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ABSTRACT 
 
 
 

 The research presented in this dissertation will focus on the electronic structure of 

size-selected Ptn (n ≤ 24) clusters supported on oxidized Si, as well as their catalytic 

activity, surface morphology, and electronic structure when Pt clusters are 

overcoated/undercoated by Al2O3 via 1-3 cycles of atomic layer deposition (ALD). The 

experiments found within this dissertation required the modification, design, and 

construction of a complex instrument capable of spanning pressures down to ultra high 

vacuum (UHV) levels while allowing for relatively high pressure ALD chambers and quick 

sample exchange. This was accomplished by designing and building a cluster deposition 

beamline capable of depositing size-selected metal clusters as well as the necessary sample 

holders and sample stages to make and analyze samples. Though the main goal was to 

determine how ALD overcoating/undercoating affects SiO2 supported Ptn clusters, during 

the course of this research, it was discovered that the inherent size effects on the electronic 

structure of clusters can also be reflected by white line and absorption edge in X-ray 

absorption near edge structure (XANES) spectra. This result will give implications for the 

interpretation of XANES on nano/subnanometer size metal clusters.   

 In addition to the investigation of the size effects on the electronic structures of Ptn 

clusters via X-ray photoelectron spectroscopy (XPS) and XANES, the surface morphology, 

and catalytic activity of Ptn clusters with and without ALD modification were also probed 

by ion scattering spectroscopy (ISS), grazing-incidence small-angle scattering (GISAXS), 
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and CO temperature programed desorption (TPD). Trimethylaluminum, the precursor of 

Al2O3 ALD, preferentially binds to “on-top” sites of Ptn clusters, and by depositing Al2O3 

via 1 cycle of ALD, high-temperature CO binding sites are completely blocked and these 

sites are not recoverable.  

 Chapter 1 gives a brief introduction into heterogeneous catalysis, and more 

specifically, the importance of size-selected clusters and the advantage of ALD-modified 

catalysts. Chapter 2 presents the design of the cluster deposition beamline, sample holder, 

and sample stages, and the description of the whole instrument. Chapter 3 focuses on the 

size effects of Ptn clusters on XANES spectra and its implication. Finally, Chapter 4 

discusses the effects of deposited Al2O3 via ALD on the electronic structure, catalytic 

activity, and surface morphology of Ptn clusters. 
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INTRODUCTION 
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1.1 Size-Selected Clusters as Model Catalysts 

Catalysis is undoubtedly one of the most important fields in the modern economy, 

contributing approximately 35% of the world’s Gross Domestic Product (GDP) with 

annual sales of ~1.5 trillion dollars.1 Of all the different approaches to catalytic research, 

heterogeneous catalysis involving supported nanoparticles on high-surface-area 

substrates  has been drawing great attention from researchers. When the size of the 

catalytic particles reaches into the nanometer regime, not only do the active sites on the 

surface increase, but most importantly, the catalytic properties differ dramatically from 

their bulk counterparts.  The most representative example is the Au nanoparticles (˂ 2nm) 

which demonstrate great catalytic activity on various oxidation reactions,2-4 whereas Au 

bulk is well-known for its inertness.  

 Model catalysts are commonly used in fundamental research in an attempt to 

understand the origin of the catalytic properties of nanoparticles. The advantage of model 

catalyst studies is that the systems (nanoparticles and support) are greatly simplified as 

compared to real-world catalysts by conducting the experiments in well-controlled 

environments, such as ultra-high vacuum (UHV) in order to eliminate all the 

contaminants, and depositing nanoparticles on a well-defined substrate. Furthermore, the 

size of the clusters deposited can also be precisely controlled by using a size-selected 

cluster deposition source. By varying the size of metal clusters, it has become possible to 

probe the surface morphology and electronic structure of small nano/subnanoclusters, 

correlate them with the catalytic properties, and ultimately lead to the rational design of 

new efficient catalysts. 

 Size-selected cluster deposition gives great flexibility in terms of cluster size and 
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coverage, yet is not limited by the cluster-support combination. In contrast, commonly 

used vapor deposition techniques do not provide precise control over cluster sizes due to 

the fact that cluster growth depends on the nucleation sites (usually the defect sites) on 

the substrates. 5-7Colloidal synthesis methods can also be used to make clusters with a 

relatively narrow size distribution, however, the synthesized clusters are covered by 

capping ligands or molecules which can lead to the poisoning of catalysts by blocking the 

active sites. Therefore, model catalyst prepared by size-selected cluster deposition is the 

most suitable to the investigation of the origin of catalytic properties for nanoclusters.  

 

1.2 Electronic Structure of Metal Clusters  

The electronic structure of nanoclusters evolves rapidly as the size decreases 

below 2 nm. More specifically, the electronic structure of nanoclusters is different from 

that of the bulk due to the disappearance of conduction band, the formation of a band gap 

and the discretization of the electron orbitals. By using Scanning Tunneling Spectroscopy 

(STS), Lai et al.8 oberserved that Au nanoparticles (NPs) (> 4 nm in diameter) have a 

well-developed bulk-like electronic structure , and a band gap only starts to form when 

the size of Au NPs becomes smaller, indicating the transition from metal to nonmetal, 

and a similar trend was also observed for Pd NPs, suggesting that this is a fundamental 

size property as opposed to a unique phenomenon seen only in gold.  

 It has been shown that the deviation of electronic structure of the metal 

nanoclusters from the bulk is closely related to the catalytic activity and selectivity.9-11 

Tuning the electronic structure by precise control over cluster size can lead to improved 

performance of catalysts. Therefore, full rational design and development of new 
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catalysts requires fundamental research on the understanding of the relationship between 

NPs properties, such as electronic structure and morphology, and catalytic performance. 

Commonly used surface analysis techniques for probing electronic structures of 

nanoclusters are X-ray photoelectron spectroscopy (XPS), and ultra-violet photoelectron 

spectroscopy. These are great tools in monitoring the change of the core level electrons 

and valence level electrons; however, they can mostly only be used in UHV. Thanks to 

the advancement and availability of synchrotron light sources, X-ray absorption fine 

structure has been gaining increasing popularity in the field of heterogeneous catalysis 

due to its ability to probe the electronic structure both in situ and in operando 

conditions.12 In XANES, an X-ray absorption spectrum is measured when core electrons 

are ejected by absorbing X-ray photons with sufficient energy. Two useful features, 

absorption edge energy, and white line intensity, are typically of greatest interest. Edge 

energy is determined by the energy required to excite a core electron to the lowest 

unoccupied orbital (LUMO). White line intensity is the measurement of the density of 

unoccupied density of states, and thus also sensitive to the transition probabilities. 

Conventionally in heterogeneous catalysis, the white line intensity and its absorption 

edge energy are used as indicators to determine the oxidation states of the catalysts. As 

the oxidation states increases, the edge energy and the white line intensity increases 

accordingly. However, as the particle size of the catalysts reach to nano/subnanoscale 

regime, the electronic structure will deviate from their bulk counterpart. Therefore, a 

question is raised: is the conventional method of XANES spectra interpretation still 

valid? Part of the work in this dissertation presents that the particle size plays an 

important role in XANES, and the size effect must be taken into account when 



5 
 

 

interpreting XANES for nanoclusters less than a few nanometer size range. 

 

1.3 Atomic Layer Deposition Modified Catalysts 

Catalytic activity, selectivity, and stability are the three main factors that affect 

the catalysts’ performance. It is difficult to simultaneously control all of them. The recent 

development of atomic layer deposition (ALD) overcoating on nanoparticles has shown 

great promise to accomplish this goal. ALD applies self-limiting reactions and provides 

precise control over the film growth on the atomic scale. There are two different methods 

of ALD overcoating, depending on whether the supported NPs are completely covered by 

an ALD film.13 When the NPs are completely overcoated (typically over 20 cycles of 

ALD) initially, the thick film will eliminate the catalytic activities of the NPs and 

substrate due to the inaccessibility of the reactants to the surface active sites. However, 

through heat treatment, nano-pores are formed and reexpose the NPs surface to the 

reactants.14,15 The thick ALD layer acts as a physical barrier to prevent sintering or 

agglomeration, while the selectivity of the catalysts is improved because the low-

coordination sites are blocked by the overcoats, leaving mostly the terrace sites exposed. 

There is no better example of improved catalytic selectivity and stability than the ALD-

overcoated Pd NPs for oxidative dehydrogenation of ethane.15 With 45 cycles of Al2O3 

ALD (~7.7 nm thick) on Pd NPs (~2.8 nm) surface, the catalysts give a 23% yield of 

desired ethylene product in contrast to 1.9% for the uncoated Pd NPs. Meanwhile, the 

overcoated Pd NPs demonstrate stable activity for ~1700 min and negligible change of 

particle size whereas the uncoated Pd NPs completely lose catalytic activity due to coke 

formation and particle sintering.  
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Another method of ALD overcoating is done by partially coating the supported 

NPs and the substrate with less than 10 cycles of ALD, leading to a discontinuous film on 

the surface.13 The overcoat preferentially nucleates at the low-coordinated sites (edges 

and corners) of the NPs, analyzed by HR-TEM and DRIFT.16-18 These low-coordination 

surface sites are responsible for sintering,19 and some unwanted side reactions. The 

advantage of this method is that more NPs surface can be exposed with less cycles of 

ALD, and thus will have a high catalytic activity as a comparison to the former 

overcoating method discussed.  

Although ALD overcoating has shown significant improvement in catalytic 

performance, it is mainly used to modify the surface of NPs with the size range above 

~2.5 nm. In Chapter 4 of this dissertation, we present a study of Al2O3 ALD on size-

selected Pt24 clusters with XPS, XANES, TPD, GISAXS, and ISS. The combination of 

the exceptional thickness control of the Al2O3 ALD performed in High Vacuum (HV) 

with precise control over the cluster size is demonstrated as a great way to fine tune the 

morphology, electronic structure, and ultimately, the catalytic performance.  
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CHARACTERIZATION TECHNIQUES 
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2.1 Introduction 

 The experiments in this dissertation utilized a newly designed and constructed 

surface science instrument capable of depositing size-selected metal clusters on well 

characterized substrates in ultra-high vacuum (UHV), thin film deposition (ALD), as well 

as in situ analysis of the as-deposited samples via X-ray photoelectron spectroscopy 

(XPS), ion scattering spectroscopy (ISS), and temperature programmed 

desorption/reaction (TPD/TPR). The design of the newly built cluster deposition 

beamline is based on that of the original beamline in our lab with improvements over 

target motion control system, nominal mass range (up to ~16,000 Da), and differential 

pumping stages. More importantly, by attaching the cluster deposition beamline to the 

existing VG Scientific ESCALAB MKII surface analysis apparatus, we can take 

advantage of its sample transferring system and sample preparation chamber, allowing 

faster sample production for the ex situ analysis and sample surface modification via 

atomic layer deposition (ALD) under high vacuum. It took ~3 years to bring the whole 

instrument fully into practice since the initial design began.  

The assembly of the new cluster deposition instrument is shown in Figure 2.1.  

The instrument consists of three distinct regions, including a cluster deposition beamline, 

a load lock for sample exchange, and an ultra-high vacuum (UHV) system that can be 

further divided into three separately pumped sections. More specifically, there is a “prep” 

chamber (base pressure 8 × 10-10 Torr), a “main” section (2.5 × 10-10 Torr) that is further 

broken down into a main chamber and a spherical chamber, and a chamber with a mass 

spectrometer (UTI 100 quadrupole powered via Extrel electronics) that samples gas from 

the main section through a 3 mm aperture via a skimmer cone. Each section has both 
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turbomolecular and titanium sublimation pumps. The details of each section and sample 

transfer are discussed below. 

  

2.2 Instrument Design 

2.2.1 Sample Transfer 

 A sample can be introduced into the prep chamber through the load lock, which is 

attached to the prep chamber with the base pressure at ˂ 10-7 Torr, as measured by a cold 

cathode vacuum gauge. There is a heating stage in the load lock allowing sample heating 

up to ~1200 K. Through the load lock, the sample is transferred by a wobble stick and 

positioned onto a magnetic transporter, which can then be transferred to either a fixed 

ALD stage in the prep chamber, or passed into the spherical chamber in the main UHV 

section, where it can be either transferred to a rotary sample carousel that can store up to 

six samples, or onto a precision XYZ manipulator. The manipulator is used to position 

the sample in one of three positions. The first position is located in the spherical chamber, 

where the sample is at the focus of a hemispherical energy analyzer, a windowless 

vacuum UV lamp,1 dual anode and monochromatic X-ray sources, and an electron impact 

ion gun, allowing sample cleaning by sputtering and annealing, and spectroscopic 

analysis by UPS, XPS, and ISS. In the second position, which is located in the main 

chamber, the sample is held 1 mm behind the exposure mask of the cluster deposition 

beamline allowing a well-defined 2 mm diameter spot of size-selected clusters to be 

deposited. In the third position shown in Figure 2.2, the sample is held in front of the 

differential pumping aperture for the mass spectrometer (UTI 100 quadrupole with Extrel 

electronic) allowing analysis of the species desorbing from the sample. In the mass 
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spectrometry position, the sample is also at the focus of 6 dosing tubes that can be used to 

deliver either continuous or pulsed gas doses for reactivity studies. Positioning 

repeatability is estimated to be better than 50 m.  

 

2.2.2 Cluster Deposition Beamline 

 The design of the cluster deposition beamline is based on that of an existing 

beamline in our lab.2-4 As shown in Figure 2.3, it consists of seven chambers, and can be 

divided into six sections comprised of a laser vaporization source, first quadrupole 

(quad), second quad, quadrupole mass spectrometer (QMS), isolation valve, and final 

quad. Each chamber is pumped by an independent pumping station with the exception of 

the final two chambers together being pumping by a single pumping station. During 

deposition, the pressure in the main section increases by ~2 × 10-10 Torr of helium.  

 

2.2.2.1 Vaporization Source 

The clusters are produced in a laser vaporization source located in the square 

chamber by irradiating a metal target with a 532 nm Nd: YAG laser at a rate of 20 Hz. 

The schematic representation of the vaporization source is shown in Figure 2.4. In the 

square chamber, the metal target is glued onto an aluminum block using J-B weld. The 

edge of the metal surface is covered by a thin Teflon sheet in order to make smooth 

contact with the polished stainless steel surface during laser vaporization process. The 

metal target is pushed against the wall by the springs to create a seal for the helium flow. 

The target is attached to a motor system controlled by a program written by LabVIEW 

software so the whole surface has equal amount of laser exposure. During deposition, 
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metal plasma is generated by laser vaporization of a rastering metal target. The plasma is 

cooled in the waiting chamber and carried by a pulsed inert carrier gas flow (helium) 

through a cylindrical nozzle orifice (0.08 in. in diameter). The helium gas line is cooled 

by a liquid N2 reservoir to have a better cooling effect on the plasma, and eliminate any 

potential contaminants from flowing into the main chamber, that is, water. Helium gas is 

injected into the source through an inlet controlled by a piezoelectric valve with an O-

ring seal. The frequency of the helium pulse is synchronized with the laser repetition rate 

and its timing relative to the laser pulse can be adjusted through a pulse generator 

(Quantum 9514+). In addition to the helium gas propulsion, an initial kinetic energy is 

mostly gained for metal cations by the positive float voltage on the source.  

 During deposition, the pressure in the source cannot be directly measured, 

instead, the foreline pressure is measured and used as a parameter to adjust for different 

sizes of clusters. Inside the source, the pressure is approximately in the order of a few 

Torr. In addition to the helium pressure, each size of metal cluster is also sensitive to the 

timing and duration of the helium pulse, with the possible explanation being that more 

helium is needed to cool the plasma in order to form larger clusters.  

 

2.2.2.2 First and Second Quadrupole Ion Guide 

A quadrupole ion guide is an electric quadrupole consisting of four cylindrical 

rods alternating positive and negative potentials. The rods are made by stainless steel 

with a diameter of 0.374 in. Each quadrupole ion guide in the beamline operates in the 

radio frequency (RF) of ~2.1 MHz, allowing high transmission of ions without mass 

filtering capability. DC potential is also applied to the quadrupole rods and can be 
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adjusted to obtain optimal ion transmission. 

After expanding into vacuum through the cylindrical nozzle, cluster cations are 

collected and guided by the first quadrupole (quad) ion guide. The negatively charged 

particles produced are attracted by the source since the source is positively biased relative 

to the ground. The ports of the first quad chamber that connects the square chamber and 

the second quad chamber has a 20˚ bending angle (Figure 2.3), which prevents neutral 

clusters from getting through the beamline and being deposited on the sample surface. At 

the end of the first quad, the trajectory of positively charged metal clusters are bent by the 

bending lens into the second quad. The main purposes of the second quad are to reduce 

the helium pressure through three differentially pumping stages and to stabilize the 

trajectory of the clusters. The pressure after the second quad drops down to ~3 × 10-6 Torr 

during the deposition.  

 

2.2.2.3 Quadrupole Mass Spectrometer 

After the second quad, cluster cations are mass selected by a home-made 

quadrupole mass filter (Figure 2.5) controlled by 440 kHz electronics (Extrel 150-QC) 

that give a nominal mass range up to 16,000 Da. In between the second quad and QMS, 

there is an Einzel lens stack to improve the transmission of the beam. The QMS section 

consists of pre- and postfilters,5 allowing better focus of the cluster beam in and out of 

the mass filter, and four high precision cylindrical electrodes (stainless steel, 6.8 in. in 

length, 0.374 in. in diameter). The distance between the facing edges of two opposite 

poles is 0.326 in., nominally 1/1.148 times the rod diameter, which allows the geometric 

center of the quadrupole to be approximately an ideal hyperbolic field. 
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For QMS, there are four parameters that need to be controlled in order to allow 

the transmission of size-selected cluster beam, including RF voltage, DC pole bias, ΔM 

and ΔRes. More specifically, RF and DC voltages are directly related to the mass of the 

clusters. In extrel electronics, the mass resolution increases linearly as mass increases, 

and ΔRes corresponds to the slope of the scan line, which mainly affects the sensitivity 

and resolution for high masses. ΔM, on the other hand, graphically represents the 

intercept of the scan line in a plot where RF voltage is the x-axis, and DC voltage is the 

y-axis. ΔM controls the sensitivity and mass resolution in the lower mass range. 

 

2.2.2.4 Isolation Valve and Final Quadrupole Ion Guide 

With the cluster size being selected be the QMS, the cluster beam is then passed 

through a home-made isolation valve (Figure 2.6) separating the beamline and the UHV 

system. The isolation valve consists of a lens stack allowing better beam transmission to 

the final quad, and a pusher that connects to a solenoid valve. When the pusher is in the 

closed position as shown in Figure 2.6, the beamline is isolated from the UHV system by 

an O-ring seal, and short two lenses. In the open position, the two lenses become isolated 

and the cluster beam can be guided through. The valve is only open during the deposition 

process.  

Finally, the size-selected clusters are guided by the final quad and deposited onto 

the sample surface through a 2 mm diameter exposure mask which the sample is 

positioned behind in the main UHV section so that consistent deposition spot diameters 

are achieved.  
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2.2.2.5 Deposition Energy and Current Measurement 

Through the whole deposition process, the clusters gain their initial kinetic energy 

through helium propulsion and source voltage. The kinetic energy of the clusters 

depositing on the substrate is controlled by electrically floating the beamline with respect 

to the sample, which is grounded through an electrometer. Because the source imparts 

some kinetic energy to the clusters beam, deposition energy is calibrated via a retarding 

potential analysis of the cluster beam on the sample. The amount of clusters deposited on 

the sample is monitored continuously via the cluster cation neutralization current, and 

then converted to the unit of monolayer corresponding to the close-packed bulk metal.  

 

2.2.2.6 Testing and Operating Conditions 

 Typical operating conditions for depositing 1 eV Pt24 clusters are given in Table 

2.1. It is important to know that beamline operating condition varies depending on the 

size of the clusters and the metal chosen. Ten electrostatic lenses as well as source 

pressure, laser power, helium pulse timing, and quadrupole AC and DC voltages need to 

be controlled for each specific size of metal clusters. When there is noticeable current 

measured by the picoammeter, the cluster beam transmission can be tuned by adjusting 

all the parameters. However, it is usually the case that there is no beam transmission at all 

when a new metal target is used. In order to establish a correct set of parameters for a 

new metal target, the picoammeter is firstly hooked to bending lenses as we try to 

maximize the beam transmission from the source through the first quad by tuning just the 

first quad voltage, source voltage, helium timing, and laser power. After the current 

reaches its maximum, we then hook the picoammeter to a lens in the second quad, and so 
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forth. By doing so, we can minimize the parameters we need to control and gradually 

guide the beam all the way to the sample.  

 Cluster beam currents are typically between 30 pA and 1500 nA for Pt with the 

beamline float voltage on, leading to a deposition time that ranges from 5 to 60 min for a 

0.1 ML equivalent surface coverage. Since the operating condition of the beamline is not 

fully optimized, there is still room for deposition rate improvement. 

 

2.2.3 Sample Holder and Stage 

 Because part of the UHV system still utilizes the VG sample transport hardware 

(VG ESCALAB II) including its wobble stick forks, magnetic transporter, and loadlock 

sample transfer system, it is necessary to adapt our design of the home-made sample 

holders and sample stages to the requirements of VG transport hardware so that they will 

be compatible with the existing VG sample transport hardware.  

 There are three sample stages designed for different purposes. The first one is the 

manipulator sample stage in the main UHV section with heating and cooling capability, 

used for cluster deposition, TPD, and spectroscopic studies including XPS, UPS, and ISS. 

Though this stage can also be used for sample cleaning through sputtering and annealing, 

such usage is usually avoided as an attempt to prevent the introduction of contamination 

into the UHV system. The second one is sample preparation stage located in the prep 

chamber with heating capability. It is used for sample surface cleaning, annealing, and 

thin film deposition from evaporative source. In addition, this stage is specially designed 

to perform atomic layer deposition in high vacuum. The third stage is located in the load 

lock with heating capability. Though this capability was not used in the experiments 
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described in the dissertation, it is mainly designed to be a sample stage in a high-pressure 

cell for sample preparation and some experiments where large dose of reactant gas is 

needed. The details of the sample holder, manipulator stage, and preparation stage are 

discussed below.  

 

2.2.3.1 Sample Holder 

Samples are mounted on homemade transferrable sample holders, improved from 

an earlier design.6 The sample holder is shown in Figure 2.7. The manipulation stub 

allows the use of both conventional wobble stick forks and coaxial pincer grip wobble 

sticks to transfer the sample holder. The pin is used to mate to cylindrical sockets in order 

to mount the sample holder in the ESCALAB’s magnetic transporter and sample holder 

“parking” carousel. Tantalum wires are spot-welded onto the opposite sides of the sample 

and mounted on the sample holders by screws. In addition to the mounting purpose, the 

tantalum wires are also used for resistive heating. Ceramic block and washers are used to 

prevent short circuit and allow electric current only flow through the tantalum wires 

during resistive heating. For temperature measurement, the junction of thin thermocouple 

wires (C-type, 0.005 in. in diameter) are directly spot-welded onto the sample. The other 

end of the wires is fed through a pinhole and spot-welded on the side of thermocouple 

posts (0.056 in. in diameter) which are held down by pins in a groove on the ceramic 

block. When the sample holder is fully inserted into a sample stage, the thermocouple 

post from the sample holder will make contact with the thermocouple electrode, and 

create a closed circuit for temperature measurement on the sample. The body of the 

sample holder is designed to be V-shaped for the convenience of insertion.  
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Substrates such as SiO2 that cannot be directly spot-welded, are then clipped to a 

tantalum backing plate. Both the tantalum heating wires and C-type thermocouples are 

spot-welded onto the back of the backing plate. The surface of the backing plate is 

carefully made flat in order to maximize the contact area between the backing plate and 

the substrate for better heat transfer.  

We have collaborated with Oak Ridge National Lab (ORNL) for in situ 

transmission electron microscopy (TEM) studies on size-selected Ptn clusters, which 

allows us to directly observe deposited Ptn clusters under various conditions. To achieve 

this, size-selected Ptn clusters need to be directly deposited onto the TEM liquid cell 

(Poseidon E-chips, 6 mm × 4.5 mm × 0.28 mm) in UHV. To achieve this, a custom 

designed sample holder was made to mount the E-chip in UHV for cluster deposition. 

The schematics in Figure 2.8 shows the design of the holder. An E-chip can be inserted 

into the socket of the holder in the middle. Because the sample needs to be positioned 

vertically during deposition, in order to prevent the E-chip from falling off the holder, 

two separate lids were attached to both ends by 0-80 screws. The hole in the middle of 

the holder is for the purpose of alignment so that the clusters can be deposited onto the 

correct spot on the E-chip. The E-chip holder is mounted on the sample holder via 

tantalum heating wires, as shown in the bottom picture in Figure 2.8. The holder can be 

heated to 450 K in UHV to desorb organic solvent used for E-chip cleaning. 

 

2.2.3.2 Manipulator Sample Stage 

The manipulator sample stage is shown in Figure 2.9. The stage is attached to the 

end of the rod inside the manipulator bellow. When the sample holder is inserted into the 
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stage, the thermocouple posts on the sample holder will make firm contact with the 

thermocouple electrodes partly sitting in the groove of the ceramic block. The ceramic 

block is also used for the prevention of the short circuit for resistive heating. UHV 

Kapton insulated copper wires that draw power for resistive heating from the power 

supply are connected to an adaptor (not shown in Figure 2.9) clamped to the electrical 

feedthrough. For both heat transfer and electrical connection between the feedthrough 

and the copper receptacle, three braided silver plated wires are stacked together and 

soldered to both ends. During cooling, the whole sample stage is cold and contracted. We 

found that the sample receptacle would be pulled back as far as 0.2 in. by the feedthrough 

when copper connectors were used. However, by using braided wires over copper 

connectors, there is more flexibility for the feedthrough to contract during cooling 

without pulling the sample receptacle back. As a result, the sample remains its position 

during cooling without the sacrifice of cooling capability.  

 A clamp mechanism was incorporated in the sample stage to lock the sample 

holder down when it is engaged. It can force the sample holder into good contact with the 

sample receptacle in order to improve cooling. An additional benefit of this mechanism is 

that it can reestablish connection between the thermocouple posts and thermocouple 

electrodes that is lost due to the contraction during cooling. An electron gun used for e-

beam heating is also attached to the clamp mechanism and carefully positioned so that the 

electron gun is directly facing the backside of the sample when the clamp mechanism is 

engaged.  

 The manipulator sample stage is a transferable stage that positions the sample in 

of the following stages: deposition stage, TPD stage, and spectroscopy stage. It is 
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important to very precisely align the sample with each stage. It would be convenient if 

there is a fixed universal coordinate on the manipulator for each stage; however, it is not 

possible because the position of sample mounted on the sample holder is different. If the 

coordinate for deposition stage is fixed, for example, the position may work for the 

samples mounted more or less in the middle, but may not work for the samples mounted 

slightly towards the side. To solve this problem, we use relative coordinate system. The 

deposition position is unfixed and varies depending on the position of the sample on the 

sample holder to make sure the deposition spot is more or less in the middle of the 

sample surface. The coordinates for TPD and spectroscopy stages are relative to that of 

deposition position. To find the TPD relative position, a flat silver plate with a 2mm 

diameter hole in the middle was mounted on the sample holder. A high precision 

cathetometer was used to align the hole with the exposure mask and the coordinate for 

this position was recorded. The position where the hole and the orifice of the TPD cone is 

aligned was also found by the telescope. Therefore, the TPD position relative to the 

deposition position can be calculated for all the samples regardless of their positions on 

the sample holders. To find the relative position between the deposition position and the 

spectroscopy position, the 2mm circular hole on the silver plate sample was filled by gold 

plate. The position of the gold spot was then found by XPS and recorded. The relative 

coordinate between spectroscopy and deposition positions was then calculated.  

 

2.2.3.3 Preparation Sample Stage 

The design of the sample receptacle is similar to that of the manipulator sample 

stage. As shown in Figure 2.10, this fixed stage is built on one of five mini ports from a 
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6-in. Conflat flange. The rest of the ports are used for gas inlets and electrical 

feedthrough. This sample stage is equipped with a discharge Ar+ sputter gun, an oven for 

evaporative film deposition, gas inlets for atomic layer deposition, and a residual gas 

analyzer, and a quartz-crystal microbalance (QCM). The sample is positioned more or 

less in the focal point of the ports connecting to the sputter gun and evaporation source. 

Since the deposition spot and the sputtering area are bigger than the size of the sample, 

the precise position of the focal point is not needed. Two gas tubes for ALD precursors 

are positioned directly facing the sample surface, yet they are not blocking the ion beam 

and particles from the sputter gun and evaporative source. This stage is mainly used for 

sample cleaning, annealing, and thin film deposition, and it can also be used for TPD 

experiments for the samples with relatively high vapor pressure.  
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Figure 2.1 3D rendered image of the home-built instrument highlighting the key 
components.  
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Figure 2.2 Representation of sample position for the differentially pumped mass 
spectrometer. Note that the sample needs to be rotated 90° counterclockwise to be 
positioned in front of the exposure mask of the beamline for deposition.  
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Figure 2.3 Top view of the cluster deposition beamline. 
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Figure 2.4 Schematic representation of the vaporization source highlighting the major 
components of the assembly.   
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Figure 2.5 Cross-sectional detail of the home-made quadrupole mass filter.  



27 

 

 
 

Figure 2.6 Cross-sectional detail of the homemade isolation valve assembly.  
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Figure 2.7 Top and side schematic representation of the sample holder: (1) stub for 
wobble sticks manipulation; (2) pin for sample holder “parking”; (3) ceramic washers 
for electrical isolation; (4) sample; (5) Ta wires for sample mounting and heating; (6) 
C-type thermocouple wires; (7) V-shaped sample holder copper body; (8) 
thermocouple posts for connections with the sample stage; (9) ceramic block for 
electrical isolation.  
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Figure 2.8 Schematic representation of the E-chip holder (top), and the picture of 
holder with E-chip mounted on the sample holder (bottom).   
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Figure 2.9 Top and side schematic representation of the sample holder and stage on 
the manipulator.  
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Figure 2.10 Front view of the preparation sample stage and the key components are 
highlighted.  
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Table 2.1 Typical operating conditions of beamline elements for depositing Pt24 
clusters on the sample.  
 

Element Typical operating conditions 
Float Voltage -65 V 
Source foreline pressure 231 mTorr 
Focus lens -62 V 
He pulse Delay 0.0328 s 
Laser power pulse timing 290 µs 
Source float voltage 3 V 
Bending lens (left) -49.09 V 
Bending lens (right) -14.69 V 
1st Quad RF  376 V, 2.0 MHz 
1st Quad DC 25.32 V 
2nd Quad RF 387 V, 2.2 MHz 
2nd Quad DC -11.36 V 
Mass dial 5.4 
QMS pole bias 10 
∆ M 3 
Pre filer 0.4 V 
Post filter -14 V 
1st entrance lens -83.3 V 
2nd entrance lens -264.8 V 
Baseplate -314 V 
Holder 8.8 V 
Skimmer -24 V 
Exit lens -314 V 
Can -49 V 
Exposure mask -275 V 
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INHERENT SIZE EFFECTS ON XANES OF NANOMETER 

 METAL CLUSTERS: SIZE-SELECTED PLATINUM 

 CLUSTERS ON SILICA 

 
 
Yang Dai, Timothy J. Gorey, Scott L. Anderson, Sungsik Lee, Sungwon Lee, Soenke 

Seifert, and Randall E. Winans. Inherent size effect on XANES of nanometer metal 

clusters: size-selected platinum clusters on silica. Reprinted with permission from J. 

Phys. Chem. C, 2017, 121 (1), pp 361-374. Copyright 2017 American Chemical Society. 
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CHAPTER 4 
 
 
 

SELECTIVE GROWTH OF Al2O3 ON SIZE-SELECTED 

 PLATINUM CLUSTERS VIA HIGH VACUUM 

 ATOMIC LAYER DEPOSITION
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4.1 Introduction 

Catalytic activity, selectivity, and stability are the three main factors that dictate 

the performance of all catalysts. While controlling all of these aspects is difficult, recent 

development of atomic layer deposition (ALD) overcoating on nanoparticles has shown 

great promise to accomplish this goal.1-4 ALD applies self-limiting reactions and provides 

precise control over the film growth on the atomic scale. There are two different methods 

of ALD overcoating, depending on whether the supported NPs are completely covered by 

an ALD film.5 When the NPs are completely overcoated (typically over 20 cycles of 

ALD) initially, the thick film will eliminate the catalytic activities of the NPs and 

substrate due to the inaccessibility of the reactants to the surface active sites. However, 

through heat treatment, nano-pores are formed and reexpose the NPs’ surface to the 

reactants.1,6 The thick ALD layer acts as a physical barrier to prevent sintering or 

agglomeration, while the selectivity of the catalysts is improved. This is the result of 

selective blocking of low-coordinated sites by the overcoats, leaving mostly the terrace 

sites exposed. There is no better example of improved catalytic selectivity and stability 

than the ALD-overcoated Pd NPs for oxidative dehydrogenation of ethane.1 With 45 

cycles of Al2O3 ALD (~7.7 nm thick) on Pd NPs (~2.8 nm) surface, the catalysts give a 

23% yield of desired ethylene product in contrast to 1.9% for the uncoated Pd NPs. 

Meanwhile, the overcoated Pd NPs demonstrate stable catalytic activity for ~1700 min 

and negligible change of particle size whereas the uncoated Pd NPs completely lose 

activity due to coke formation and particle sintering.  

Another method of ALD overcoating is done by partially coating the supported 

NPs and the substrate with less than 10 cycles of ALD, leading to a discontinuous film on 
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the surface.5 The overcoat preferentially nucleate at the low-coordinated sites (edges and 

corners) of the NPs.2,7,8 These low-coordination surface sites are responsible for 

sintering,9 and some unwanted side reaction. The advantage of this method is that higher 

exposure of the NP surface with fewer cycles of ALD, and will therefore have a high 

catalytic activity as compared to the first overcoating method. For example, Au clusters 

with 6 cycles of alumina ALD overcoat and Pd clusters with 6 cycles of titania ALD 

overcoat were both found to exhibit improved sintering resistance during catalytic 

reactions as compared to the bare clusters without ALD overcoat.10,11 In addition, it was 

also found that substrate surface pretreated by ALD overcoating can also prevent 

sintering of the subnanometer particles under reaction conditions.12 

Although ALD modification has shown significant improvement in catalytic 

performance, the mechanism of ALD layer growth on small sized metal clusters is 

unclear, as is the availability of sites on overcoated clusters under different conditions. 

The model that explains the preferential nucleation of ALD layer on particularly low-

coordination sites on nanoparticles cannot be directly applied to subnanometer clusters, 

because nearly all the surface atoms are under coordinated. Here, we present a study of 

alumina ALD on size-selected Pt24 clusters using XPS, XANES, TPD, GISAXS, and ISS. 

In this study, it is demonstrated that the alumina grow effectively on Pt clusters that 

nearly all CO binding sites were blocked. Upon heating the overcoated Pt clusters, sites at 

the cluster periphery recovered and became accessible to CO binding. 
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4.2 Experimental Methodology 

4.2.1 Preparation of Supported Size-Selected Pt Clusters 

Size-selected Ptn clusters were deposited on the substrates using a new cluster 

deposition instrument, which has been described in detail elsewhere.13 Briefly, the 

instrument has a UHV section for sample cleaning/annealing, cluster deposition, X-ray 

and UV photoelectron spectroscopy (XPS, UPS), low-energy ion scattering spectroscopy 

(ISS), and temperature-programmed desorption (TPD). Clusters are generated and 

deposited by a beamline that extends into the UHV section. The UHV section has a 

separate “prep” chamber, equipped with a heatable sample stage that includes a residual 

gas analyzer, sputter gun, and directional gas inlets. This stage allows ALD to be 

performed at high vacuum, while avoiding contamination of the UHV section.  

A Pt୬
ା beam was generated by laser vaporization of a Pt target in a pulsed helium 

flow, which then expanded into vacuum. Cationic clusters were collected and guided by a 

series of radio-frequency quadrupole ion guides through 6 stages of differential pumping, 

undergoing mass selection by a quadrupole mass filter mid-way along the beam line. The 

ion guide system extends into one of the UHV chambers, terminating at a 2 mm diameter 

defining aperture. For deposition, substrates were positioned ~1 mm behind the 2 mm 

aperture. During deposition, the pressure in the UHV chamber increased by ~2 × 10ିଵ଴ 

Torr of helium from the source. The deposition energy of the Ptn clusters was calibrated 

by retarding potential analysis of the beam on the sample, and most of the samples used 

in these experiments were prepared with deposition energy of 1 eV/atom, which we will 

refer to as “soft landing.” A few samples were prepared by “hard landing” clusters at 3.75 

eV/atom. Deposition of Ptn clusters was monitored via the Ptn
+ neutralization current on 
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the sample, and for all samples, deposition was stopped at a coverage corresponding to 

1.50 × 10ଵସ Pt atoms/cm2, equivalent to 10% of a close-packed Pt monolayer. For X-ray 

scattering and spectroscopy experiments, samples were prepared by depositing four 

cluster spots in a row, to better overlap the footprint of the grazing incidence X-ray beam 

on the sample. 

For many experiments, including all experiments where samples were prepared 

for ex situ studies at the Advanced Photon Source, disposable SiO2 substrates were used. 

These were prepared by dicing an oxidized Si (100) wafer into 10 × 14 mm pieces, using 

n-doped Si to give sufficient conductivity to minimize charging during deposition or X-

ray analysis. The SiO2 substrates were clipped to a tantalum backing plate which was 

mounted to a copper sample holder by tantalum heating wires spot welded to the back of 

the plate. A C-type thermocouple was also spot welded to the backing plate for 

temperature measurement. The SiO2 substrates were cleaned by heating to 800 K in UHV 

for 20 min prior to cluster deposition. 

For comparison, a few experiments were done using a 7 × 7 mm NiAl(110) single 

crystal (Surface Preparation Laboratory) to grow a well ordered alumina substrate. A 0.5 

nm thick Al2O3 film was grown on the NiAl(110) using a procedure14 adapted from 

Kulawik et al.,15 which is reported to give a well-ordered surface structure.16-21 The 

NiAl(110) single crystal was initially cleaned by Ar+ sputtering, followed by annealing at 

1250 K for 20 min in UHV. To grow the Al2O3 thin film, the NiAl single crystal was 

exposed to 3000 L of O2 while being heated to 550 K, followed by annealing at 1100 K 

for 5 min in UHV. Surface composition was verified by ISS and XPS shows a film 

thickness of 0.5 nm, in good agreement with previously reported thickness. 
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4.2.2 High Vacuum Al2O3 Atomic Layer Deposition (ALD) 

Because we are working with a low coverage of small clusters, and are concerned 

about the effects of adventitious adsorbates on ALD and other experimental steps, ALD 

was carried out in the UHV “prep” chamber (base pressure ~8.0 × 10-10 Torr). Samples 

were transferred into the prep chamber, and then inserted into a heating stage (300k – 

1200 K) equipped with gas inlets for ALD, a sputter gun, and a residual gas analyzer 

(RGA - SRS 200) to monitor gases in the sample region.  A gate valve was used to isolate 

the prep chamber from the rest of the UHV system, except briefly to allow sample 

transfer. Trimethylaluminum (TMA, Sigma-Aldrich, 97%) and deionized water were 

used as ALD precursors, and directed at the sample surface through dosing tubes, to 

minimize exposure to the vacuum system. ALD involves repeated cycling of the two 

reactions:  

Al − OH∗ + Al(CHଷ)ଷ  → Al − O − Al(CHଷ)ଶ
∗ + CHସ  (1) 

Al − CHଷ
∗ +  HଶO → Al − OH∗ + CHସ  (2), 

where the asterisks denote surface species. Because the gas flows are very small when 

doing ALD at high vacuum, it is essential to purify the TMA reactant to allow accurate 

measurement of the sample exposures. For this purpose, a short section of the ~1 mm ID 

gas line was cooled by mixture of dry ice and ethanol, and then filled with a small 

amount of gas from the TMA tank headspace, thus freezing the TMA and allowing 

volatile species like CH4 to be pumped away. The frozen TMA was then warmed and 

leaked into the line leading to the sample position. With this procedure, the RGA showed 

essentially no species other than TMA entering the UHV system. To minimize the 

exposure of the vacuum system to TMA and water, they were introduced via separate 
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dosing tubes, pointing at the sample position from a distance of ~0.5 cm. Pressures given 

below are the background pressures measured with an ionization gauge, but we estimate 

that the local pressures at the sample surface were ~3 times higher.  

We previously showed, using grazing-incidence small angle X-ray scattering 

(GISAXS) that Ptn/SiO2 began to sinter to form larger particle starting at some 

temperature between 373 and 423 K,13 thus, we initially attempted ALD with the sample 

at room temperature, and additional experiments were done at a sample temperature of 

423 K. For most experiments, the protocol for 1 cycle of ALD was as follows: water was 

dosed first with background pressure of 2 × 10ି଺ Torr for 150 s, followed by 90 s of 

evacuation. TMA was then dosed at 2 × 10ି଺ Torr for 150 s, followed by another 90 s of 

evacuation. One cycle of ALD was completed by a dosing of H2O at 2 × 10ିହ Torr in an 

attempt to fully react all the TMA adsorbed on the surface. To examine whether the 

reactant doses were high enough to saturate the surface, we also performed ALD at 423 K 

with gas doses that were 10 times higher. The dosing process was monitored by the RGA 

looking at both CH4
+, from the ALD gaseous product, and mass 57, which is 

characteristic of unreacted TMA. 

 

4.2.3 In Situ Sample Characterization 

XPS, done in situ using Al Kα radiation, was used to verify the cluster coverage, 

probe the Al2O3 ALD growth rate on the SiO2 substrate, and study the electronic 

properties of the Pt24 clusters with and without ALD overcoating. Pt 4f spectra were 

taken for as-prepared samples as well as samples with 1 cycle of ALD overcoating. Each 

of the experiments was done on a separately prepared sample in order to minimize effects 
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of X-ray damage or adventitious adsorbates. 

ISS was done by scattering 1 keV He+ from the sample, providing insight into the 

morphology of as-prepared Pt24/SiO2/Si and how it changes after 1 cycle of ALD 

overcoating. The He+ beam was incident at 45° with current of 3 µA (high flux) or 0.1 

µA (low flux) on the sample, with a ~7 mm diameter beam spot that is substantially 

bigger than the 2 mm diameter cluster spot. He+ scattered along the surface normal was 

analyzed with a hemispherical energy analyzer. Each sample was probed by a series of 

ISS measurements to observe how the morphology changes as material is slowly 

sputtered from the 1 keV He+ beam. To minimize the effects of He implantation and 

sputter damage, ISS experiments were done on separately prepared samples. 

One of the main questions was whether ALD can selectively poison/block the 

small Pt clusters. To probe the distribution of accessible Pt sites, CO temperature-

programmed desorption (TPD) was used, comparing the absolute amount of CO 

desorbing from as-prepared Pt24/SiO2/Si and Pt24/SiO2/Si with ALD alumina overcoating. 

Samples were cooled to 180 K and exposed to 10 L of 13CO, which, due to substrate-

mediated adsorption,22,23 is well in excess of the saturation dose. The 180 K dose 

temperature was chosen to minimize CO adsorption on the SiO2 support. The sample was 

then positioned 0.5 mm away from the 3 mm diameter aperture in a skimmer cone, 

allowing gas desorbing from the sample to pass into a separately pumped chamber 

housing a quadrupole mass spectrometer. The sample temperature was ramped at 3 K/s, 

to 600 K. During heating, 13CO, 12CO, CO2, water, and mass 16 (methane from 

decomposition of incompletely reacted TMA), were monitored. For each sample, the 

TPD experiment was carried out three times in succession, such that changes in the 
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number and energetics of CO binding sites induced by CO exposure and sample heating 

can be observed. 

The 13CO+ ion signals observed during the TPD experiments were converted to 

absolute numbers of CO molecules desorbing from the surface, allowing the results to be 

reported in the form of CO molecules desorbing per Pt24 cluster. To calibrate the absolute 

detection efficiency of the TPD system, 2 × 10-8 Torr of CO was leaked into the main 

chamber via a leak valve, thus producing a well-defined flux of molecules through the 

aperture in the TPD skimmer cone. The CO pressure was measured with a nude ion 

gauge, and corrected using the sensitivity factor reported by the manufacturer. The 

skimmer aperture diameter is 3 mm, whereas the cluster spot diameter is only 2 mm, and 

this factor was included in the calibration. The calibration was repeated daily, to correct 

for any day-to-day variations in sensitivity due to changes in electron multiplier gain. 

There are uncertainties in this calibration method due to the fact that the angular and 

velocity distributions of molecules entering the skimmer from TPD may be different than 

the effusive distributions used in calibration, with unknown consequences for detection 

efficiency. We, therefore, only claim absolute calibration to within ~50 %. 

 

4.2.4 Ex Situ Characterization 

Two sets of ALD-modified Pt24/SiO2/Si samples were prepared for ex situ 

XANES and GISAXS experiments. For the first set, the samples were transferred out of 

the UHV system and placed in a custom-made sample container in air, then shipped to 

Argonne. For this set of samples, ALD was performed in high vacuum with the sample at 

room temperature, prior to transfer to Argonne. The other set of the samples was 
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transferred in N2 to reduce oxygen exposure. A glove bag purged by N2 was attached to 

the load lock chamber. The load lock was vented with N2, the samples were transferred to 

the sample container under N2, and then the sample container was put inside a UHV-

compatible housing, also filled with N2. When samples were received in Argonne, they 

were taken out of the housing and transferred to a sealed cell in an N2 glove box, then 

moved to the beamline for X-ray studies. This N2-transfer approach does not eliminate 

oxygen exposure, but should have reduced the exposure by a factor of ~105, compared to 

transfer in air. ALD for the N2-transferred samples was done at a sample temperature of 

423 K. All ALD was done using the TMA and water doses described above. 

Grazing-Incidence Small-Angle X-ray Scattering (GISAXS) experiments were 

performed using a unique setup developed at the Sector 12-ID-C at the Advanced Photon 

Source of the Argonne National Laboratory.24 The experiments were performed in a 

homebuilt reaction cell sealed with Kapton windows and mounted on a computer-

controlled goniometer. The X-ray beam, tuned to the Pt L3 absorption edge, was 

scattered off the surface of the sample at grazing incidence, near the critical angle (αc= 

0.15°) of the substrate. A 1024 × 1024 pixel two-dimensional CCD detector designed and 

built at the APS was used for recording the GISAXS images from the sample. Initial 

measurements on as-deposited samples were made at incident energy of 18 keV with a 

scattering vector (q) range of 0.008 – 0.5 Å-1 and annealing measurements were done at 

11.75 keV with a q range of 0.008 – 0.33 Å-1. The scattering vector was calibrated using 

a silver behenate sample. The size distributions of scatterers present on the sample 

surfaces were determined by fitting the GISAXS data using the Modeling II tool in the 

Irena package.25 
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Grazing incidence X-ray absorption spectra were collected at the Sector 12BM-B 

and 12-ID-C stations at the Advanced Photon Source of the Argonne National Laboratory 

using fluorescence detectors (13 element Ge detector and Vortex 4 element SDD) mounted 

perpendicular to the X-ray beam and parallel to the sample surface. The measurements 

focused on the X-ray absorption near edge spectral region (XANES), and were analyzed 

using the IFEFFIT interactive software package (with ATHENA and ARTEMIS graphical 

interfaces).26 

 

4.3 Results 

4.3.1 Characterization of Al2O3 Growth Rate by High Vacuum ALD 

 The growth rate of Al2O3 deposited on the clean planar SiO2/Si substrate in the 

UHV prep chamber was characterized by XPS. Results for growth at a surface 

temperature of 423 K and for reactant doses as described above are shown in Figure 4.1. 

As shown in Figure 4.1(a), the Al 2p BE of the film was 75.3 eV, in the range of reported 

values for oxidized Al, and the peak intensity increased with number of ALD cycles. The 

ratio of the integrated intensities for the Al 2p and Si 2p peaks (shown in Figure A.1), 

was modeled to estimate the thickness of the Al2O3 film as a function of ALD cycle 

number. A layered model was constructed, using reported values of photoemission cross 

sections and asymmetry parameters from Yeh and Lindau,27 and effective attenuation 

lengths (EAL) calculated from the NIST EAL Database version 1.3.28 The average 

growth rate over 12 cycles was ~0.4 Å per cycle, however, the growth rate was observed 

to accelerate significantly, from ~0.2 Å/cycle averaged over the first three cycles, to 

~0.67 Å/cycle for the last three cycles. 
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 These growth rates are slow compared to what has been observed in alumina 

ALD at higher pressures. Ott et al.29 used ellipsometry to characterize the ALD growth 

rate of alumina while also using oxidized Si(100) as the substrate. They examined 

substrate temperatures ranging from 350 to 650 K, with reactants dosed at ~20 mTorr in a 

vacuum system with ~10-5 Torr base pressure. For 250 ALD cycles, the fastest growth 

rate was observed at 450 K (~1.1 Å/cycle), with thickness found to be quite linear with 

the number of ALD cycles. The growth rate was only weakly dependent on temperature 

between 350 and 500 K. For example, at 400 K, the rate was ~1 Å/cycle. Analogous 

behavior was observed by Elam et al. in a viscous flow reactor.30 

 One obvious possibility is that our reactant doses were simply too small to 

saturate the available growth sites, and to test this hypothesis, we also measured the 

growth rate for reactant doses that were 25 times higher than in Figure 4.1. Both TMA 

and water were dosed at ~5 × 10-5 Torr background pressure for 150 s, but the difference 

in growth rate between the high dose (shown in Figure A.2) and low dose was found to 

be negligible, that is, the gas dose was not the limiting factor, even for the lower dose. 

 The alumina growth rate was measured for ALD performed at room temperature, 

using the lower of the two doses of TMA and water (2 × 10-6 Torr for 150 s). As shown 

in Figure A.3, the average growth rate was 0.92 Å/cycle, in other words, about twice as 

large as for the same reactant dose at 423 K. This result is somewhat surprising, however, 

as discussed below, there is evidence that it reflects incomplete reaction during growth, 

resulting in substantial incorporation of organic fragments into the surface layer. This 

conclusion is consistent with Ott et al. 29 who used IR spectroscopy to look at CH and OH 
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stretch vibrations associated with organics and hydroxyls incorporated in alumina films 

grown by ALD, and observed increasing intensity with decreasing growth temperature.  

 There are several differences between our experiment and that of Ott et al. which 

presumably explain our ~5 times lower initial growth rate. As noted, the gas dose used is 

not a limiting factor. Our growth temperature (423 K) is also slightly lower than the 

optimum temperature found by Ott et al. (450 K), but based on their measured 

temperature dependence, we would expect the small difference in temperature to result in 

only a few percent change in grown rate. Instead, the difference is attributed to the 

density of reactive sites present on the surface in the two experiments. In the Ott et al. 

work, the oxidized Si sample was pretreated with a H2O plasma prior to ALD for sample 

cleaning, presumably leading to a high density of hydroxyls on the surface, serving as 

ALD growth sites. In our experiment, the oxidized Si substrate was heated to 800 K in 

UHV for 20 min for sample cleaning, which should desorb most hydroxyls present. The 

slow growth rate observed indicates that the H2O dose that was the first step in our ALD 

protocol must have created only a small density of hydroxylated sites, presumably at 

defects in the silica surface. This conclusion is supported by consideration of the growth 

rates in terms of fraction of an alumina monolayer per ALD cycle. Ott et al. used the 

index of refraction of alumina films grown by ALD to estimate the thickness of one 

monolayer as 3.64 Å, that is, even their best growth rate at 450 K was less than one third 

of a complete alumina monolayer per cycle. Our initial growth rate of 0.2 Å/cycle 

corresponds to ~5 % of a monolayer, which is a plausible value for the density of defect 

sites capable of reacting with water to initiate ALD at 423 K. The rate increased during 

subsequent cycles, but remained below 1.1 ML/cycle for the relatively small number of 



61 
 

 

cycles studied. The increase in rate suggests that alumina islands initially nucleating on 

about ~5 % of the surface, spread laterally as they grow, allowing ALD to proceed on a 

larger fraction of the surface.  

 From the perspective of understanding the interaction of ALD reagents with the 

deposited Ptn clusters, the low reactivity of the SiO2 substrate is advantageous, allowing 

us to observe how the presence of clusters affects the area-averaged growth rate. In fact, 

the growth rate when 0.1 ML of Ptn is present is substantially higher, as shown in Figure 

4.2. This compares XPS signals in the region of the Al 2p and Pt 4f peaks for samples 

with and without Pt24 and alumina ALD. For Pt-free SiO2, only a small Al 2p peak is 

observed even after 3 ALD cycles, as discussed previously. For as-deposited Pt24/SiO2/Si, 

signal is seen for the Pt 4f7/2 and 4f5/2 peaks at ~71 and ~74.4 eV, respectively. A single 

ALD cycle on this sample has little effect on the Pt 4f7/2 peak, but results in a large peak 

at ~75 eV due to overlapping contributions from Al 2p and Pt 4f5/2. Because the Pt 4f7/2 

and 4f5/2 peaks are in a fixed, 4:3 intensity ratio, it is straightforward to separate the Al 2p 

and Pt 4f5/2 contributions, as shown by the fits. The extracted Al 2p intensity following a 

single ALD cycle on Pt24/SiO2/Si is ~2.2 times greater than the Al 2p intensity following 

three cycles on SiO2/Si, that is, the initial alumina growth rate is more than six times 

higher when Pt24 present, even though the Pt coverage is equivalent to only 0.1 Pt 

monolayers. Clearly, the Pt24 clusters act as efficient ALD initiation sites.  

 

4.3.2 Particle Size Characterization by GISAXS 

Because samples were characterized ex situ by GISAXS and XANES, it is 

necessary to examine whether the clusters remain intact after deposition and transfer to 
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the APS, and to also assess the degree of thermal sintering that might occur when the 

samples were heated to 423 K as part of the ALD protocol. We previously reported13 a 

study in which Ptn/SiO2/Si (n = 2, 13, 24), were both soft- and hard-landed on SiO2/Si in 

UHV and then transferred to the APS for characterization by GISAXS and XANES at 

different temperatures. For soft-landed Pt24, the scattered size distribution extracted from 

the GISAXS data was narrow and peaked at 0.96 nm – about what would be expected for 

flattened 24 atom Pt islands on a surface (spherical Pt24 would be ~0.9 nm). We were 

unable to observe scattering from Pt13 or Pt2, which shows that if these do agglomerate, 

they at least do not produce large enough clusters to result in detectable scattering signal. 

When the Pt24 sample was annealed in 50 K steps, significant growth in the scatterer size 

distribution was first observed between 373 K and 423 K. 

GISAXS was used to look at Pt24/SiO2/Si samples after different ALD treatments. 

Figure 4.3a compares the raw room temperature GISAXS data for SiO2/Si with no 

clusters deposited (“SiO2 blank”), with those for soft-landed Pt24/SiO2/Si, and for soft-

landed Pt24/SiO2/Si with 1 cycle of room temperature alumina ALD carried out after 

cluster deposition, that is, “overcoating.” Compared to the SiO2/Si blank, Pt24 deposition 

results in additional scattering in the q range between 0.02 and 0.4 Å-1, and ALD 

overcoating results in a large increase in scattering signal over the entire q range studied. 

The scatterer size distributions extracted by fitting the differences relative to SiO2/Si are 

shown in Figure 4.3b. For Pt24/SiO2/Si without ALD, the distribution is narrow and peaks 

at 0.96 nm, as noted above. For ALD-overcoated soft-landed Pt24/SiO2/Si, the scatterer 

size distribution is drastically broadened, spanning the range from 0.8 nm to 2.2 nm, and 

peaking at ~1.48 nm. Wang et al.7 previously reported that applying 50 cycles of TiO2 
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ALD overcoat on Au particles (2.9 ± 0.45 nm) did not lead to major changes in the size 

of the Au particle cores observed by HRTEM. As will be shown in the following 

paragraphs, our evidence suggests that ALD at such low temperatures leads to efficient 

TMA adsorption on the Pt clusters. During transfer to the APS in air, this TMA (or 

fragments thereof), would tend to react with air, apparently resulting in a substantial 

increase in the disorder associated with Pt.  

The effects of ALD performed at 423 K, and of annealing the samples to different 

temperatures, were also monitored by GISAXS. Raw data for four different annealing 

temperatures are shown in Figure 4.4, and the corresponding scatterer diameter 

distributions for the two higher temperatures are shown in Figure 4.5.  

The following samples are compared in Figure 4.4: Pt24/SiO2/Si with no ALD 

treatment, Pt24/SiO2/Si with 3 cycles of ALD prior to Pt24 deposition (denoted as 

Pt24/3ALD/SiO2/Si), Pt24/SiO2/Si with 3 cycles of ALD prior to Pt24 deposition and 1 

cycle of ALD after Pt24 deposition (denoted as 1ALD/Pt24/3ALD/SiO2/Si), and 

Pt24/SiO2/Si with 6 cycles of ALD prior to Pt24 deposition (denoted as 

Pt24/6ALD/SiO2/Si). The Pt24 clusters were soft-landed in all cases. To minimize air 

exposure during sample transfer to Argonne, these samples were transferred under N2. 

Samples were annealed to different temperatures in a flow of 4% H2 in helium at 800 

Torr total pressure. For these experiments, GISAXS was measured for somewhat smaller 

q values (qmax ≤ 0.35 Å-1) than in the room temperature experiment (Figure 4.3),31 

roughly doubling the maximum detectable scatterer diameter.  

As shown in Figure 4.4, there was little change in scattering for any sample at 

annealing temperatures up to 373 K. In particular, the signal at high q (> 0.1 Å-1) for the 



64 
 

 

Pt24/SiO2/Si sample is relatively flat, with little growth at temperatures up to 373 K.  This 

observation indicates, as discussed above, that most of the Pt remained in subnano cluster 

form at 373 K and below. The growth in high q signal at higher temperatures indicates 

the onset of sintering to form small nanoparticles.  

Samples where Pt24 deposition was done after the SiO2/Si substrate was exposed 

to 3 or 6 ALD cycles (Figure 4.4(b), (d)) were not heated after cluster deposition prior to 

the annealing experiment shown in the figure. Recall that ALD initiation on the SiO2/Si 

support is inefficient, with an initial growth rate equivalent to ~5% of a monolayer/cycle. 

Therefore, 3 and 6 cycles of ALD would deposit partial alumina layers. There is no 

reason to expect that the presence of a partial alumina layer should enhance Pt sintering, 

instead, we might expect sintering to be inhibited on the more corrugated, diffusion-

limiting surface. Nonetheless, there is additional scattering in the high q range even at 

low annealing temperatures, which we therefore attribute to disorder associated with the 

roughness of this partial alumina layer itself.  

For the 1ALD/Pt24/3ALD/SiO2/Si, where one 423 K ALD cycle was carried out 

after Pt24 deposition, there is additional signal in the high q range, presumably reflecting 

that alumina deposition is more efficient on Pt24 clusters than on the SiO2/Si support 

(Figure 4.4(c)). It is, therefore, interesting to compare the high q scattering for this 

sample, against that for the sample exposed to 1 cycle of room temperature ALD after 

Pt24 deposition. Clearly the high q scattering is weaker following 423 K ALD overcoating 

(Figure 4.4(c)) than after room temperature overcoating (Figure 4.3(a)).  

Figure 4.5 compares the scatterer size distributions extracted from the data in 

Figure 4.4, for annealing temperatures of 423 K (i.e., the temperature at which ALD was 
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done) and 473 K. For the Pt24/Si/SiO2/Si sample without ALD (or prior heating) the 

scatterer size distribution shifted to larger diameter and broadened, compared to the 

unheated distribution in Figure 4.3(b), peaking at ~1.1 nm at 423 K, and ~2.1 nm at 473 

K. For reference, a 2.1 nm hemisphere would contain ~160 Pt atoms at the bulk density.  

For the samples with ALD, interpretation of the scatterer size distributions and 

their temperature dependence is ambiguous, because annealing may cause changes both 

to the clusters and the partial alumina layer.12,32 The scatterer size for the 

Pt24/6ALD/SiO2/Si sample at 423 K is similar to that for the Pt24/SiO2/Si sample at the 

same temperature, and the peak shifts to 2.6 nm at 473 K. The increase in scatterer size 

suggests that the partial alumina layer resulting from 6 cycles of ALD undercoating did 

not significantly increase resistance to Pt thermal sintering. For the Pt24/3ALD/SiO2/Si 

sample, the fitted scatterer distribution shifted slightly to smaller diameter between 423 

and 473 K. For the ALD overcoated sample, 1ALD/Pt24/3ALD/SiO2/Si, the initial 

scatterer size was significantly larger than for any of the other samples, presumbably 

reflecting efficient alumina grown on and around the Pt24 clusters. Note, however, that 

this sample was the only one where the size distribution did not change significantly after 

annealing to 473 K, which may indicate that the alumina overcoat provides some 

protection against Pt thermal sintering. It is also possible, however, that the lack of 

change simply reflects offsetting thermal changes to the Pt and alumina constituents, such 

that the net scatterer diameter is unaffected. 
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4.3.3 Temperature-Programmed Desorption (TPD) 

 TPD experiments were performed to probe several related issues: the density of 

accessible Pt binding sites on the samples, the presence of pyrolyzable organic material in 

the ALD alumina layer, and the sticking/desorption temperature dependence on both SiO2 

and Pt24. CO was chosen as the probe molecule because it binds strongly to small Pt 

clusters, but not to oxide supports,33 and thus provides insight into the effects of ALD 

overcoating on the number and energetics of Pt-associated binding sites. A series of 

sequential 13CO TPD runs were made on samples in order to observe how the CO binding 

properties changed with heating. Before each TPD run, the samples were exposed to 10 L 

of 13CO at 180 K, and then heated at 3 K/s while monitoring species desorbing from the 

surface. The 180 K exposure temperature was chosen to minimize CO binding on the 

SiO2 support, while still saturating most sites associated with Ptn.33 

 

4.3.3.1 CO Desorption as a Probe of Pt Binding Sites 

As shown in Figure 4.6a, for Pt24 on SiO2/Si without ALD overcoating, there are 

two CO desorption features, peaking at ~190 K and ~510 K, These are similar to CO 

desorption observed from Ptn (1 ≤ n ≤ 18) deposited on a ~3 nm thick alumina film grown 

by evaporation onto Re(0001).33 In the second TPD run, the high-temperature feature 

decreased, and more desorption was observed at low temperatures. Essentially, no further 

change was observed in a third TPD run. For the Pt-free SiO2/Si sample, no 13CO 

desorption was observed in the temperature range probed, indicating that CO does not 

bind to SiO2/Si at 180 K.  
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Figure 4.6b shows 13CO TPD data taken under identical conditions, for a 

Pt24/SiO2/Si sample that was exposed to 1 cycle of ALD alumina overcoating after Pt24 

deposition, before TPD. The overcoating was done at a sample temperature of 423 K, and 

with reactant exposures of 2 x 10-6 Torr for 150 s. Note that in the first TPD run, both the 

low- and high-temperature CO desorption features were almost completely suppressed, 

indicating that CO found essentially no binding sites that were stable at the 180 K 

exposure temperature. In the second TPD run, a low-temperature CO desorption feature 

is observed, with somewhat sharper temperature dependence than the low-temperature 

feature observed for as-deposited Pt24/SiO2/Si, but the high-temperature feature remains 

suppressed in the second TPD. No further evolution was observed in the third TPD. For 

Pt-free SiO2/Si with 1 cycle of alumina ALD, no significant 13CO desorption was 

observed. Given that essentially no CO TPD was observed from SiO2/Si without the ALD 

overcoat, we can conclude that ALD did not create any additional CO binding sites. 

These results demonstrate that a single cycle of 423 K ALD alumina overcoating 

completely blocks all CO binding sites associated with Pt24. After the first TPD run, low-

temperature CO binding sites are again available, however, the higher temperature 

binding sites remain blocked even after several heating ramps. Recent works7,34 show that 

CO binding sites associated with Au nanoparticles can be blocked by a TiO2 ALD 

overcoat. DRIFTS CO chemisorption measurements showed that TiO2 preferentially 

nucleates at low-coordination sites on the Au nanoparticles and after 50 cycles of TiO2 

ALD, the peak intensity for adsorbed CO dropped by ~3 orders of magnitude. In our 

case, even a single cycle of ALD is sufficient to block essentially all CO binding sites on 

our small Pt clusters, and after heating, only weak binding sites are exposed, with 
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desorption temperatures below 200K.  

 

4.3.3.2 Desorption of Organics From the ALD Alumina Layer 

 Both the thermal changes to the GISAXS for ALD-coated samples, and the partial 

recovery of CO binding sites on Pt after 600 K heating, suggest that the alumina layer 

undergoes significant structural changes, and one obvious possibility is loss of organic 

species incorporated during low-temperature ALD. Figure 4.7 shows the mass 16 TPD 

signal recorded during the first CO TPD run on SiO2/Si and Pt24/SiO2/Si samples 

overcoated with one alumina ALD cycle. Mass 16 is a major peak in the EI mass spectra 

for both TMA, and methane, that is, the organic product of the ALD chemistry. For 

Pt24/SiO2/Si, both 300 K and 423 K ALD overcoating was examined. After 300 K ALD 

on Pt24/SiO2/Si, there is substantial mass 16 signal starting at 300 K, and peaking ~380 K. 

For 423 K ALD on Pt24/SiO2/Si, there is considerably less signal, starting around 400 K, 

and peaking near 500 K. For the SiO2/Si substrate, there is no significant mass 16 signal 

following a 423 K ALD cycle. As shown in Figure A.4 for the 423 K ALD-overcoated 

Pt24/SiO2/Si sample, no significant mass 16 desorption was observed in the second or 

third CO TPD. Clearly most of the pyrolyzable organic content in the alumina layer is 

lost during the first TPD run. Similar results were observed for mass 16 desorption from 

ALD-overcoated Pt24/alumina/NiAl(110), as shown in Figure A.5. 

 Gow et al.35 previously reported TPD of TMA desorbing from clean Si(100). 

They identified two contributions to the mass 16 signal, including mass spectrometer 

cracking of TMA, or fragments thereof, desorbing in the 300 K - 600 K range, and 

ionization of methane desorbing in the 400 K - 800 K range. Thus, Figure 4.7 indicates 
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that room-temperature ALD leaves a substantial amount of residual organic content in the 

alumina, which is reduced, but not eliminated, by raising the ALD temperature to 423 K. 

The choice of 423 K for ALD in the main set of experiments was driven by the 

conflicting desire to have as little organic contamination of the alumina as possible, while 

also minimizing thermal sintering of the Pt24. As noted, 423 K is close to the 450 K 

optimum Al2O3 ALD growth temperature reported by Ott et al.29 

 

4.3.3.3 Desorption of H2O From the Alumina ALD Overcoated Samples 

 The first step in our ALD process was dosing H2O, therefore, an interesting 

question is whether alumina growth initiates so efficiently on the Pt24 cluster because 

water binds efficiently to the clusters at the 423 K ALD dose temperature. Figure 4.8 

shows the mass 18 (H2O) TPD signal recorded during the first CO TPD run on three 

samples. For as-deposited Pt24/SiO2/Si exposed only to water at 423 K, only a small 

amount of water desorption was observed, mostly well below the 423 K ALD dose 

temperature. This small signal presumably reflects residual water from the 423 K water 

dose adsorbing as the sample was cooled to the 180 K CO dose temperature. For a 

Pt24/SiO2/Si sample exposed to one 423 K ALD cycle (i.e., water, then TMA, then water 

again), a large amount of water desorbed at high temperatures. Finally, for SiO2/Si 

without Pt24, exposed to one 423 K ALD cycle, only a small amount of water desorbed 

around 200 K, again, attributed to adsorption of residual water from the final water dose 

as the sample was cooled. 

 The three results, together with results presented above showing that ALD 

initiates efficiently on Pt24/SiO2/Si, but not on SiO2/Si, leads to the conclusion that water 
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does not adsorb stably on Pt24 clusters at 423 K. Therefore, we conclude that the efficient 

initiation of alumina growth on Pt24 is due to efficient binding of TMA on the clusters. 

The large amount of high-temperature water desorption on the ALD-overcoated 

Pt24/SiO2/Si sample is, thus, due to water (or OH) adsorbed on the alumina layer 

deposited on Pt24. 

 

4.3.4 Electronic Structure of Overcoated Pt24 Clusters 

 Both the ALD growth rate (Figure 4.2) and TPD results clearly show that alumina 

ALD preferentially nucleates on Pt cluster sites, thus preventing CO adsorption. One 

question is whether the latter effect is simply due to physical site blocking, or if binding 

of the ALD layer on Pt24 changes the electronic structure of Pt, and ultimately, the CO 

affinity for Pt. 

 

4.3.4.1 XPS 

The XPS measurements made during the course of the ALD experiments provide 

insight into this question. Figure 4.2 compares the Pt 4f XP spectra measured for 

Pt24/SiO2/Si, as-deposited in UHV, and after 1 cycle of 423 K ALD overcoating. For the 

as-deposited sample, the Pt 4f7/2 binding energy (BE) is 71.0 eV, which is in the range 

reported for the Pt 4f7/2 BE for bulk Pt (70.9 eV to 71.3 eV, mean 71.2 eV36). As 

discussed elsewhere,37-39 core level binding energies for small supported clusters tend to 

be higher than those for bulk metals, because there is less screening and charge 

delocalization in the photoemission final state in small clusters. In this case, the bulk-like 

BE for Pt24 leads to the conclusion that there is partial electron transfer from SiO2/Si to 
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Pt24, offsetting the expected shift to higher BE from final state screening.13  

 In the XP spectrum taken after 1 cycle of Al2O3 ALD overcoating, the Pt 4f7/2 

peak is fit with a BE of 71.1 eV, while the higher energy feature has contributions from 

both the Pt 4f5/2 component at 74.4 eV (same 7/2 – 5/2 splitting as in the bottom 

spectrum), and an Al 2p feature which is fit to obtain a BE of 75.0 eV. The 0.1 eV BE 

shift seen for Pt 4f7/2 suggests that the electronic environment of the Pt cluster is not 

significantly changed by ALD overcoating, and therefore the suppression of CO binding 

by ALD overcoating is due to physical blocking of the Pt surface. The change in Pt 4f7/2 

XPS intensity after ALD overcoating is small (~2%), consistent with the amount of 

material deposited on top of the Pt being small. For the kinetic energy of the Pt 4f 

photoelectrons (96.5 eV), we can estimate the electron effective attenuation length (EAL) 

using the NIST Effective Attenuation Database.28 For a complete alumina monolayer, we 

would expect attenuation of ~7.0%, suggesting that the actual coverage on Pt24 is only 

equivalent to ~1/3 ML.  

 The fitted binding energy for Al 2p in the overcoated sample is ~75 eV, which is 

at the high end of the range of BEs reported for bulk Al2O3 or aluminum hydroxides, and 

at the low end of BEs reported for alumina films on aluminum.36 Furthermore, there is 

also a report that the Al 2p BE for TMA on silver is 75.0 eV, thus, we really are only able 

to say that the aluminum is in some oxidized state, possibly including partially 

decomposed/oxidized TMA. 
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4.3.4.2 Grazing-Incidence X-ray Absorption Near Edge Spectra 

 Normalized Pt L3-edge XANES spectra are shown in Figure A.6 for all the 

samples. As with the GISAXS experiments (Figure 4.4), samples were studied as-

received at the APS, and during annealing to different temperatures in a H2/He flow. The 

results at room temperature and 473 K are collected together in Figure 4.9, and the edge 

energies, taken as the inflection point, for the all the samples shown in the figure have 

been summarized in Table 4.1. At 298 K, the edge for all samples is shifted 5 eV to 

higher energy with respect to the Pt foil reference, regardless of whether the sample had 

ALD treatment or not. The Pt24/SiO2/Si sample without ALD has higher white line 

intensity compared to both the Pt foil reference sample and the ALD-treated samples. 

High edge energy and white line intensity are often taken as evidence of oxidation, 

however, in a previous study of XANES for Pt2, Pt13, and Pt24 on SiO2/Si, we used XPS to 

show that deposited Ptn remain in the zero-oxidation state, both as-deposited, and after 

large O2 or air exposures.13 As discussed above, and shown in Figure 4.2, ALD causes a 

negligible change in the Pt 4f BE, that is, the Pt in the ALD-treated samples is also in the 

zero-oxidation state. Instead, the edge shifts are attributed to size-dependent changes in 

both core and valence level binding energies, which destabilize the XANES final state. 

The origin of the high white line intensity is less obvious, but it is not unexpected that 

there might be rehybridization that changes the empty state density,40,41 as well as better 

overlap between the core orbital and localized empty orbitals in small clusters, compared 

to the delocalized conduction band states available in bulk metal.13 

 At room temperature, the ALD-treated samples have substantially lower white 

line intensity. The white line intensity decreases in the order of Pt24/SiO2 ≫ 
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Pt24/6ALD/SiO2/Si > Pt24/3ALD/SiO2/Si > 1ALD/Pt24/3ALD/SiO2/Si.  Since XPS shows 

that the Pt oxidation state does not change significant for the ALD-treated samples, we 

propose that the changes in white line and edge energies reflect more subtle interactions 

of the Pt24 orbitals with those of the Al2O3 ALD layer(s). For example, if the empty state 

wave functions of the Pt24 clusters delocalize in response to interaction with the defected 

alumina layer(s), or if there is alumina-to-cluster electron transfer, this would tend to 

reduce the white line signal. 

 After annealing in H2 at 473 K, the white line intensity dropped significantly for 

all the samples. Such changes are often attributed to reduction of initially oxidized metal 

centers, however, the Pt in these samples was not oxidized. Furthermore, if reduction 

were responsible for the white line decrease, a significant reduction in the edge energy 

should also occur, which is not observed. For the Pt24/SiO2/Si sample, GISAXS shows 

that substantial cluster sintering occurs in the temperature range, thus, the annealing 

effect on the XANES was attributed to size-dependent electronic structure effects. At 473 

K, the ALD-overcoated 1ALD/Pt24/3ALD/SiO2/Si sample, which had the lowest intensity 

at room temperature, has the highest intensity and edge energy of any of the ALD-treated 

samples, that is, was least affected by annealing in H2. This could reflect less cluster 

sintering in the overcoated sample (as suggested by GISAXS) or simply the effects of 

stronger Pt-alumina interactions on the Pt electronic structure. 

 

4.3.5 Morphology Characterization by ISS 

 The surface of the samples was probed by He+ ion scattering in order to obtain 

information regarding the morphology of the ALD overcoat. Figure 4.10a shows a series 
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of ISS spectra showing just the region of the Pt peak, for soft-landed Pt24/SiO2/Si with 

one 423 K ALD alumina overcoat. The Pt ISS peak results primarily from events where 

He+ scatters from a single Pt atom in the top-most layer of the sample.42 Adsorbates or 

overlayers tend to attenuate ISS signals from underlying atoms, due to a combination of 

shadowing, blocking, and reduced ion survival probability,23,42 but the signals tend to 

recover as the He+ beam slowly sputters the adsorbates away. Here, the Pt ISS intensity is 

initially small, but increases by an order of magnitude during the first three ISS scans, 

indicating that ALD left a nearly complete adsorbate layer on the Pt24, which quickly 

sputtered away, exposing underlying Pt. The final scan in the set was taken after the 

sample was exposed for 2 min to 1 keV Ar+, which sputters material much more rapidly 

than 1 keV He+. The Pt ISS intensity substantially reduced, because much of the Pt has 

been sputtered away. 

 To show the changes in sample surface composition more clearly, Figure 4.10b 

plots the intensity of the Pt ISS peak for four different samples, as the surfaces were 

slowly sputtered by a low flux He+ beam. The samples, all soft-landed with identical Pt24 

coverages, include Pt24/SiO2/Si, Pt24SiO2/Si with one 423 K ALD alumina overcoat, a 

Pt24/SiO2/Si sample that was overcoated and then flashed to 600 K prior to analysis, and 

finally, a Pt24/SiO2/Si that was heated in UHV to 423 K without ALD overcoating. The Pt 

signal was normalized to the sum of the Si and O signals to correct for any day-to-day 

variations in the He+ intensity.  

 For the as-deposited sample, the Pt signal is at maximum at zero He+ exposure, 

and simply decays due to the loss of surface Pt by He+ sputtering. The monotonic decay 

is indicative of no significant initial adsorbate coverage that would attenuate signal from 
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underlying Pt. For the sample that was simply annealed to 423 K, the initial signal is a 

factor of ~two smaller than for the as-deposited sample, indicating that only about half as 

many Pt atoms were in the top-most sample layer. Note that the decay rate for the 

annealed sample is slower than for as-deposited Pt24, which is also consistent with a more 

multilayered morphology, where sputtering of top-layer Pt exposes underlying Pt. Such 

changes could result from Pt24 sintering into larger, more multilayer clusters, or simply 

restructuring of initially flattened clusters into more three-dimensional structures. As 

noted, however, the GISAXS results in Figure 4.5 indicate that sintering does occur at 

this temperature, at least in an H2 atmosphere.  

 When Pt24/SiO2/Si was overcoated with 1 cycle of ALD, the initial Pt ISS signal 

is attenuated by ~93%, and slowly increases during the initial ~200 µA∙sec of He+ 

exposure. This behavior shows that the Pt was covered by a layer of adsorbed material 

that almost completely attenuated Pt ISS signal, with Pt signal recovering as the overlayer 

sputtered away. If the overcoated sample was flashed to 600 K prior to ISS experiment, 

the initial Pt ISS signal was attenuated by only ~80% when compared to as-prepared 

Pt24/SiO2/Si. When compared to the overcoated sample that was not flashed, the initial 

signal was roughly three times higher. From the TPD experiment in Figure 4.7, we know 

that considerable loss of organic species from the alumina overlayer would have occurred 

during the flash, thus, it is not surprising that the ISS attenuation is also lower (albeit still 

80%). The dependence of Pt signal on He+ exposure is also somewhat different for the 

two samples, with the sample that was not flashed showing more Pt signal recovery from 

sputtering. For the flashed sample, the Pt signal was nearly constant for the initial ~200 

µA∙sec of He+ exposure, then declined slowly. 600 K flashing should remove a 
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substantial fraction of the organic contaminant in the alumina layer, but also is likely to 

have driven sintering of the Pt.  

 

4.4 Discussion 

XPS shows that alumina deposition occurs ~6 times more rapidly for Pt24/SiO2/Si, 

compared to SiO2/Si, even though the Pt24 coverage is only equivalent to 0.1 of a close-

packed Pt monolayer. This result indicates that Pt sites are ~60 times more efficient at 

initiating ALD, than SiO2, that is, that ALD does provide an approach for strongly 

preferential deposition at cluster sites. CO TPD shows that ALD overcoating blocks all 

Pt-associated binding sites, and that during the first TPD run to 600 K, there is substantial 

desorption of both organics and water, indicating that the mild ALD conditions used did 

not drive the TMA-water reaction to completion. Even after the excess water and 

organics desorb, a second CO TPD shows that only the low-temperature CO binding sites 

recover, and the strong binding sites responsible for high-temperature CO desorption 

remain blocked. Previous temperature-dependent ISS experiments on Ptn/alumina43 

indicated that CO desorbing at low temperatures is primarily in sites at the cluster 

periphery (“peripheral” sites), whereas the high-temperature sites are on top of the Pt 

clusters (“on-top” sites). Similar behavior was observed for small Pd clusters on TiO2
44 

and alumina,45 and if we assume that this is true for Ptn/SiO2/Si, then these results suggest 

that even after heating, the strong binding sites on top of the Pt24 remain blocked. The 

conclusion that ALD blocks sites on top of the clusters is also consistent with the ISS 

results, showing that one ALD cycle almost completely attenuates scattering from Pt, and 

that there is only modest recovering of Pt signal after flashing the sample to 600 K. 
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In considering the ALD mechanism, it is useful to review literature for water and 

TMA interactions with Pt surfaces. A previous H2O TPD study on Pt(553) has shown that 

H2O does not adsorb on Pt(553) surface at 423 K and can only dissociate into OH when 

the surface is preadsorbed with atomic oxygen.46 A recent XPS and theoretical study of 

H2O adsorption on Pt nanoparticles has also shown that H2O hardly chemisorbs on Pt 

nanoparticles at room temperature due to the lack of bonding and antibonding states for 

H2O chemisorption.47 Our observation that water does not desorb significantly from 

Pt24/SiO2/Si (Fig. 4.9) suggests that water also does not adsorb significantly on smaller 

supported Pt clusters. 

Detwiler et al.48 reported a study of TMA adsorption on Pt(111) and Pd(111). 

They found that TMA adsorbs on Pt(111) at 373 K, as evidenced by XPS showing C 1s at 

283.8 eV and Al 2p at 73.0 eV, which is in the range expected for Al0. Density functional 

theory (DFT) showed that TMA dissociation to adsorbed monomethylaluminum and 

methyl is exothermic on Pt(111), and dissociation to Alads + CH3ads is only slightly 

endothermic from monomethylaluminum. Similar behavior was found by Detwiler et al.48 

and Lu et al.8,49 for TMA on Pd(111). Lu et al. also reported that AlCH3* can further 

dissociate into Al* and CH3* on Pt(211) surface, and both AlCH3 * and Al* transform 

into Al(OH)3* species in the following H2O exposure.49 These results suggest that TMA 

probably dissociates when chemisorbed on Pt clusters as well, forming adsorbed 

Al(CH3)x* and CH3*. After the subsequent H2O exposure, we observe by XPS that Al is 

oxidized, suggesting reaction to form adsorbed Al(OH)x.  

When samples are heated after ALD, both H2O+ and CH4
+ signals are observed, 

indicating that in addition to Al(OH)x, the samples contain some organics, such as 



78 
 

 

adsorbed methyl, such that both water and methane (and perhaps other organic species) 

can form by recombination reactions. This desorption is presumably responsible for 

partial recovery of Pt ISS signal and CO adsorption sites. The resulting partial alumina 

layer does, however, continue to block the stronger CO binding sites. 

 For heterogeneous catalysis, different sites (terraces, edges) of nanoparticles are 

responsible for formation of different products during a catalytic reaction. Zhang et al.4 

previously reported that the selectivity of Pd nanoparticles (~1.3 nm) to furan, the 

product of furfural hydrogenation, increases after the Pd catalysts are overcoated with 10 

cycles of alumina ALD. They concluded that the terrace sites of Pd nanoparticles 

favoring the formation of furan remain available after ALD, whereas step sites 

responsible for side reactions are passivated by alumina via ALD. Feng et al.2 also found 

that the low-coordinated sites of Pd nanoparticles (~1.4 nm) can be fully covered by 8 

cycles of alumina ALD, by using DRIFTS CO chemisorption. In our case, as shown in 

Figure 4.11, the Pt clusters are in an even smaller size range with nearly all surface Pt 

atoms having low-coordination numbers, and alumina ALD initiates with high efficiency, 

initially completely blocking all CO binding sites, and leaving the stronger binding sites 

passivated even after heating, with only weakly binding peripheral sites available.  

 The remaining issue is what ALD and subsequent heating does to the Pt clusters 

themselves. For Pt24/SIO2/Si without any ALD, GISAXS shows a sharp initial size 

distribution, in the range expected for Pt24, which broadens and shifts to larger size when 

the sample is heated above 373 K. Since ALD was performed at 423 K, it is not 

unreasonable to expect that there should have been some ripening of the clusters. 

Unfortunately, alumina ALD, itself, introduces considerable nanoscale disorder into the 
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samples, even for the samples in which Pt24 was deposited after ALD. In those samples, 

the room temperature GISAXS scatterer diameter distribution is already broad, peaking 

above the size range expected for Pt24, even though the samples were never heated after 

Pt24 deposition. Furthermore, because the alumina layer loses water and organics when 

heated, it is impossible to separate the effects of Pt ripening versus alumina layer 

consolidation/restructuring on the scatterer size distributions when the samples are 

heated. 

 

4.5 Conclusion 

We have shown that alumina growth via ALD in the first few cycles strongly 

depends on the active sites present on the substrates. For SiO2/Si, ALD initiates only at a 

small fraction of sites on the surface, presumably corresponding to defects in the silica 

layer. When Pt clusters are present, alumina growth initiates efficiently on them, via 

dissociative chemisorption of TMA, followed by reaction with water. Although we chose 

alumina ALD as a well characterized system for this initial study, the fact that ALD 

initiates preferentially on small clusters suggests that this may be an efficient approach to 

generated size-selected bimetallic clusters, by selectively doping size-selected seed 

clusters of one metal by ALD of the second metal. Experiments with boron and tin 

deposition using this approach are under way. 
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Figure 4.1 The growth rate calibration of alumina ALD on a clean silica substrate at 
the surface temperature of 423 K. (a) XP spectra of Al 2p (b) Calculated thickness of 
Al2O3 as a function of ALD cycles. 
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Figure 4.2 XPS of the Pt 4f and Al 2p region. Top: Spectrum for a SiO2/Si substrate 
after three 3 ALD cycles.  Middle: Spectrum of as-deposited Pt24/SiO2/Si.  Bottom:  
Spectrum for Pt24/SiO2/Si after one ALD cycle, with fits showing Al 2p and Pt 4f 
contributions. 
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Figure 4.3 GISAXS for soft-landed Pt24/SiO2/Si transferred in air, an ALD overcoated 
sample, and a clean blank SiO2/Si sample. (a) Raw GISAXS scattering data (b) Fitted 
size distributions extracted by fitting the scattering data as in (a) for soft-landed 
Pt24/SiO2/Si, as well as soft-landed Pt24/SiO2/Si with 1 cycle of Al2O3 ALD overcoat. 
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Figure 4.4 GISAXS scattering data for the sample (a) soft-landed Pt24/SiO2/Si, (b) 
soft-landed Pt24/SiO2/Si with 3 cycles of ALD undercoat, (c) soft-landed Pt24/SiO2/Si 
with 1 cycle of ALD overcoat and 3 cycles of ALD undercoat, and (d) soft-landed 
Pt24/SiO2/Si with 6 cycles of ALD undercoat. 
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Figure 4.5 GISAXS scattering data for the sample (a) soft-landed Pt24/SiO2/Si, (b) 
soft-landed Pt24/SiO2/Si with 3 cycles of ALD undercoat, (c) soft-landed Pt24/SiO2/Si 
with 1 cycle of ALD overcoat and 3 cycles of ALD undercoat, and (d) soft-landed 
Pt24/SiO2/Si with 6 cycles of ALD undercoat. 
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Figure 4.6 13CO desorption. (a) 13CO desorption from Pt24/SiO2/Si for three 
consecutive CO TPDs (solid), and a blank SiO2/Si sample (dashed), after 10 L 13CO 
exposure at 180 K. There are two distinct CO desorption peaks at ~190 K (low 
temperature) and 510 K (high temperature). (b) 13CO desorbing from Pt24/SiO2/Si with 
1 cycle of ALD overcoat for three consecutive CO TPDs (solid) and a blank SiO2/Si 
sample with 1 cycle of ALD overcoat. The main difference between the cluster 
samples with and without ALD overcoat is the disappearance of high-temperature 
feature for ALD overcoated sample.   
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Figure 4.7 Mass 16 TPD following a single alumina ALD cycle on Pt24/SiO2/Si at 
either 300 (black) or 423 K (red), and on SiO2/Si at 423 K (blue).  
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Figure 4.8 Mass 18 TPD following a single alumina ALD cycle on Pt24/SiO2/Si at 423 
K (red), and SiO2/Si blank (blue), and for the sample Pt24/SiO2/Si without ALD 
overcoat with H2O being dosed at 423 K (black). 
 



91 
 

 

 

  

N
o

rm
a

li
ze

d
 A

d
so

rp
ti

o
n

 (
a.

u
.)

0

1

2

3

4

5

6 298 K

Energy (eV)

11555 11560 11565 11570 11575 11580 11585

N
o

rm
al

iz
e

d
 A

d
so

rp
ti

o
n

 (
a.

u
.)

0

1

2

3

4

5

6 Pt24/SiO2

Pt24/3ALD/SiO2

Pt24/6ALD/SiO2

1ALD/Pt24/3ALD/SiO2

Pt foil

473 K

a

b

 
Figure 4.9 Normalized XANES spectra at Pt L3-edge for the sample soft-landed 
Pt24/SiO2/Si (red solid line), soft-landed Pt24/SiO2/Si with 3 cycles of ALD undercoat 
(green solid line), soft-landed Pt24/SiO2/Si with 1 cycle of ALD overcoat and 3 cycles 
of ALD undercoat (pink solid line), soft-landed Pt24/SiO2/Si with 6 cycles of ALD 
undercoat (blue solid line), and Pt foil (black dashed line) at the temperature of 298 K 
(a) and 473 K (b).  
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Figure 4.10: Pt ISS results for the probe of sample surface morphology. (a) Three 
consecutive high flux ISS scans and an additional scan after 2 min of 1 keV Ar+ 
sputtering on the sample 1ALD/Pt24/SiO2/Si, where ALD was performed at the 
substrate temperature of 423 K. (b) Normalized Pt ISS intensity for Pt24/SiO2/Si 
(red), samples with 1 cycle of ALD overcoat with (black) or without (blue) flash post-
treatment, and a sample annealed at 423 K in vacuum (pink). 
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Figure 4.11 Schematic illustrations of alumina ALD mechanism on Pt clusters.  
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Table 4.1 Edge energies for all the samples described in Figure 4.9 at 298 K and 473 K.  
 

Samples Edge Energy (eV) 
At 298 K At 473 K 

Pt foil 11564 11564 

Pt24/SiO2/Si 11569 11566 

Pt24/3ALD/SiO2/Si 11569 11566 

Pt24/6ALD/SiO2/Si 11569 11566.5 

1ALD/Pt24/3ALD/SiO2/Si 11569 11567.5 

 



 
 

 

CHAPTER 5 
 
 
 

CONCLUSION
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5.1 Conclusions 

 Three topics were presented in this dissertation, including a detailed description of 

a new cluster deposition instrument, size effects on XANES of nanometer Pt clusters, and 

Al2O3 ALD effects on size-selected Pt clusters. In order to investigate the effects of ALD 

and particle size on the metal clusters, a clusters deposition instrument was built with the 

capability of depositing size-selected metal clusters, performing atomic layer deposition 

in high vacuum, and characterizing samples with in situ XPS, UPS, ISS, and TPD, as 

discussed in Chapter 2. Meanwhile, the fast sample transferring system made it possible 

to prepare multiple samples in a short time frame and analyze them ex situ using 

characterization techniques, such as XANES, GISAXS, and so forth.  

 A combination of surface analysis techniques was used to determine the inherent 

size effects on XANES of size-selected Pt clusters on silica, and revealed that the effects 

of particle size on the electronic structure can mislead the interpretation of XANES 

spectra. For Ptn/SiO2/Si samples, detailed in Chapter 3, a high white line intensity and 

absorption edge energy were observed in the Pt L3 edge, relative to bulk Pt, which would 

suggest that the Pt clusters were oxidized. However, the XPS has confirmed that all Pt 

clusters were in the zero oxidation state. It was suggested that the higher white line 

intensity was attributable to the localization of empty state wavefunctions, whereas the 

enhanced white line intensity was the result of the development of a band gap in small 

clusters.  

 The work presented in Chapter 4 focuses on the detailed investigation of Al2O3 

ALD on Pt24 clusters supported on SiO2/Si. It was found that the growth rate of Al2O3 

ALD was much smaller than other reported values, mainly due to the loss of hydroxyl 
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group on the surface during sample cleaning process. However, with this low growth rate, 

it is surprising that all Pt24 active sites are completely blocked by just 1 cycle of Al2O3 

ALD overcoat. This provides a potential method to modify size-selected clusters with 

other small metal promoters.



 

 

APPENDIX 
 
 
 

SUPPORTING INFORMATION INCLUDED FOR  

CHAPTER 4
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Figure A.1 Si 2p XP spectra with 3 – 12 cycles of Al2O3 ALD grown on SiO2/Si 
substrate at a surface temperature of 423 K.  
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Figure A.2 XP Spectra of Al 2p and thickness of Al2O3 ALD grown on SiO2 substrate 
at a surface temperature of 423 K. Left: XP spectra of Al 2p with 3 – 12 cycles of 
Al2O3 ALD grown on SiO2 substrate at a surface temperature of 423 K. TMA and 
H2O were dosed at ~5 × 10-5 Torr for 150 s. Right: Calculated thickness of Al2O3 as a 
function of ALD cycles. 



101 
 

 

  

  

BE (eV)

6870727476788082

C
o

un
ts

0

20

40

60

80

100

1 cycle
2 cycle
3 cycle
4 cycle
5 cycle
6 cycle
7 cycle
8 cycle
9 cycle

ALD cycles

0 2 4 6 8

T
hi

ck
n

es
s 

(A
)

0

2

4

6

8

 
Figure A.3 XP spectra of Al 2p and thickness of Al2O3 ALD grown on SiO2 substrate 
at room temperature. Left: XP spectra of Al 2p with 0 – 9 cycles of Al2O3 ALD grown 
on SiO2 substrate at room temperature. TMA and H2O were dosed at ~2 × 10-6 Torr 
for 150 s. Right: Calculated thickness of Al2O3 as a function of ALD cycles. 
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Figure A.4 Three consecutive runs of mass 16 TPD, taken during the CO TPD for the 
1cycle of ALD overcoated Pt24/SiO2/Si sample, where the ALD was performed at the 
surface temperature of 423 K.   



103 
 

 

  

Temperature, Kelvin (  = 3K/Second) 

300 350 400 450 500 550 600

C
ou

nt
s

0

1000

2000

3000

4000

5000

1st TPD
2nd TPD

 
Figure A.5 Two consecutive runs of mass 16 TPD, taken during the CO TPD for the 1 
cycle of ALD overcoated Pt24/Al2O3/NiAl sample, where the ALD was performed at 
the surface temperature of 423 K.  
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Figure A.6 Normalized XANES spectra at Pt L3-edge for the sample (a) soft-landed 
Pt24/SiO2/Si, (b) soft-landed Pt24/SiO2/Si with 3 cycles of ALD undercoat, (c) soft-
landed Pt24/SiO2/Si with 6 cycles of ALD undercoat (d) soft-landed Pt24/SiO2/Si with 
1 cycle of ALD overcoat, and 3 cycles of ALD undercoat at room temperature and 
different annealing temperatures. 


