildenberger, M. Noeske and G. Mestl, React.

Kinet. Catal. Lett. 67 (1999) 129.

[Som94] G.A. Somorjai, Introduction to Surface Chemistry and Catalysis, Wiley,

New York, 1994.



t, hap kr 9 118

[Ste87] S.A. Stevenson, R.T.K. Baker, J.A. Dumesic and E. Ruckenstein (Eds.),

Metal-support interactions in catalysis, sintering, and redispersion, Van

Nostrand Reinhold Catalysis Series, New York, 1987.

[Stö99] R.M. Stöckle, D. Zeisel, V. Deckert, G Eokas and R. Zenobi, J. Vac. Sei.

Technol. B., to be published.

[Sun92] Y.-K. Sun. D.J. Bonser and T. Engel, J. Vac. Sei. Technol. A 10 (1992)

2314.

[Ter96] A. Terrasi, J. Almeida, C Coluzza and G. Margaritondo, Nucl. lustrum.

Methods B 116(1996)416.

[Tho97] J.M. Thomas and W.J. Thomas, Principles and Practice ofHeterogeneous

Catalysis, VCH, Weinheim, 1997.

[Thü97] P.C. Thüne, C.P.J. Verhagen, M.J.G. van den Boer and J.W.

Niemantsverdriet, J. Phys. Chem. B 101 (1997) 8559.

[Thü99] P.C. Thüne, J. Loos, P.J. Lemstra and J.W. Niemantsverdriet, J. Catal. 183

(1999) 1.

[Tro85] R. Tromp, G.W. Rubloff. B. Balk, F.K. LeGoues and E.J. van Loenen,

Phys. Rev. Lett. 55 (1985) 2332.

[Vee98] lr. H.J.M. Veendrick, Deep-Submicron CMOS ICs, Kluwer, Deventer,

1998.

[Wei96] T.-C. Wei and J. Phillips, Adv. Catal. 41 (1996) 359.

[Wei98] W.H. Weinberg, B. Jandeleit, K. Self and H. Turner, Curr. Opin. Solid St.

M. 3(1998) 104.

[Wie98] R. Wiesendanger (Ed.), Scanning Probe Microscopy: Analytical Methods,

Springer, Berlin, 1998.

[Wij97] R. van Wijk, D.P. van Vliet, E. ten Grotenhuis, O.L.J. Gijzeman and J.W.

Geus, Appl. Surf. Sei. 108 (1997) 263.



119 i i fera turc

[Wit95] G. Witek, Untersuchung zur Fixierung von Platinkolloiden auf

einkristallinen AIyO^-Substraten; Diploma Thesis, Universität Ulm, 1995.

[Wit96] G. Witek, M. Noeske, G. Mestl, S. Shaikhutdinov and R.J. Behm, Catal.

Lett. 37(1996)35.

[Yan97] M.X. Yang, P.W. Jacobs, C Yoon, L. Muray, E. Anderson, D. Attwood

and G.A. Somorjai, Catal. Lett. 45 (1997) 5.

[Yan98 ] M.X. Yang, D.H. Gracias, P.W. Jacobs and G.A. Somorjai, Langmuir 14

(1998) 1458.

[Zho93] LB. Zhou, H.C. Lu, T. Gustafsson and E. Gariunkel, Surf. Sei. 293 (1993)

L887.

[Zhu87] L.T. Zhuravlev, Langmuir 3 (1987) 316.

[Zub92] I. Zuburtikudis and H. Saltsburg, Science 258 (1992) 1337.



Pubhc.alforu l-°

Publications:

"Foils, films, and nano-structured surfaces: A comparative XPS and AFM study
of model catalyst surfaces"

M. Schildenberger, Y.C. Bonetti, and R. Prins

Invited contribution, accepted for publication, J. Phys. Chem. B

"Nanostructuring surfaces by lithography: The production and use of model

catalysts"

M. Schildenberger, Y.C. Bonetti, and R. Prins

To be published. Stud. Surf. Sei. Catal.

"Nanotechnology and Model-Catalysis: The Use of Lithography for Creating
Active Surfaces"

M. Schildenberger, Y.C. Bonetti, and R. Prins

To be published, Chimia

"Nano-Pits: Supports for heterogeneous model catalysts prepared by interference

lithography"

M. Schildenberger, Y.C. Bonetti, J. Gobrecht, and R. Prins

Invited contribution, accepted for publication, Top. Catal.

"Preparation of model catalysts by laser interference nanolithography followed by
metal cluster deposition"

M. Schildenberger, Y. Bonetti, M. Aeschlimann, L. Scandella, J. Gobrecht, and R.

Prins, Catal. Lett. 56 (1998) 1

Presentations at Conferences

"Nanohollows: Model heterogeneous catalysts built with interference lithography
followed by metal deposition"

Lectare given on the occasion of the 217th ACS National Meeting, Anaheim (CA), 22

March 1999

Abstract published: Abstr. Pap. Am. Chem. S 217: U631-U631 Part 1 Mar 21 1999



121 Presentations

"The possibilities of nanostructured systems in the field of model catalyst
research"

Lectare given on the occasion of the Spring Meeting of the Swiss Physical Society,
Bern, 27 February 1998

Abstract published: Bulletin SPG'SSP 15 (1998) 1

"Nanostructured model catalyst systems and their use in the field of

heterogeneous catalysis research"

Lecture given on the occasion of the Annual Meeting of the New Swiss Chemical

Society, Zürich, 10 October 1998

Abstract published: Chimia 52 (1998) 484

"Investigation of size effects in heterogeneous catalysis using nanostructured

(multilayer) systems"

Lecture given on the occasion of the Annual Meeting of the New Swiss Chemical

Society, Lausanne, 15 October 1997

Abstract published: Chimia 51 (1997) 643

"Submicrometer optical interference lithography for building model catalysts"

Poster presented on the occasion of the SFB513-Workshop "Nanostmctares at

Surfaces and Interlaces", Konstanz (Germany), 15 August 1997

"Nanostructured surfaces for the investigation of size effects in heterogeneous catalysis
research"

Poster presented on the occasion of the 4th European Summer School in Surface

Science: Surface Reactivity, Humblebaek (Danemark), 15-18 August 1997

"Micro-fabricated model catalysts as advanced tools for investigating catalytic
surface reactions"

Poster presented on the occasion of the TAS'96 Workshops (ILMAC), Basel,
November 1996

"Nanostructured materials in the field of model catalyst research"

Poster presented on the occasion of the 2nd Hasliberg Workshop for Nanoscience,

Hasliberg-Wasserwendi, 14- 18 October 1996

"Photolithography as a manufacturing tool for structuring surfaces"

Poster presented on the occasion of the IUVSTA Workshop "Nanoscale Modification

of Surfaces and thin Films", Balatonföldvar (Hungary), 16- 19 September 1996



Curriculum vi lu

Curriculum Vitae

Personal Details

Name: Markus Schildenberger

Date of birth: 17.01.69, D-86720 Nördlingen

Marital status: Single

Nationality: German

Education

1975 - 1979 Primary school, D-Kleinerdlingen/Ederheim

1979 - 1988 High school, Theodor-Heuss-Gymnasium Nördlingen
Abitur

1988-A 989 Military service

1980 - 1995 Study of Chemistry at the University of Ulm (D)

Dipl. Chem.

Diploma work: Wechselwirkung von Edelmetallorganosolen mit

einkristallinen Graphitoberflächen

1995 - 1996 Research activities in Surface Science and Catalysis, Prof. Dr.

R. Behm, University of Ulm

Research activities in Polymer Research, Prof. Dr. R. Fischer,

Max-Planck-Institat Mainz (D)

since 03 /1996 Research activities in the group of Prof. Dr. R. Prins,

Laboratory for Technical Chemistry, ETH Zürich

PhD Thesis: Model Catalysis and Nanotechnology: Advantages

and Disadvantages of Active Surfaces Created by Lithography



123

Acknowledgements - Danksagung

Mein erster Dank gilt Herrn Prof. Dr. R, Prins, in dessen Gruppe am Labor für

Technische Chemie der ETH Zürich ich diese Arbeit durchführte. Sein Vertrauen, seine

Geduld und Diskussionsbereitschaft, sowie seine Großzügigkeit bei der Beschaffung der

experimentellen Ausstattung und der mir zur Verfügung gestellten Reisemittel

ermöglichten einen wohl nicht ganz alltäglichen und spannenden Arbeitsverlauf.

Weiterhin danke ich Herrn Prof. Dr. R. Zenobi für sein dauerhaftes Interesse an

meinem Projekt und für die bereitwillige Übernahme des Korreferates.

Ein extra dickes Dankeschön geht an Yargo Bonetti (und das Team „im Wald").

Ohne die in aufopferungsvoller und freundschaftlicher Kollegialität gegrabenen und mit

Pretiosen gefüllten Löcher wäre ich wohl bös' m cm ebensolches gefallen.

Ein „Merci vielmal" geht an Herrn Prof. Dr. M. Aeschliniann für die arbeits¬

intensive „Erschaffung" und Initiierung des Projektes.

Eine Dissertation gleicht in einem wesentlichen Punkt einer Wagner-Oper: sie

bietet große Momente - und schreckliche Stunden. Für die großen Momente sei den

jetzigen und ehemaligen Mitgliedern der Arbeitsgruppe gedankt, besonders allen Ange¬

hörigen des vormaligen (Ch, Sellmer, M. Bauer, Michiii Benz als Assoziiertem) und des

aktuellen A-Teams (D. Vassena, L. Marturano
,
A. Omegna, Ch. Stinner, A. van der

Vlies und L. Adad). Immer zum a-Ieam gehörten und gehören Christof Scliilz und

Flyer P.L.Michael Noeske, ohne die es vermutlich nie zu einer Diss gekommen wäre.

Absolut unersetzlich im Kampf gegen die Fallstricke des Verwaltangsdschungels und

beim Übersetzen „horribler" in verständliche englische Texte war Frau M. Schönberg,

deshalb thanks, IVlareia!

Zu Dank verpflichtet bin ich den Mitarbeitern der mechanischen und elektronischen

Werkstätten der ETHZ, allen voran den Herren H. Seinecke, M. Kupfer und M. Wohl-

wend, sowie den freundlichen Damen \om „Schalter".

Einen dicken Schmatz für die Beste aller Susas! Danke für die bisherigen und die

zukünftigen Jahre!

Am Schluß der Liste die, die am längsten und am intensivsten in die ganze Ge¬

schichte involviert waren und sind: vielen Dank an meine Eltern und Petz. Einfach für

alles!


