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ABSTRACT 
 

Nanoscale Investigation of Platinum Nanoparticles on SrTiO3 Grown via Physical Vapor 
Deposition and Atomic Layer Deposition 

 
Steven Thomas Christensen 

 

This dissertation examines growth of platinum nanoparticles from vapor deposition on 

SrTiO3 using a characterization approach that combines imaging techniques and X-ray 

methods.  The primary suite of characterization probes includes atomic force microscopy 

(AFM), grazing-incidence small-angle X-ray scattering (GISAXS), X-ray fluorescence 

(XRF), scanning electron microscopy (SEM), and X-ray absorption spectroscopy (XAS).  

The vapor deposition techniques include physical vapor deposition (PVD) by evaporation 

and atomic layer deposition (ALD).  For the PVD platinum study, AFM/XRF showed 

~10 nm nanoparticles separated by an average of 100 nm.  The combination of AFM, 

GISAXS, and XRF indicated that the nanoparticles observed with AFM were actually 

comprised of closely spaced, smaller nanoparticles.  These conclusions were supported 

by high-resolution SEM.  The unusual behavior of platinum nanoparticles to aggregate 

without coalescence or sintering was observed previously by other researchers using 

transmissision electron microscopy (TEM).  Platinum nanoparticle growth was also 

investigated on SrTiO3 (001) single crystals using ALD to nucleate nanoparticles that 

subsequently grew and coalesced into granular films as the ALD progresses.  The 

expected growth rate for the early stages of ALD showed a two-fold increase which was 

attributed to the platinum deposition occurring faster on the bare substrate.  Once the 

nanoparticles had coalesced into a film, steady state ALD growth proceeded.  The 

formation of nanoparticles was attributed to the atomic diffusion of platinum atoms on 
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the surface in addition to direct growth from the ALD precursor gases.  The platinum 

ALD nanoparticles were also studied on SrTiO3 nanocube powders.  The SrTiO3 

nanocubes average 60 nm on a side and the cube faces have a {001} orientation.  The 

ALD proceeded in a similar fashion as on the single crystal substrates where the 

deposition rate was twice as fast as the steady state growth rate.  The Pt nanoparticle size 

increased linearly starting at ~0.7 nm for 1 ALD cycle to ~3 nm for 5 ALD cycles.  The 

platinum chemical state was also investigated using X-ray absorption spectroscopy.  

Platinum nanoparticles ~1 nm or smaller tended to be oxidized.  For larger nanoparticles, 

the platinum state systematically approached that of bulk platinum metal as the size 

(number of ALD cycles) increased.  The platinum loading was exceptionally low,  ~ 10-3 

mg cm-2.      
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Chapter 1: Introduction  

 

1.1 Thesis statement 

 Catalysis offers a unique solution to the production of energy through addressing the 

supply of energy by providing pathways to new fuel sources.  Catalysis also reduces energy 

demand by improving the efficiency of a host of chemical processes and diminishing the 

pollution caused from the consumption of energy.1 Many important energy-related catalytic 

processes occur with heterogeneous catalysts, where reactants and products operate in the gas 

phase and the catalyst exists as a solid.  The most efficient heterogeneous catalysts will 

maximize the interface between gas and solid, which is achieved in one manner through the 

formation of nanoparticles where typical sizes range from a few atoms to ~5 nm in dimension.2  

The nanoparticle support material is also selected for its high surface area and typically consists 

of aerogels, nanopowders, or zeolites.  Both size and morphology of the nanoparticles play 

intricate roles in catalytic processes.3-7  The relationship between the support material and the 

nanoparticles also plays an important role in the chemical activity of the system.  Thus, the 

nucleation and growth of nanoparticles on specific substrate materials is of great importance in 

recognizing and developing new opportunities in heterogeneous catalysis.   

Catalysts are one of the most successful examples of nanotechnology and the next 

generation of catalysts can take advantage of technological advances in nanoscale deposition and 

characterization.  This dissertation investigates the nucleation and growth of platinum 

nanoparticles supported on SrTiO3 in terms of structure, morphology, and chemical state at the 

nanometer length scale.  The approach combines atomic force microscopy (AFM) and X-ray 

techniques to study the nanoparticles grown by both physical vapor deposition (PVD) and atomic 
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layer deposition (ALD).  Coalescence of nanoparticles into clusters or granular films comprises a 

major part of the data and analysis reported in this dissertation.  The PVD grown nanoparticles 

exhibit a morphology consisting of aggregations of nanoparticles that appear similar to Pt 

nanoparticles demonstrated8-10 to aggregate without coalescence or sintering.  ALD offers a 

novel method to nucleate and grow nanoparticles that uniformly decorate complex surfaces such 

as aerogels11, 12, zeolites13, and other nanoparticles.  ALD also constitutes a scaleable method to 

deliver economical loading of catalyst material11, 14 while also being identified as having the 

potential to realize the rational design of catalysts from first principles calculations.15  Through 

these results opportunities emerge to develop and study  nanoscale solutions to the catalysis and 

related fields.  

 This project takes advantage of some of the significant advances in nanoscale structural, 

morphological, and chemical probes that have developed in the last twenty-five years.  The 

advent of AFM16 enabled the study of oxide-supported nanoparticles with nanometer resolution 

and without regard of the electrical conductivity of the sample.  Grazing incidence small-angle 

X-ray scattering (GISAXS) was pioneered by Levine et al.17 at Northwestern University and 

provides the ability to quantitatively characterize the morphology of supported nanoparticles.  

Another key aspect of the characterization approach is the measurement of the platinum loading 

via X-ray fluorescence or mass gain.  Counting the platinum atoms allows for the determination 

of growth rate and the identification of where the platinum may be in terms of the nanoscale 

morphology.  The chemical state of the platinum is probed using X-ray absorption spectroscopy 

(XAS).  In particular, XAS allows for the oxidation state of the platinum to be systematically 

investigated as a function of the nanoparticle size.  This package of imaging, structural probes, 

and spectroscopy proves to be extremely useful in developing a detailed appreciation for the 
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Pt/SrTiO3 system.  

1.2 Platinum nanoparticles 

  Traditional preparation of platinum catalysts typically involves wet impregnation and 

decomposition of a platinum-containing compound such as chloroplatinic acid (H2PtCl6).18  This 

approach is extremely useful to load catalysts for large-scale industrial application such as 

catalytic converters, powder supports, and zeolites.  The decomposition of H2PtCl6 typically 

occurs through heating to some intermediate temperature (~500ºC) well below the melting point 

of any of the materials.  Opportunities to improve this process might include: improving 

platinum loading efficiency, reducing chlorine contamination, reducing the overall thermal 

budget, and providing more control of composition, morphology, and structure.  Many of the 

opportunities may be addressed through vapor phase deposition of platinum, which includes both 

PVD and ALD.  Of these two methods, ALD offers a more scalable technique as it easily coats 

complex support morphologies.  However, studying both ALD and PVD methods will provide 

the knowledge to evaluate how nanotechnology can improve the catalysis field.  Platinum 

nanoparticles synthesized in with vapor deposition or other vacuum techniques, have been 

reviewed by Henry19, 20 where they are treated as model heterogeneous catalysts.  PVD deposited 

nanoparticles may be described as model catalysts, as their deposition method does not lend itself 

to the geometries of industrial supports.  ALD nanoparticles however show the potential of being 

incorporated into industrial applications because of the ability to nucleate on complex support 

morphologies.       

 The following chapter will discuss background information regarding the catalytic nature 

of the system and relevant issues surrounding the structure and morphology of Pt/SrTiO3 (001). 

Chapter 3 discusses the specific background for conducting AFM and X-ray experiments on the 
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system.   Chapter 4 will discuss experimental results for the formation and behavior of 

nanoparticles from the evaporation of platinum metal.  Chapter 5 will explain the results of a 

study aimed at the growth of ALD platinum from nanoparticles to granular films on SrTiO3 

(001).  Chapter 6 will review the study of ALD deposited nanoparticles on SrTiO3 nanocube 

powder.  The final chapter will summarize the project and provide some thoughts as to the future 

of this particular field.  
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Chapter 2: Structure, properties, and preparation of Pt, SrTiO3 and Pt/SrTiO3 

 

 This chapter will provide the relevant information on the Pt/SrTiO3 system including 

background on the structure, preparation, and application to heterogeneous chemical processes.  

The discussion will include a review of relevant literature and the experimental methods used 

during this project to demonstrate a method in preparing suitable Pt/SrTiO3 for study at the 

nanometer length scale.  The review will begin with the SrTiO3 structure and in particular the 

(001) surface structure of the material and will also discuss important catalytic properties.  

Resulting experimental data on the (001) surface preparation will be integrated into the section.  

Relevant issues of platinum structure and properties will be discussed next.  This section is 

followed by a review of important Pt/SrTiO3 structural and catalytic studies.  The discussion will 

include prior X-ray standing wave results of Pt/SrTiO3 obtained in our research group, but not 

published thus far.  The final section will discuss issues related to the course of action taken 

regarding the preparation of Pt/SrTiO3 studied during this work. 

2.1 Strontium titanate 

2.1.1 SrTiO3 in the bulk 

 SrTiO3 fits into the class of perovskite materials where the chemical stoichiometry is 

governed by the formula ABO3.   The ‘A’ cation typically consists of metal ions from the first two 

columns of the periodic table and ‘B’ cations occupy the site with octahedral coordination.  The 

<100> SrTiO3 structure is comprised of alternating layers of SrO and TiO2 as shown in Figure 2.1.  

The crystal structure is cubic with the Pm3m space group (#221) and has a lattice parameter of 

3.905Å.   The unit cell in of SrTiO3 is shown in Figure 2.1 where the origin is taken at the 

strontium atom.  
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Literature studies employ both SrTiO3 single crystals and powder as a catalyst support, 

although the latter is the only realistic industrial option for catalysts.  This project employs both 

(001) single crystal substrates and powder.  The single crystals are ultimately grown from SrTiO3 

powder as described below.  SrTiO3 powder may be synthesized from a variety of titanium and 

strontium compounds.  Most synthetic processes produce powders of irregular shape, which have 

a size of a few hundred nanometers.  In the last five years, novel synthesis methods have produced 

cube-shaped SrTiO3 nanopowders.21, 22  In collaboration with Northwestern researchers22, this 

project uses the SrTiO3 nanocubes as a support for platinum nanoparticles.  Ref. [22] reports 

nanocube powder to have cube faces with a {001} orientation, but the chemical termination of the 

face is not known.  The {001} cube face orientation makes the measurements on the single crystal 

and powder  complimentary. 

Single crystal strontium titanate was not discovered in a natural setting until 1984.23  

However, bulk synthetic SrTiO3 crystals have been available for scientific study since the early 

1950’s and SrTiO3 powder was available even earlier.  The most common way to grow large 

SrTiO3 crystals is using a modified version24 of the Verneuil method.  The growth occurs by 

feeding SrTiO3 powder through an oxygen-hydrogen combustion blow-pipe which melts the 

powder.  The melted SrTiO3 droplets descend onto a slowly rotating pedestal.  Crystals of several 

inches in diameter can be grown by this method.  Extensive testing of commercially available 

SrTiO3 (001) conducted during this project has yet to find crystals with extremely high quality as 

measured by high-resolution X-ray diffraction.  Three major substrate vendors were tested: MTI 

Corp. (Richmond, California), Crystal GmbH (Berlin), and CrysTec GmbH (Berlin) all had 

similar crystals that used the modified Verneuil method.  The poor crystal quality is most likely 

due to the crystal growing via a stream of molten oxide droplets that leads to a collection of 
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crystallites forming single crystal of mosaic structures a few nanometers in dimension.  Figure 2.2 

is an example of a high-resolution ω-scan through the SrTiO3 (002) reflection with open 2θ slits 

and the calculated reflectivity for a perfect crystal.  The data were collected in the NU X-ray 

Diffraction Facility using the Blake 5-bounce diffractometer with Cu Kα1 radiation. The width of 

the measured Bragg peak was FWHM ~ 80 µrad whereas the ideal width is 64  µrad. The ideal 

reflectivity curve and width is based on the emittance from the + - /- + dispersive pair of Si(220) 

channel cut monochromators convoluted with the ideal SrTiO3(002) dynamical theory reflectivity 

curve. The broadening is due to the defect mosaic structure of the single crystal.  Fig. 2.2 

represents the best crystal measured during this project.  Most peak widths were 1.5-2 times this 

width. 

 Aside from the catalytic use of SrTiO3 discussed below, strontium titanate finds 

application in the microelectronics research field primarily due to its bulk lattice constant being 

similar to important thin film materials.  During the 1990s, the material was identified as a 

substrate for high-temperature superconducting film materials.  SrTiO3 is also used as a substrate 

material for multiferroic films and devices.   SrTiO3 was considered for use as a gate material in 

MOSFET devices, but resonant tunneling can occur between silicon and SrTiO3, which precluded 

it from use in industry.  Nevertheless, the result of these research efforts inspired a number of 

studies related to the surface structure and use of SrTiO3 as a substrate material.   

2.1.2 SrTiO3 (001) surface structures and their preparation 

 To date there have been nine surface structures and reconstructions observed on SrTiO3 

(001) with either electron diffraction and/or STM.  They include: (1x1), (2x1), (2x2), c(4x2), 

c(4x4), (6x2), c(6x2), (√5x√5)R26.6°, and (√13x√13)R33.7°.25-31  The recipes to produce these 

structures are sometimes unreliable and indeed one of the major challenges in the surface structure 
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of SrTiO3 (001) is the lack of well-defined methods guaranteed to achieve a particular 

reconstruction.  The structures produced during this project include the (1x1), two-domain (2x1), 

(√2x√2)R45°, and the (√13x√13)R33.7°.  

Another important advance in the SrTiO3 (001) surface preparation occurred in 1994 

where a method to isolate the TiO2 bulk termination was indentified.32   Kawasaki et al. showed 

that using buffered hydrofluoric acid (BHF), the strontium-oxygen layer could be preferentially 

removed, leaving behind a pristine titanium-oxygen surface.  Using ion scattering spectroscopy 

(ISS) and AFM, Kawasaki et al. determined the surface termination was greater than 99% 

titanium - oxygen with 0.4 nm tall atomic terraces, which is the height of one unit cell of SrTiO3.  

ISS has been used to confirm this result for a series of treatments with slight variations in buffer 

pH and other experimental parameters.33-36  Prior to the BHF discovery most studies focused on 

spectroscopy of the surface using photoelectron and Auger electron probes.  Following the 

Kawasaki paper, a series of structural studies cataloged a number of surface reconstructions 

observed with diffraction and/or scanning tunneling microscopy (STM).25-31, 35, 37-42     

The following will discuss an example of SrTiO3 (001) preparation for the most common 

reconstruction observed during this project, which is the  (√13x√13)R33.7°.  This result was a 

byproduct of the efforts to prepare the (2x1) using an oxygen-annealing step.  The reconstruction 

is prepared by first etching with the BHF solution followed by annealing in flowing oxygen that 

can range from 900-1050°C and for five to twelve hours.  The process produces clean atomic 

terraces which have a (√13x√13)R33.7° reconstruction.  Figure 2.3 (a) shows the AFM image for 

a substrate polished by the manufacturer giving an RMS roughness of 0.14 nm and the image of a 

substrate etched and annealed for 5 h at 1050ºC in flowing oxygen to produce the atomic terrace 

structures in (b) which possess the (√13x√13)R33.7° shown in 2.3 (c).  This result is similar to the 
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results reported in the literature where the (√13x√13)R33.7° was observed using reflection high- 

energy electron diffraction (RHEED) after annealing in oxygen for 2 hours at 800°C.31  The 

structure was tested for stability during this project by iteratively collecting the LEED pattern after 

exposing to air.  The LEED pattern persisted for a little over an hour of total exposure time to 

ambient.  The (√13x√13)R33.7° pattern was also observed with TEM in collaboration with other 

Northwestern researchers (L.D. Marks group).  Pre-thinned TEM samples were etched and 

annealed in the same manner as described above and then subsequently transferred to the TEM for 

imaging.  The (√13x√13)R33.7° was selected for platinum nanoparticle studies because of the 

clean terraces and the relative ease of preparation.  Details of the preparation and results of the 

other reconstructions and LEED patterns observed during this project can be found in Appendix 

A. 

2.1.3 SrTiO3 (001) surface morphology 

   At the nanometer length scale the morphology of the (001) surface shows a variety of 

structures associated with atomic terraces.  Szot and Speier give the most detailed account of 

‘oxidized’ and ‘reduced’ surfaces based on scanning probe microscopy of samples annealed for 24 

h.43  For oxygen annealing, they observe a solid state reaction where the topmost layers of SrTiO3 

transform to the Ruddlesdon-Popper (RP) phase, Sr2Ti4O7.44  The growth of the RP phase 

coincides with a large change in the atomic terrace step height, from 0.4 to 1.2 nm, which 

correlates with SrO enrichment at the surface.  Using lateral force microscopy (LFM) Fompeyrine 

et al. observed frictional contrast between atomic terraces 0.2 nm tall.45  They concluded that both 

TiO2 and SrO terminated steps were present and that the TiO2 terminated steps have a lower 

frictional contrast.  Thus, faceted steps correspond to the TiO2 termination and that steps vertically 

offset 0.2 nm with curved edges correspond to the SrO terminated surface.  
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Another interesting feature found on the (001) surface is the formation of voids one unit 

cell deep and up to a few hundred nanometers across.  Examples of this morphology produced 

during this project are reported in Appendix A.  An example of the hole morphology in the 

literature is given by Koster and coworkers46 where they note the appearance of holes after 

annealing in oxygen for 1 h at 950°C.  From their observations, the holes are perfect circles and 

diffuse to the step edges in time.  Szot and Speier also observe holes but under reducing 

conditions.  Two-dimensional voids were observed on synthetic α-Fe2O3 (0001) by atomic force 

microscopy.47  The voids in this case consisted of circles approximately 1 µm in diameter and 0.23 

nm deep as shown in Figure 2.4.  The formation of the voids occurred after annealing the crystal 

in an oxygen-rich environment at ambient pressure similar to the SrTiO3.  The mechanism of void 

formation was attributed to a dipole interaction due to multiple concurrent reconstructions of the 

oxide surface.48, 49  Additional experimental evidence of the phenomena is demonstrated for 

Si(111) and Pb/Cu(111).50-52  The formation of voids in SrTiO3 may also be related to the surface 

reconstruction in a similar fashion. 

 2.1.4 Role of chemical termination in the SrTiO3 (001) surface   

 The TiO2 termination forms the basis to describe prevailing sentiment of the different 

surface reconstructions observed by diffraction and STM.   Erdman and Marks summarized many 

of these structures along with the preparation method.25  The explanations for the surface 

reconstructions are generally attributed to the ordering of oxygen vacancies in the TiO2 surface 

termination to produce a structure with long-range order.  This model was developed from Tanaka 

et al. by correlating scanning tunneling microscopy/spectroscopy measurements to photo-emission 

spectroscopy studies related to oxygen vacancies.53, 54  An alternate model based STM and 

theoretical calculations proposed that the ordering of Sr adatoms was behind many of the surface 
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reconstructions. 30  In any case, it suffices to note that the (001) surface is extremely complex and 

that many of the surface structures remain an open question today, but that the TiO2 layer 

probably plays an intricate role.  This notion is supported by studies that elucidate the chemical 

activity of the SrTiO3 (001) surface.25  

  Several studies have identified the chemical state of Ti in the SrTiO3 (001) surface plane 

to play the principle role in chemical and photochemical processes.  The Ti3+ ion has been shown 

to play a role in dissociative adsorption of NO, CO, and CO2.55, 56  The Ti species has also been 

linked to the photoactivity of the surface in the photo-assisted reduction of Ag+ and oxidation of 

Pb2+ in solution on SrTiO3 (001), (110) and (111).57  AFM measurements confirmed the formation 

of Ag and PbO2 precipitates on the (001) and (111) atomic terraces that were believed to have the 

TiO2 termination.  Matsumoto and coworkers observed a surface termination effect when they 

deposited pentacene films on SrO and TiO2 terminated SrTiO3 (001).58, 59  After UV illumination 

the film was observed by AFM to degrade on the TiO2 surface whereas the SrO surface produced 

no degradation.  The mechanism for film degradation was attributed to photo-induced oxidation of 

the film via electron transfer to adsorbed O2 or H2O.  This mechanism would also be consistent 

with the photocatalytic mechanisms of bare TiO2 where the Ti ions and oxygen vacancies serve as 

reaction sites.60  

2.2 Platinum structure and properties 

 Figure 2.1 shows the platinum structure is face-centered-cubic (FCC) which has the Fm 3m 

space group (#225).  The lattice constant of Pt is 3.922 Å, which is very close to SrTiO3.  Because 

the unit cells are in the same family with the m3m symmetry designation, the diffraction peaks 

will be very close to each other.  SrTiO3 unit cell has no forbidden diffraction peaks whereas the 

FCC diffraction rules apply for platinum, meaning mixed hkl peaks are absent.  This makes it 
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difficult to study platinum diffraction apart from SrTiO3 substrate diffraction when the two 

materials are paired together.  The platinum diffraction peaks will be at slightly smaller 2θ angles, 

however.   

Platinum generally appears to be quite inert and refractory.  It has a relatively high melting 

point (1780°C) and does not easily oxidize when heated in oxygen.  Nevertheless, platinum will 

form a variety of stoichiometeric oxides including PtO, PtO2, and Pt3O4. Platinum is one of the 

most important catalytic materials used in energy technologies despite its apparent chemical 

inertness.  Catalytic converters utilize platinum catalysts to reduce CO and NOx emissions from 

automobiles.  Furthermore, platinum based catalysts can be employed in re-forming and 

isomerization reactions to produce fuels including gasoline.  Fuel cells use platinum extensively to 

facilitate the conversion of hydrogen and oxygen in polymer membrane architectures and in the 

case of solid oxide fuel cells as a high-temperature electrode material.  Platinum is also used 

extensively in the electrolysis and photochemistry as a cathode material; it does not degrade under 

reaction conditions and interacts favorably with hydrogen. 

2.3 Pt / SrTiO3 (001) 

2.3.1 Pt/SrTiO3 (001) structure and morphology 

 There have been a number of theoretical and experimental studies regarding Pt/SrTiO3. 

Density functional theory (DFT) studies of platinum on different orientations of SrTiO3 show that 

the (001) orientation possesses the weakest interface when compared to the polar (110) and (111) 

surfaces.61, 62  This was determined by calculating the work of separation for the Pt/SrTiO3 

interface.  The (001) surface was differentiated further between the TiO2 and SrO chemical 

terminations.61  The DFT studies placed the platinum atoms directly over the lattice oxygen for 

either TiO2 or SrO terminations.  The calculations also indicated the Pt/TiO2 interface to be 
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stronger of the two.  

 The Pt/TiO2 and Pt/SrO interfaces have also been investigated experimentally.63  Polli et 

al. observed the epitaxy of Pt grains in a 20 nm film to depend on the chemical termination.  

Specifically, they observed a (001) cube-on-cube epitaxy of the platinum grains on both the TiO2 

termination and after 0.5 ML of SrO had been deposited onto a TiO2 terminated surface.  For 2 

ML of SrO, both (001) and (111) oriented Pt grains were present.  They attributed this to the 

Pt/SrO not having a strong enough interaction to overcome the entropy cost associated with 

multiple platinum orientations.   

 Another study found that platinum on SrTiO3 (001) surfaces would exhibit (001) cube-on-

cube epitaxy while the substrate was being held at 600°C whereas below this only (111) Pt epitaxy 

was observed.64  This study, however, did not use the BHF etch nor did it show verification of the 

chemical termination of the SrTiO3.  Additional experimental studies of Pt/SrTiO3 have 

demonstrated granular films and nanoparticles to consist of a variety of different epitaxial 

grains.63-66  These studies all focus on initial platinum film thicknesses of two nanometers or more.      

Chapter 4 focuses specifically on the behavior of Pt for the first few monolayers of growth on 

SrTiO3.    

   The complexity of the Pt/SrTiO3 (001) surface requires extreme care to be taken in sample 

preparation.  An unpublished example of this comes from a former Bedzyk group member,  

A. Kazimirov, in an X-ray standing wave (XSW) study of Pt/SrTiO3.  After depositing platinum 

on a (2x1) reconstructed SrTiO3 (001) surface, the platinum atoms took up a structure similar to 

FCC with (001) cube-on-cube epitaxy with the SrTiO3.  Figure 2.5 shows the platinum structure 

from XSW data for 0.2 ML Pt and 0.6 ML Pt.  There is approximately a one-half unit cell vertical 

shift between the 0.2  monolayer (ML) and 0.6 ML cases.  Efforts to reproduce and extend this 
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study were conducted during this project without success.  The major reason was due to the 

difficulty in preparing the proper surface conditions to achieve a strong epitaxial interface between 

the platinum and SrTiO3.  The efforts produced platinum nanoparticles dispersed on the surface 

with no particular orientation relative to the support.  Poor SrTiO3 crystal quality was also a 

contributing factor as it made the XSW measurements more difficult.  More information on the 

XSW results can be found in Appendix B.   

2.3.2 Catalytic properties of the Pt/SrTiO3 system 

SrTiO3 has been used in the photodecomposition of water and other small hydrocarbons 

to produce hydrogen for energy storage.  The interest in hydrolysis began from a study aimed to 

offset the applied bias of -1.23 V required to split water by way of photoelectrolysis.67  SrTiO3 

was found to exhibit excellent stability under reaction conditions and efficiently produce H2 

under no applied bias using UV light.68    

Once SrTiO3 was identified as a potential photocatalyst, a series of studies was launched 

to develop a viable root to hydrogen production from water.69-71  The catalyst consisted of a thin 

Pt film on a SrTiO3 (111) substrate.  Reactions were conducted in aquaeas solutions of NaOH69-

71 or with water vapor and NaOH films dried on the Pt/SrTiO3 (111).72  Using photoelectron 

spectroscopy, they linked the catalytic activity to Ti3+ sites on the SrTiO3 (111).  Furthermore, 

they noted a relationship between the increase of hydrogen evolution with a decrease in Pt film 

thickness down to some optimal Pt ML thickness.  This observation is part of the motivation 

behind this project as new techniques to study ultra-thin films have since emerged.   

Domen and coworkers observed pure water splitting for both SrTiO3 powder and NiO or 

CoO coated SrTiO3 powder.73-76  The NiO/SrTiO3 catalysts were capable of producing ~0.05 

mmol/h of hydrogen as compared to the approximate ~10-3 mmol/h from the Pt/SrTiO3 (111) 
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reported in Ref. [72].  Recently, the Domen group has reported a ~0.5 mmol/h rate of hydrogen 

evolution using visible light.77  This material is based on a GaZnO solid solution with 

rhodium/chromium oxide nanoparticles.  

In addition to decomposing water, SrTiO3 and Pt/SrTiO3 have shown promise in forming 

methanol from different mixtures containing water, CO2, and formaldehyde.78, 79  Along with the 

potential of a fuel source, reactions such as these have a beneficial impact on the environment.  

Photo-assisted environmental catalysis has played a major role in decomposing heavy organic 

contaminants in water via mineral deposits of TiO2.  SrTiO3 does not necessarily provide a major 

role in environmental catalysis due to its rarity.  Nevertheless, SrTiO3 is similar in photocatalysis 

as it has a similar band gap.   

Platinum nanoparticles supported on wide band gap semiconductors like TiO2 and SrTiO3 

are said to short circuit the photoelectrochemical cell and create a photocatalyst.  The following 

is a brief synopsis of the photocatalytic process based on a review by Linsebigler et al.60  

Heterogeneous photocatalysis operates under two major mechanistic regimes based on either the 

photoactivation occurring in the adsorbed reactant or the photoactivation occurring in the 

photocatalyst.  The reaction is catalyzed by either electron transfer or energy transfer, which 

leads to the photodecomposition of the reactants to products.  The mode at which Pt/SrTiO3 

operates is based on the photoactivation occurring within the catalyst particle where the electrons 

generated in the conduction band of SrTiO3 diffuse to the surface to participate in the reaction.  

The ability of the SrTiO3 to undergo photocatalytic electron transfer lies in the relationship 

between the redox potentials of the adsorbate (e.g. water) to its constituents.  Thus the SrTiO3 

conduction band must lie above the relative potential of the accepter (hydrogen) and the valence 

band must be below the donor species (oxygen).  This requires the band gap to exceed the redox 
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potential of water (-1.23 V) which SrTiO3 does indeed at 3.2 eV.  A major challenge to the 

efficiency of photocatalysts is the recombination of carriers before they participate in a 

photoreaction.  The addition of platinum nanoparticles is in part a solution to this problem as the 

metal/oxide interface creates a Schottky barrier whose rectifying nature traps the electrons within 

the metal nanoparticle.  The electrons are then ideally localized to participate in the 

photoreaction.  The metal also facilitates reactant adsorption to the catalyst particle. 

 In addition, SrTiO3 may serve as an oxidative catalyst support effective at preventing 

carbonaceous build-up termed coking.80-83   Inefficient catalysis leads to coking as the reaction 

rate exceeds the ability of the catalyst to process the products.  The result is carbonaceous 

deposits on the surface, which requires a costly regeneration step of heating in oxygen to burn off 

the carbon.  SrTiO3 as an anticoking support compared favorably to other supports in a 

fundamental study of partial oxidation of methane by nickel catalysts.83  SrTiO3 had the smallest 

catalyst particle size which were also well-dispersed.  The build up of carbon was sequestered 

through the reaction of lattice oxygen from the perovskite to form CO in the gas phase.  This of 

course leads to oxygen defects in the SrTiO3, but it prolonged the time necessary for catalyst 

regeneration.  Ni and Co catalysts on SrTiO3 show promise in the steam reforming of ethanol to 

produce hydrogen.82  Since platinum is well known to be an effective combustion catalyst, the 

combination of Pt and SrTiO3 would be useful due to their complimentary catalytic properties.     

2.4 Selection of the SrTiO3  (001) surface preparation method 

 For single crystal SrTiO3, this project ultimately focused on the procedure that produces 

the clean atomic terraces with the (√13x√13)R33.7° LEED pattern by BHF etching and oxygen 

annealing.  This procedure was selected on the merit that the clean/flat atomic terraces were the 

ideal backdrop to study nanoparticle formation using AFM.  The typical recipe included  
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degreasing by sonication with organic solvents followed by sonication in deionized water for 15 

minutes.  The BHF etching was performed for 45-60 s using a commercially available solution 

(Riddel-de Haen, part. No 40207) with a pH ~ 5.  The oxygen annealing occurred in a tube 

furnace with a ~100 sccm flow of high-purity oxygen at temperatures ranging from 1025-1050ºC 

for 5 h.  This method also had the advantage for batch processing of substrates and annealing in 

oxygen is relevant to treatments that are performed in industrial settings.  Furthermore, the etching 

and annealing are believed to produce a predominantly TiO2 chemical termination.  Based on the 

literature review above, this termination appears to be the most chemically active.  Hence, this 

preparation method was selected  for single crystal studies.   

 The SrTiO3 nanocubes were provided by Federico Rabuffetti of the Stair and 

Poeppelemeier groups.  Details of the nanocube growth are given in [22].  No additional 

treatments were performed prior to the ALD process.  The work on the nanocubes is reported on 

in Chapter 6.   
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Figure 2.1 Crystal structures for  Pt (a) and  SrTiO3 (b).  The respective lattice constants are 
0.3922 nm and 0.3905 nm.  The space group for Pt is Fm3m (#225) and SrTiO3 is Pm3m (#221). 
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Figure 2.2 SrTiO3 (002) Bragg reflection and calculated reflectivity from dynamical X-ray 
diffraction theory at 8.04 keV.  Both the data and the calculation include a convolution with a Si 
(220) monochromator.  The peak width of the measured reflection is ~80 µrad whereas the 
calculated width is 64 µrad.  Defects related to the mosaic structure of the crystal broaden the 
diffraction peak.  Data taken on the 5-bounce Blake diffractometer.   
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Figure 2.3 SrTiO3 sample preparation: a) AFM image of a substrate polished by the manufacturer 
with RMS roughness of 0.14 nm; b) AFM image of clean atomic steps after BHF etch and 
annealing in an oxygen atmosphere; c) (√13x√13)R33.7° LEED pattern (inverted intensity)  
following the BHF etch and O2 anneal.   The LEED pattern was collected at 46.7 eV. 
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Figure 2.4 AFM images of α-Fe2O3 (001) (a) before and (b) after annealing.  The RMS roughness 
in (a) prior to annealing is 0.04 nm and the step height for the holes is 0.22 ± 0.02 nm.  The Fe – 
Fe height difference along the (001) axis of the unit cell is 0.23 nm.  The formation of holes and 
voids similar to this has also been observed in the literature and during this study.  Image taken 
from Ref. [47]. 
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Figure 2.5 Atomic density maps for Pt supported on SrTiO3 (001) based on XSW data collected 
by A. Kazimirov at the APS 12ID-D station.    (A) and (B) represent 0.6 ML Pt; (C) and (D) are 
for 0.2 ML Pt. For 0.60 ML Pt the structure assumes an FCC structure resting atop the SrTiO3.  
The 0.2 ML Pt case shows a similar FCC structure only that it is shifted along the [001] direction 
approximately one-half of unit cell when compared to the 0.60 ML Pt case.   
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Chapter 3: Experimental Characterization Methods 
 

 This chapter provides the motivation for combining atomic force microscopy with X-ray 

techniques to study metal nanoparticles supported on insulating substrates.  The first section 

reviews selected examples of the combination of X-ray and AFM.  The following section covers 

the general experimental details regarding AFM experiments conducted during this project.  The 

final sections provide the theoretical basis for the X-ray techniques primarily employed during 

this project including SAXS/GISAXS, X-ray fluorescence (XRF), and X-ray absorption 

spectroscopy.  

3.1 Atomic force microscopy combined with X-ray techniques 

 The combination of AFM and X-ray techniques provides a powerful set of tools in 

studying materials at the nanometer length scale.  The method has been exploited in the 

characterization of self-assembled monolayers81, 82, 84, 85, quantum dots83, 86, and oxide systems84, 

85, 87, 88 to name a few relevant examples.  In addition to the aid AFM images give in the 

interpretation of the X-ray data, the combination of AFM and X-ray has improved the throughput 

for sophisticated synchrotron experiments by serving as a screening tool for potential samples to 

be used at the beam line.81, 82, 85, 84, 85, 88  The screening is based on successful X-ray results 

correlating with AFM images that show the atomic terrace morphology is not significantly 

altered through the sample processing and measurement. 

3.2 AFM methods 

 Both contact mode and tapping mode were used in this project with the majority of the 

work being done in tapping mode in air.  Tapping mode offers better lateral resolution as it is not 

susceptible to mechanical vibrations from the environment and has less tip/sample interaction as 

opposed to contact mode.  In addition to the topography studies, lateral force microscopy (LFM) 
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and phase imaging were tested to hopefully provide chemical contrast between the platinum 

nanoparticles and the substrate.  However, this became unrealistic because of the convolution 

between the topography signal and LFM/phase signal.  The three-dimensional nature of the 

nanoparticles makes scan parameters (gain and scan speed) difficult to optimize for LFM such 

that the feedback responds appropriately to the nanoparticle.  Scan conditions are optimized by 

scanning a region successively while varying the gain and scan speed until the differences in the 

height profile for the left to right and right to left traces is negligible.  

 The lateral resolution of the AFM is dictated by the sharpness and cleanliness of the tip. 

The most common tip materials are silicon and silicon nitride and the nominal radius of 

curvature for standard AFM tips is about 10 nm.  Various schemes have been designed to 

improve the resolution, but beating a 1 nm radius of curvature is difficult.  This project utilized 

the NSC tip series from  µMach, which featured 10 nm silicon tips.  The typical resonant 

frequencies were ~75 kHz, although other NSC cantilevers with higher resonant frequencies 

were also used.  In some cases, ultra-sharp tips (~1nm) were employed but did not yield superior 

data.   

 Calibration of the AFM height was performed using the atomic terraces of SrTiO3 (001) 

and α-TiO2 (110) single crystals.  The nominal terrace step for SrTiO3 and TiO2 are 0.39 nm and 

0.32 nm, respectively.  These crystals were selected because of the ease in which to prepare 

extremely clean atomic terraces.  For the nanoparticle samples, care was taken to capture atomic 

steps concurrently with the nanoparticles.  Atomic steps within the field of view of nanoparticles 

provide each image with a vertical calibration scale. 
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3.3 X-ray Techniques   

3.3.1 Small-angle X-ray scattering 

The intensity measured in small-angle X-ray scattering is a function of the fluctuations of 

electron density and contrast of the system on a length-scale greater than ~1 nm.  The scattered 

intensity is described as a function of the scattering vector, q, which is the momentum transfer of 

the incident (ki) and scattered (kf) wave vectors where: q = kf - ki.  The amplitude of scattered 

intensity for a single particle or structure is given by: 
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I(q) = |F(q)|2      (3.2) 

where ρ(r) is the electron density and s(r) is a function defining the shape of an individual 

scattering body (e.g. sphere, cylinder, …).86-89 Some authors define ρ(r) to include the 

nanoparticle shape and thus they replace s(r) and ρ(r) with just ρ(r), as will be the case for the 

remainder of this dissertation.  |F(q)|2 is known as the form factor and is represented hereunder 

with the kinematical or Born approximation.  The application of the Born approximation in this 

context for SAXS is based on the assumption that the scattered e-field intensity is small 

compared to the incident e-field intensity.  This is the case for typical systems studied by SAXS 

such as nanoparticles, biological structures, polymers etc.  The kinematical approximation 

implies that X-rays are scattered once and that there are no refraction effects.   

 The scattered intensity for a sphere of uniform density, ρ0, radius, R, and volume, V, is 

obtained from eq 3.1 and eq 3.2 as: 
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The calculated intensity is plotted for a set of spheres of different R in Figure 3.1 along with the 
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q-4 slope, which is the asymptotic behavior for scattering bodies with hard interfaces.  The 

oscillations are due to the coherent scattering from an extremely narrow size distribution, which 

is a delta function in this case.  The inverse relationship between real space and the momentum 

transfer is evident as the intensity decays more slowly for small spheres and the oscillation 

period is larger for smaller spheres.  For randomly oriented particles without spherical symmetry, 

the scattered intensity will be a geometric average of the particle shape in all directions. 

 For polydisperse systems with non-interacting particles, the scattered intensity represents 

the average form factor <|F(q)|2>.  Figure 3.2 shows a series of calculated intensity curves of the 

scattering from a collection of spheres.  The size distribution of spheres is taken as a Gaussian 

centered on R0 = 5 nm with varying width, σ.  As the distribution width increases, the 

oscillations are smoothed and the intensity decays more slowly as a function of q.  The 

relationship between scattered intensity and the number distribution, Dn(R), and particle size, R,  

is given by90: 

I(q) =  ∫ Dn(R)|F(qR)|2 R6 dR.     (3.4) 

 Eq 3.4 provides a basis for modeling SAXS data to extract a size distribution for a system so 

long as there is a well-defined form factor.     

 Another tool more rudimentary for determining the size of scatters is the Guinier 

approximation.89  The approximation is based on the Taylor series expansion of eq 3.1 and is 

derived in almost all SAXS texts.  The result is quoted here: 
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The quantity Rg is known as the radius of gyration for the electron density and may be calculated  
 
using: 
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For a sphere of uniform density, ρ0, with radius R, the radius of gyration is given by Rg = 

(3/5)1/2R from eq 3.6.  The Guinier approximation makes for a convenient method of data 

analysis as the Rg may be determined by plotting the natural logarithm of intensity versus q2.  

Figure 3.3 shows an example of the application of the approximation for the calculated intensity 

of spheres with a width ratio σ/R0 = 0.2 and R0 = 5 nm.  The calculated Rg based on eq 3.6 is 

3.873 nm whereas the slope of the fit from Figure 3.3 yields 3.871 nm.   

 The discussion up to this point has focused on hard, non-interacting objects that are 

widely separated.  When the objects are closely spaced and/or have some interparticle attractive 

force, the intensity will need to account for the interactions.  The scattering intensity, I(q), for a 

collection of N particles is given by89, 91:  
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where xi locates the position of the ith nanoparticle and Fi(q) is the scattering amplitude of the ith 

nanoparticle.  In some cases,  eq 3.7 may be simplified by using the average form factor and an 

interference function, S(q) to have a general form of: 

)()()( 2
qSqFqI !=               (3.8), 

where ⊗ denotes a convolution.  The S(q) can be modeled as a thermodynamic potential that 

governs the forces of attraction and repulsion within the system.  This is particularly useful when 

the sample conditions are conducive to achieving a thermodynamic equilibrium such as colloids 

in solution.  When equilibrium is not realistic, S(q) is modeled as a regular diffraction peak.  In 

some cases where the interparticle interference scattering lies at higher values of q,  <|F(q)|2> 
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takes on a power law asymptotic behavior: q-4.  An example of this is employed in Chapter 6 to 

measure the interparticle spacing for Pt nanoparticles on SrTiO3 nanocube powder.  Another 

treatment of the contribution of interparticle scattering in SAXS describes the spacing in terms of 

the volume fraction of scattering bodies, v.92  Figure 3.4 shows an example where the 

interference function is calculated for a closely packed system with different volume fractions. 

When v = 0, the scattering is from a single particle.  As v increases, the coherent scattering 

between the particles creates a peak at q = qp.   

The peak at qp provides important information of the system as it is related to the 

autocorrelation of the particles and can provide the particle spacing.  The peak position can be 

inferred in a rough approximation as the average center-to-center spacing of the nanoparticles, D, 

by the relation, D = 2 π/qp.  For exact values of D, modeling the autocorrelation function should 

be included in the analysis.    

 3.3.2 Grazing incidence small-angle X-ray scattering 

 The development of GISAXS began in the Materials Science & Engineering Department 

at Northwestern in the late 1980s where Levine et al. were responsible for building, operating, 

and reporting on the first GISAXS setup and experiments.17 Since that time, the technique has 

grown significantly within the field and a number of quality theory papers have been written to 

account for the major differences between SAXS and GISAXS.  The major reason for this is that 

the Born approximation no longer holds for the e-field intensity because the scattered e-field 

intensity from the surface is no longer small when compared to the incident field.  This is due to 

working in grazing incidence geometry.  In this geometry, the total external reflection effect 

leads to multiple scattering events and refraction effects.  The amplitude of the form factor is 

rewritten to account for the four possible scattering events that could occur for a supported 
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nanoparticle illuminated near or below the critical angle of the substrate.  A schematic of the 

scattering events is given in Figure 3.5 originally from Lazzari.91 This new description of the 

form factor originates with the distorted-wave Born approximation (DWBA) and the application 

to GISAXS has been developed by Rauscher et al. and Lazarri.93, 94  The DWBA form factor is 

written:  
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where RF is the reflectivity, the kz terms are the incident and scattered wave vectors normal to the 

surface, the α terms are the incident and scattered angles normal to surface, and q|| is the in-plane 

scattering momentum transfer.  The DWBA form factor may then be used in eq. 3.7 to calculate 

the GISAXS pattern directly where xi now locates the particle on the surface.  Eq 3.9 also shows 

that the momentum transfer vector needs to be broken into Cartesian components, which are 

depicted in Figure 3.6.  The momentum transfer is written as: 
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GISAXS often exhibits the presence of densely packed particles that can be described 

with the interference function S(q).  However, nanoparticles supported on a surface rarely lend 

themselves to thermodynamic equilibrium and thus the interference function is modeled after 

some type of diffraction.  The conventional approach is to represent S(q) with the use of the 

paracrystal model. 91, 95    The paracrystal model intrinsically incorporates spatial disorder of the 

system by smearing lattice point position as a function of distance from the origin.  The one-

dimensional paracrystal model is given by91: 
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The ω/D ratio determines the disorder of the particle positions.  Figure 3.7 shows a plot of the 

1D paracrystal for a number of ω/D ratios.   

 The treatment of the interference function of eq 3.11 is based on the local monodisperse 

approximation,96 (LMA) which is equivalent to eq 3.8 except that the DWBA form factor is 

used.   Under the LMA the nanoparticle size varies slowly across the surface such that the 

particles are evenly distributed with a uniform interparticle spacing.  The LMA provides the best 

fit to most GISAXS data and is primarily employed in this project.  Other treatments of 

interparticle spacing include the decoupling approximation91 and size-spacing correlation 

approximation.93, 97  The decoupling approximation89 states that there is no correlation between 

the size of the scatter and the interparticle spacing. The interference function can then be based 

on the paracrystal model or some other function adequately calculating the effect of interparticle 

interactions.  The size-spacing correlation approximation links the local area of nanoparticles to 

the size, such as a large nanoparticle surrounded by small nanoparticles resulting from 

nanoparticle coarsening.   Both of these approximations were tested but did not exceed the fitting 

quality from the LMA. 

3.3.3 X-ray fluorescence measurements 

 XRF has featured prominently in this project as a means of determining the concentration 

of platinum atoms at the surface after deposition.  The technique involves comparing the ratio of 

XRF yield for the adsorbate atom and the yield for a calibrated standard.   
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The concentration or coverage, Θ, is calculated with: 
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If the standard and specimen are different materials and/or a different fluorescence line is 

selected, then a correction factor must be applied to eq 3.12 to account for the fluorescent cross-

section and possibly transmission.  The coverage may be reported in monolayers (ML) where 

one monolayer is equivalent to 6.56 x 10-14 cm-2, which is defined as the surface concentration of 

Sr or Ti ions for bulk SrTiO3 (001).  The fluorescence standards were calibrated using 

Rutherford backscattering spectroscopy performed by an analytical services laboratory.  

3.3.4 X-ray absorption spectroscopy 

  X-ray absorption spectroscopy (XAS) provides a means to study the local chemical 

environment of the platinum nanoparticles including the oxidation state, coordination, and 

nearest neighbor bond lengths.  In an XAS process, an incident photon with energy near the 

target element absorption edge creates a photoelectron from a core-level.  The core-hole is filled 

by an X-ray fluorescence or an Auger electron process.  The propagating photoelectron wave 

function is backscattered by the neighboring atoms.  The backscattered wave functions interfere 

with subsequent photoelectron wave functions, which leads to oscillations in the measured 

absorbance cross section.  The measured absorption spectra can be divided into the near edge and 

extended edge regions giving the X-ray absorption near edge structure (XANES) and extended 

edge X-ray absorption fine structure (EXAFS). The spectra are often plotted as the normalized 

absorption cross-section,  χ: 
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where µ0 is the absorption coefficient of the isolated-free atom and  µx is the absorption 
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coefficient for the atom of interest.  The normalized cross-sections are plotted for the platinum L3 

edge for platinum metal, platinum (II) oxide, and platinum (IV) oxide in Figure 3.8.  The peak 

observed in the spectra is related the absorption edge and is often referred to as the white line 

intensity.  The absorption edge, E0, is taken as the zero crossing of the second derivative of this 

peak region.  The peak height of the absorption edge is related to the electron density of states 

for the orbital participating in the particular transition.  Filling the orbitals with electrons leads to 

suppression of the peak as shown in Figure 3.8 between Pt metal and Pt oxide(s).   The position 

of the absorption edge will be related to the chemical shift of the target atom. The XANES 

‘region’ corresponds to the energy range about E0 – 100 eV to E0 + 40 eV, whereas the EXAFS 

region corresponds to the energy range at E0 + 40 eV to E0 + 1500 eV. 

 The lower energy XANES signal results from multiple scattering events from the target 

element’s nearest neighbors.  Consequently, XANES provides information of the oxidation state 

and chemical coordination for the material.  The XANES region includes the region just before 

the absorption edge (pre-edge transitions), the edge position and height, and the structure just 

after the white line peak.  The analysis is typically performed empirically using comparison to 

standards, as there is no discreet  mathematical relationship available for simple modeling.  The 

near edge region is often fit with a linear combination of standards to determine the fraction of a 

given chemical state in the specimen of interest.   

 The EXAFS is measured in the region marked in Figure 3.8 and results from single 

scattering events from the outgoing and backscattered photoelectron wave functions.  The 

Fourier transform of eq 3.13 enables the extraction of the pair distribution of the atomic species 

in the system.  The Fourier transform may be modeled using the following equation: 
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where R is the nearest neighbor distance, k is the wave vector, j denotes the coordination shell, N 

is the coordination number, S0
2 is the amplitude reduction factor, f(k) is the amplitude function, σ 

is the Debeye-Waller factor, and δ(k) is the phase function.  Figure 3.9 gives the Fourier 

transform for the EXAFS data from Fig. 3.8.  The Pt – O bond is 1.6 Å whereas the Pt – Pt bond 

is 2.5 Å.  The EXAFS can also be calculated with a quantum mechanical treatment of the X-ray 

transitions98 and a number of free software programs exist that employ this to model the data.  

The details of these calculations are beyond the scope of this dissertation and not covered here.  
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Figure 3.1 Calculated SAXS intensity for a series of spheres of different radii.  The oscillations 
are a result of the coherent interference from an extremely narrow size distribution where the 
period is related to the particle size.  The q-4 slope gives the asymptotic scattering behavior for 
systems with hard interfaces.   
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Figure 3.2 Calculated SAXS for polydisperse spheres with Gaussian size distributions centered 
on R0 = 5 nm and width, σ.  As the σ increases, the oscillations are damped and the scattered 
intensity decays more slowly. 
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Figure 3.3 Guinier plot for calculated polydisperse spheres.  The Guinier approximation applies 
to the regions where the scattering decays by an exponential law as a function of q2.  By fitting a 
line to this region, the radius of gyration, Rg, is extracted which is the average size dimension for 
the scattering bodies. The calculated intensity for polydisperse spheres with an average radius of 
5 nm is plotted against q2.  The slope of the fit (straight line) for the Guinier region gives Rg = 
3.871 nm whereas the exact value from eq 3.6 is 3.873 nm. 
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Figure 3.4 Calculated SAXS for with interparticle interactions. As v (particle volume fraction) 
increases, the coherent scattering between the particles creates a peak at q = qp. This peak can be 
inferred in a rough approximation as the average center-to-center spacing of the nanoparticles, D, 
by the relation, D = 2π/qp.  
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Figure 3.5 Schematic of the distorted-wave Born approximation (DWBA). The DWBA modifies 
the GISAXS form factor to account for the dynamical effects related to grazing incidence 
including substrate reflectivity, refraction, and multiple scattering.   Image taken from Ref. [91]. 
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Figure 3.6  Schematic of GISAXS geometry.  The Cartesian components of the momentum 
transfer, q = kf – ki, are determined by the various scattering angles: αi αf and 2θf using eq 3.10. 
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Figure 3.7 The one-dimensional paracrystal interference function.  The disorder in the lattice 
point is given by the ω/D parameter where ω/D = 0.01 (blue), ω/D = 0.1 (green), ω/D = 0.5 
(red). 
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Figure 3.8 X-ray absorption cross-section, χ(E).  The spectra measured near the Pt L3 edge for Pt 
metal, PtO , and PtO2.  The near edge region is the basis for XANES that gives oxidation state 
and chemical coordination.  The EXAFS region provides information on the pair distribution for 
the atomic species within the system.  These spectra were collected at DND-CAT 5BM-D. 
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Figure 3.9  Fourier transforms of the EXAFS data from Figure 3.8 (offset for clarity). The peaks 
provide the average distances for the coordination shells for a given element, which are a 
measure of the bond distance.  The peak near 1.6 Å corresponds to the Pt – O bond where the 
nearest neighbor Pt – Pt bond is 2.5 Å.    
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Chapter 4: PVD platinum nanoparticle aggregation on SrTiO3 (001) 

 

4.1 Platinum nanoparticles on SrTiO3 (001) via physical vapor deposition  

This chapter discusses the formation of platinum nanoparticles on SrTiO3 (001) within an 

ultra-high vacuum chamber after evaporating ~ 1 monolayer (ML) of platinum onto room 

temperature substrates.  The substrates then receive one of three different post-deposition 

annealing treatments.  This chapter combines AFM to directly image platinum nanoparticles 

deposited onto SrTiO3 (001) and a suite of X-ray techniques to determine additional structural 

information of the system.  The combination of AFM and GISAXS was motivated in part after 

the samples were studied with the X-ray standing wave (XSW) technique88, 99, 100 in an effort to 

investigate the early stages of epitaxial ordering through heat treatment, which was in line with 

previous studies focused on the epitaxy of relatively thick (~ 20 nm) Pt films on SrTiO3 (001).63, 

64, 66  GISAXS is employed to potentially identify such structures in the early stages of growth.  

In addition to supporting the AFM results, the GISAXS gives additional information at smaller 

length scales, beyond the lateral resolution of the AFM conducted in this study.  The resolution 

gained from GISAXS provides the ability to determine if the nanoparticles detected at longer-

length scales are some type of aggregate of smaller nanoparticles such as those observed for the 

case of cluster deposited platinum nanoparticles8-10 or the highly dendritic aggregates observed 

from a variety of vapor deposition conditions101-103.  This chapter demonstrates the need for 

combining scanning probe and X-ray characterization when studying nanoparticle aggregation in 

the early stages of thin film growth.  
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4.2 Platinum deposition and post deposition annealing  

SrTiO3 (001) substrates (10x10x1 mm) were obtained from MTI Corp. (Richmond, 

California).  After preparing the substrates with a BHF etch and oxygen anneal as described in 

Chapter 2, they were immediately mounted on a tantalum sample plate using spot-welded 

tantalum wire and loaded into an ultra-high vacuum (UHV) chamber.  The UHV chamber was 

maintained at a pressure of 10-9 to 10-10 Torr and equipped with LEED (Omicron), Auger 

electron spectroscopy (Physical Electronics), and an electron beam effusion source (Omicron).  

Prior to platinum deposition, the substrates were annealed at 925°C for 30 minutes in the UHV 

chamber using an indirect tungsten wire heater placed behind the sample.  During annealing, the 

substrate temperature was monitored with an optical pyrometer.  After UHV annealing, LEED 

measurements indicated the continued presence of the √13x√13 R33.7° surface reconstruction 

and Auger electron spectroscopy revealed a reduction of the carbon peak to an undetectable 

limit.  Platinum electron-beam deposition of a 1.5 mm diameter Pt rod occurred in a side 

chamber pumped by a turbomolecular pump where the pressure did not exceed 10-9 Torr.  The 

platinum source to sample distance was 80 mm and the platinum temperature at deposition was 

measured to be ~1750ºC.  Based on these parameters, the average evaporant flux is calculated104 

to be 1.4 x 1013cm-2 s-1.  Platinum was deposited for 10 minutes on each sample.  Following Pt 

deposition, samples were annealed for 10 minutes at either 600°C or 900°C in the main UHV 

chamber.  One sample treatment included no annealing. 

4.3 Measurement of the  PVD platinum on SrTiO3 (001) 

  AFM images in Figure 4.1 show that nanoparticles exist for all the cases of post-

deposition annealing.  Table 4.1 presents the extracted mean nanoparticle height (hA), the 

standard deviation of the height measurements (σh) and average center-to-center interparticle 
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spacing (DA,) from the AFM data.  These data originate from a statistically significant number of 

AFM images at several different points across the entire sample surface.  The images in Figure 

4.1 give the best representation for the various imaging conditions.  No specific correlation 

between nanoparticle location and the morphology of the substrate (step edges) occurs and 

scanning the AFM tip showed no effect of nanoparticle manipulation or perturbation.  The 

heights of the nanoparticles range from 2.4 nm to 4.6 nm and follow a trend where larger 

nanoparticles develop as the annealing temperature increases.  The average interparticle spacing 

varies between 85 nm and 140 nm.  Fast Fourier transforms of the AFM images indicated there 

was no substantial ordering of the nanoparticles.  The AFM images also show clear atomic steps 

with no indication of a film or significant roughening.  Another interesting feature from the AFM 

data is that the annealing treatments do not lead to a significant change in particle morphology 

and size.   

The XRF yield of Pt after deposition was performed at the APS 12ID-D beam line at a 

photon energy of 15 keV.  The surface coverage will be discussed in units of monolayers (ML), 

where 1 ML is 6.56 x 1014 cm-2
 and is equivalent to the Sr or Ti ion areal density in a bulk 

SrTiO3 (001) atomic plane.  The surface coverage of Pt ranges from 1.0 to 1.7 ML and is 

reported in Table 4.1.  The sticking coefficient of platinum calculated to be 0.1 and is the ratio of 

the average measured coverage (1.4 ML = 9.2 x 1014 cm-2) to the deposition flux and time (1.4 x 

1013cm-2 s-1; 600 s). 

Although the lateral dimensions of the nanoparticles cannot be directly measured from 

AFM data due to tip convolution effects, combining the XRF surface coverage measurement 

with the AFM height and interparticle spacing measurements can provide an estimation of the 

lateral dimensions of the Pt nanoclusters.  Assuming a cylindrical nanoparticle geometry, the 
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following equation calculates the average nanoparticle radius (RA): 
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where Nb= 4a-3 is the bulk atomic density of Pt, a is the Pt lattice constant, Na  = (DA)-2 is the 

number of particles per area measured with AFM, and Θ is the average number of Pt atoms per 

area from the XRF surface coverage.  Table 4.1 shows the calculated results with the 

nanoparticle radius ranging from 8 to 15 nm. 

 X-ray standing wave measurements were conducted at the Advanced Photon Source 

(APS) 5ID-C beam line.   The incident photons with Eγ = 15.00 keV were selected with the beam 

line Si (111) monochromator and then further conditioned with a two-bounce Si (220) channel-

cut post monochromator to nondispersively match the SrTiO3 (002) substrate Bragg condition. 

The 5ID-C setup is described in detail elsewhere.105  The Pt Lα fluorescence yield was 

monitored with an energy dispersive, solid-state X-ray detector while scanning in incident angle 

θ through the SrTiO3 (002) Bragg reflection.  The (002) XSW results for all three samples 

showed a coherent fraction of f002 ~ 0.  This is consistent with a platinum distribution that is 

uncorrelated (i.e., nonepitaxial) to the SrTiO3 lattice.  The XSW results do not imply that the Pt 

itself was disordered.  Figure 4.2 shows the typical XSW data for Pt/SrTiO3 (001) with a 

coherent fraction of ~0.    

GISAXS measurements were performed at the APS using the 12ID-C beam line.  The 

scattering was conducted with incident photon energies of 11.50 keV and 8.00 keV using a MAR 

165 CCD detector.  The GISAXS instrumental setup available for this experiment could not 

accommodate a scattering range to capture all the scattering features from the nanoparticles 

observed with AFM.  Scattered X-rays were collected after passing through an evacuated flight 
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path with a detector-to-sample distance of 2 m and 1 m for Eγ =11.5 keV and 2.1 m for Eγ =  8 

keV.  For the setup at 11.5 keV, the horizontal q range was 0.025 – 0.50 Å-1 and the vertical q 

limit was 0.56 Å-1.  For 8.00 keV, the horizontal q range was 0.004 – 0.17 Å-1 and the vertical q 

limit was 0.17 Å-1.  However, the GISAXS setup did enable the resolution to exceed the nominal 

10 nm limit of AFM to a resolution of ~1 nm.  Figure 4.3 contains the scattering data from a 

blank SrTiO3 substrate that was chemically etched and oxygen annealed.  Figure 4.4 shows the 

measured GISAXS data for the different sample cases.  In the horizontal direction, the intensity 

lobe is offset from the origin where the lobe center forms a peak at qxy = qp.  This feature in the 

scattering is related to the Fourier transform of the autocorrelation function for the interparticle 

spacing of the nanoparticles and indicates a discreet nanoparticle correlation as opposed to 

dendritic structures that show fractal behavior.101  The qp value gives the approximate91, 106 

interparticle spacing, DX, by DX = 2π/qp.  Line cuts of intensity along qz and qxy were extracted 

for fitting from these CCD images.  GISAXS data collected at several different values of the 

substrate azimuthal angle φ showed no changes in the intensity lobes; thus, the in-plane 

autocorrelation function had no particular orientational dependence with respect to the substrate.  

Any faceting of the nanoparticles correlated to the substrate is thus not detected with this 

GISAXS data.  The intensity from the blank substrate is significantly lower than the Pt coated 

substrates and shows no intensity lobes at higher qxy values.  Therefore the intensity lobes are not 

due to Pt decorating the step edges or Pt particles lining up along step-edges.  The lack of the 

GISAXS dependence on the φ results are consistent with Figure 4.1 AFM images that show 

nanoclusters  laterally uncorrelated with step  edges.  

 The GISAXS analysis begins with applying the Guinier approximation89 to the smallest-

qxy region to determine the lateral radius of gyration, Rg.  The respective Rg values for the 



 48 

unannealed, 600ºC anneal and 900ºC anneal were 14 nm, 21 nm, and 18 nm.  These values are 

included in Table 4.2 and are reasonable in terms of the order of magnitude when compared with 

the RA values in Table 4.1.   Figure 4.5 shows the line cuts (qz ~ 0.04 Å-1) used to determine the 

Guinier results.  The Rg value determined for a blank SrTiO3 substrate was 41 nm, which is 

related to the average terrace width.  Substrate scattering in the vertical direction prevented a 

similar application of the Guinier analysis to measure the vertical dimension, however this 

parameter was extracted from the GISAXS fitting of the higher q data.   

 The GISAXS fitting over the extended range of the pattern was performed using the 

IsGISAXS91 program with a theory framework including the distorted-wave Born 

approximation91, 94, 107-109 (DWBA) for a cylinder form factor and the local monodisperse 

approximation96 (LMA) with 1-D paracrystal model91, 95 for an interference function representing 

the interparticle spacing distribution.  Figure 4.6 shows the fitting results (solid line) for qz and 

qxy line cuts, where the cuts were taken along the Yoneda wing  (qz ~ 0.04 Å-1) for qxy, and the qz 

cuts were taken along qxy = 0.11Å-1 (1.5 ML), 0.15 Å-1 (1.0 ML), and 0.19 Å-1 (1.7 ML).   

Attempts were made to fit alternative nanoparticle shapes, but the best fitting resulted from a 

cylinder model.  Using this model, the nanoparticle height (hX) was 1.7 – 1.9 nm, the 

nanoparticle radius (RX) was 0.9 – 1.8 nm, and the interparticle spacing (DX) was 2.8 – 4.2 nm as 

delineated in Table 4.2.  The nanoparticle radius distributions are Gaussian functions of width σR 

centered on hX with the height distribution coupled to the radius distribution.  

4.4 Platinum nanoparticle aggregation on SrTiO3 

The formation of nanoparticles shown in the AFM images and Guinier analysis was not 

all together expected.  One may have expected the ~2 ML of platinum to uniformly coat the 

surface and evolve by some well-known growth and coarsening behavior as the post-deposition 
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annealing proceeded.  Furthermore, the nanoparticles did not exhibit any observable correlated 

epitaxy and faceting.  The fact that the resolution of GISAXS and AFM do not completely 

overlap provides a means for understanding what morphology could lead to these results.   The 

key lies in the ability of the AFM to easily image at longer length scales than GISAXS, while 

GISAXS can support the AFM measurements of nanoparticle size through Guinier analysis and 

provide information on length scales below the nominal 10 nm AFM tip radius of curvature.  

Combining the two along with the XRF significantly improves the ability to understand the 

distribution of platinum on the surface.  Summarizing the Guinier analysis and AFM/XRF, the Rg 

and the RA listed in Table 4.1 and 4.2 are consistent with the order of magnitude of lateral sizes 

of the nanoparticles shown in the AFM images of Figure 4.1.  The AFM, XRF, and the Guinier 

analysis at small qxy suggest that the majority of the platinum is contained within nanoparticles 

observed directly by AFM and that minimal Pt residue exists elsewhere on the surface.  Since the 

XRF fixes the total platinum coverage to ~2 ML, it appears that the nanoparticles detected by 

AFM are comprised of smaller nanoparticles that have aggregated together.  Otherwise, the 

GISAXS data analyzed at higher qxy would nearly constitute a film of ~2 nm tall nanoparticles 

covering the surface.  A morphology of this nature would have significantly more platinum than 

the ~2 monolayers measured by XRF.  AFM lacks the resolution to detect the smaller individual 

nanoparticles, but the GISAXS  intensity lobe at higher qxy indicates a model-independent and 

well-defined interaction distance of nanoparticles.  As described above, the LMA provides the 

physical model to describe the interaction distance and particle scattering as it gives the best 

fitted results with reduced chi squared values of ~0.1.  Alternative physical models available 

include the decoupling approximation89 and the size-spacing-correlation approximation97, but 

neither of these proved effective.  The LMA may be conceptually described as uniformly spaced 
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nanoparticles of a narrow size distribution that blanket the surface.  Figure 4.7 shows a 

representation of the LMA and the model where the nanoparticles are aggregated together.  For 

interpretation purposes, consider the total intensity covering two length-scales as: 

I(q) = ICluster(q) + ILMA(q)    (4.2) 

where ICluster(q) gives the collective scattering from the aggregated nanoparticles.  Because of 

their size ICluster(q) is located near qxy = 0 and is best treated with the model-independent Guinier 

approximation89 as described above.  The ILMA(q) gives the intensity from the smaller particles at 

higher qxy that constitutes a length regime below the resolution of the AFM.  In terms of the 

lateral dimensions, the Guinier analysis and the AFM images also confirm that annealing does 

not lead to significant changes in the order of magnitude of the particle size and spacing.  From 

comparing the height measurements from Tables 4.1 and 4.2, there is good agreement with the 

two techniques when keeping in mind that the AFM will measure the tallest height feature of a 

nanoparticle and that GISAXS will measure the average height.  The height in both cases 

increases with increasing temperature in post-deposition annealing treatments.  Since lateral 

dimensions and spacing do not change significantly, the system should not be treated with 

traditional growth and coarsening theory, and consequently an alternative mechanism can apply 

such as the model with some form of aggregation without coalescence or sintering. 

 The physical observation of platinum forming collections of nanoparticle agglomerates 

without sintering or coalescence was demonstrated in two separate studies8, 10 using specially 

designed cluster beam deposition sources110, 111.  In both cases, TEM images clearly show 1-3 nm 

Pt nanoparticles aggregating without coalescence and having a well-defined spacing.  Figure 4.8 

shows an example of a nanocluster taken from Ref. [10].  The total cluster size seems to depend 

on the coverage, but ranges from 10 nm to over 50 nm and the clusters appear to be somewhat 
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randomly spaced in the range of 50-100 nm.  Both studies also show comparisons of the 

platinum nanoparticles to nanoparticles of indium [8] and gold [10] where both the In and Au 

nanoparticles undergo coalescence.  Even co-depositing In with Pt or Au with Pt does not lead to 

platinum nanoparticle coalescence, yet the platinum nanoparticles show an extremely high 

mobility at room temperature.  The phenomenon was shown even earlier with alloy FePt 

nanoparticles which were also prepared with cluster beam deposition.9  Furthermore, Tainoff et 

al. [10] deposited the pure Pt nanoparticles in UHV with and without size selection, which only 

added polydispersity to the clusters but did not lead to coalescence.  They rule out a 

contamination effect preventing coalescence and propose that the platinum nanoparticles posses 

a repulsive interaction due to electronic effects and substrate deformation.  

 In comparison between the data here and the results from [8,10], there is a strong 

resemblance.  The size-selected nanoparticles from  [8,10] ranged from 1.6 – 2.3 nm in size with 

center-to-center spacing of 2.5 – 5 nm, which agree very well to the Table 4.2 values.  The 

overall size and spacing of the size-selected nanoparticle aggregates agree on the order of 

magnitude with these data.  Also, Tainoff et al. mentions that the nanoparticles are stable over 

the course of many months, which is also the case for the samples prepared here.  The structures 

shown in the TEM images from [8-10] would give comparable AFM and GISAXS data to what 

observed during this project.  The platinum nanoparticles for the cluster deposited studies are in 

essence the same as the schematic in Figure 4.7 (b) where the Pt nanoparticles are gathered into 

small groups.  These are compelling reasons to conclude that indeed what is observed here is 

similar to the phenomena from [8-10] only with a different characterization methodology.   

It should be clearly understood that significant differences in deposition conditions 

between these cases.  The formation of the structures observed in this study would presumably 
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come from heterogeneous nucleation on the effusion cell orifice as described by Knauer112 or 

through the dynamics of the platinum atoms upon impact with the surface.  Such diffusive 

aggregation mechanisms have been modeled under the diffusion limited aggregation formalism, 

which was first used to describe the dendtritic aggregation of 4 nm gold nanoparticles from 

evaporation and has since been applied to aggregation for a variety of experimental conditions.103   

Given the mobility of the platinum nanoparticles at room temperature and the resistance they 

show to coalescence, the morphology observed in [8-10] and what is observed here should be 

attributed to some physical mechanism that is independent of the manner in which the structure 

was prepared.  The important issue at hand rests in the fact that this phenomenon seems to be 

specific to platinum and consequently is manifested in this situation.  Moreover, the results from 

this project suggest the behavior is transferable between substrates and thermally stable.  As a 

consequence it is hopeful that this work motivates additional studies into the processing 

dynamics of similar platinum nanoparticle clusters.  

Late developments in the project have provided additional information regarding the 

aggregation of the Pt nanoparticles. Figure 4.9 shows high-resolution SEM images of the 900ºC 

annealed sample [NU, EPIC SEM instruments (a) Hitachi S-4800 SEM; (b) FEI Helios FIB-

SEM].  The image was taken without any special SEM surface treatment.  The images show 

what appears to be nanoparticle aggregates consistent with the size and spacing determined in 

AFM and GISAXS.   

There is also finely a distributed texture (Fig. 4.9b) that could be interpreted as being 

composed of smaller Pt nanoparticles.  The texture decorates the SrTiO3 (001) surface in 

between the 10-50 nm clusters.  A careful accounting of the Pt coverage is in order, which, 

assuming a cylindrical volume (VCylinder) may be estimated by: 



 53 

! 

" = NbDX

#2
VCylinder .       (4.3) 

The nanoclusters will have a reduced average Nb where the reduction factor can be calculated by 

the ratio of 2*RX/DX from Table 4.2, which for the 900ºC annealed case is 2* RX/DX = 0.86.  

Thus, the coverage from the nanoclusters of the 900ºC annealed case using the reduced Nb and 

the values in Table 4.1 would be ~1.1 ML Pt.  With the XRF being 1.5 ML, the remaining 0.4 

ML may be related to the surface texture.  The features in the texture have a particulate 

appearance where the lateral dimension is ~1 nm (diameter) and the spacing, D ~ 5 nm. For the 

surface texture to account 0.4 ML, the texture would need an effective ~1.2 nm height using eq 

4.3. Conversely, the nanoparticles from the GISAXS reported in Table 4.2 would have a ~10 ML 

Pt coverage.  

The GISAXS analysis yielded single modal size distributions for both the lateral and 

vertical directions.  Any Pt structures in the surface texture could be a small part of the size 

distribution.  The AFM also shows the atomic terraces that indicate any surface texture is smooth 

and conformal.  Any isolated Pt atoms and structures would be detected as nanoparticles and 

roughness fluctuations.  Thus, it seems consistent to take the missing 0.4 ML Pt as an upper 

bound of the possible Pt that could be incorporated into the surface texture. It is also possible that 

the surface texture has some amount of low Z elements such as carbon, since a significant 

amount of time elapsed between the AFM and SEM measurements. 

The images provide compelling support that the Pt nanoparticles form aggregates that 

have not lost a significant portion of their surface area through sintering or coalescence.  The Pt 

surface appears to be complex and could provide favorable catalytic activity as potentially more 

reactive Pt surfaces are exposed.  Furthermore, the application of AFM, XRF, and GISAXS is 

justified as they provide new insights into the behavior of Pt/SrTiO3.   
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4.5 Conclusions for PVD Pt nanoparticles  

 Platinum nanoparticles supported on SrTiO3 (001) have been prepared in UHV by 

physical vapor deposition and studied using AFM and a variety of X-ray techniques including 

the X-ray standing wave method, X-ray fluorescence, and GISAXS.   From XSW measurements 

the platinum is uncorrelated to (nonepitaxial) the substrate lattice and GISAXS shows no 

indication of Pt faceting correlated to the substrate.  Careful accounting of the platinum coverage 

from XRF enables the average lateral dimension to be estimated.   The low qxy GISAXS data are 

consistent with the AFM 15-30 nm lateral size observed for the Pt clusters.  The higher qxy 

GISAXS provides information beyond the 10 nm lateral resolution of the AFM to detect small 

nanoparticles (1 – 2 nm) that are closely spaced (2 – 4 nm).  This strongly suggests the platinum 

nanoparticles are aggregated without coalescence or sintering; a phenomenon which has been 

observed previously Refs. [8-10] using cluster beam deposition and TEM.  High-resolution SEM 

images provide additional support that the Pt nanoparticles form aggregates.   

 The peculiar behavior of the platinum nanoparticles to resist complete coalescence is 

quite interesting and appears to offer a number of exciting opportunities for catalysis.  A 

previous explanation for the lack of coalescence in the nanoparticles is a repulsive interaction 

based on electronic effects and mechanical distortion of the substrate.10   Small-angle scattering 

techniques are well suited for collecting statistically meaningful data, which can in general be 

employed to model the attractive/repulsive interaction dynamics for hierarchical systems.  

Furthermore, aggregation is a key issue to address for applications such as catalysis where it 

often results in the loss of catalytic activity.   



 55 

 
Sample hA (nm) σh (nm) DA (nm) RA (nm) 

1.5 ML / 900°C 4.6 1.1 86 8.0 
1.0 ML / 600°C 3.7 1.0 140 12 
1.7 ML / none 2.4 1.2 110 15 

 
Table 4.1 Measured Pt parameters from combined AFM and XRF analysis.  The Pt coverage 
was determined by measuring the Pt Lα XRF yield and is reported here in units of monolayers 
(ML).  The UHV annealing treatment per sample is also included.  The average height, hA, and 
interparticle distance, DA, were measured directly with AFM.  The standard deviation of the 
height is given by σh.  The average lateral dimension, RA, is calculated from the AFM and XRF 
data using eq 4.1. 
 
 
 

Sample Rg 
(nm) 

hX 
(nm) 

RX 
(nm) 

σR 
(nm) 

DX (nm) 

1.5 ML / 900°C 18 1.9 1.8 0.14 4.2 
1.0 ML / 600°C 21 1.7 1.0 0.17 3.2 
1.7 ML / none 14 1.5 0.9 0.03 2.8 

 
Table 4.2 Nanoparticle parameters extracted from GISAXS analysis.  The Guinier analysis in 
the qxy data shown in Figure 4.5 gave the radius of gyration, Rg. The data from Figure 4.6 were fit 
with a distorted-wave Born approximation form factor under the local monodisperse 
approximation (LMA).   In particular, the nanoparticle shape was assumed to be a cylinder with 
radius, RX, and height, hX.  The height distribution is coupled to the radius distribution, which is 
given by σR.  The interparticle spacing, DX, is defined as the center-to-center distance of the 
nanoparticles. 
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Figure 4.1 AFM images following Pt deposition and the associated histograms of the height 
measurements. (a) 1.7 ML Pt/SrTiO3 unannealed. (b) 1.0 ML Pt/SrTiO3 annealed at 600°C. (c) 
1.5 ML Pt/SrTiO3 annealed at 900°C. 
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Figure 4.2  XSW data for Pt / SrTiO3 (001).  The reflectivity of the SrTiO3 (002) Bragg 
reflection is shown in blue on the bottom.  The normalized Pt Lα X-ray fluorescence yield and 
fit is shown in black and orange on the top.  The fitted coherent fraction is ~0, which indicates 
the platinum distribution is uncorrelated with the SrTiO3 lattice.  This result may be appreciated 
qualitatively in that the Lα fluorescence yield line shape is nearly identical to the reflectivity 
with an offset of 1. The XSW data was collected at the APS 5ID-C station using a Si(220) 
channel cut post-monochromator and at an incident photon energy of 15.00 keV.   
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Figure 4.3 GISAXS measurement for a blank SrTiO3 substrate after etching and annealing at Eγ 
= 11.5 keV and the sample to detector distance is 2 m.   Data collected at the APS, 12ID-C. 

 

 
 
Figure 4.4 Experimental 2D GISAXS intensity for (a) 1.7 ML Pt/SrTiO3 unannealed, (b) 1.0 ML 
Pt/SrTiO3 annealed at 600°C, and (c) 1.5 ML Pt/SrTiO3 annealed at 900°C. Data collected at  the 
APS, 12ID-C. 
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Figure 4.5 Line cuts in a Guinier plot of the qxy data for the smallest q range.  The curves are 
offset for clarity.  Guinier analysis was performed on these data to extract the lateral Rg value.  
Line cuts taken from 2D patterns at the Yoneda wing (qz ~ 0.04 Å-1). 
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Figure 4.6 Line cuts through the Figure 4.4 GISAXS data and fits along (a) qz and (b) qxy 
directions.  These data were fit with a distorted-wave Born approximation cylinder form factor 
and the local monodisperse approximation. The qxy line cuts were taken at qz ~ 0.04 Å-1 and the 
qz cuts were taken along qxy = 0.11Å-1 (1.5 ML), 0.15 Å-1 (1.0 ML), and 0.19 Å-1 (1.7 ML). 
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Figure 4.7 Diagrams of the particle spacing in (a) the local monodisperse approximation and (b) 
the clustered nanoparticle model.  The scattering from structures in (b) would have  components 
representing both the small nanoparticles and the nanoparticle clusters according to eq 4.2. 
 
 
 
 

 
 
Figure 4.8 TEM image of a platinum nanoparticle aggregate from Ref. [10].  This image is 
representative of the model drawn in Figure 4.7 and establishes the interesting morphology 
platinum nanoparticles may exhibit. 
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Figure 4.9 High-resolution SEM images of the 900ºC sample taken more than one year after the 
sample was prepared, annealed, and imaged by AFM.  The images show what appears to be 
nanoparticle aggregates consistent with the size and spacing determined in AFM and GISAXS.  
XRF primarily rules out the texture of the SrTiO3 surface in between particles to have a 
significant amount of platinum.   Image (a) was taken with the Hitachi S-4800 SEM and (b) 
taken using the FEI Helios FIB-SEM at EPIC, NU.  No special SEM surface treatment was used 
(i.e. gold coating). 
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Chapter 5: Nanoscale structure and morphology of platinum atomic layer deposition on 
SrTiO3 

 

5.1 Atomic layer deposition 

Atomic layer deposition is a thin film deposition technique that utilizes self-limiting 

surface reactions of precursor gases to deposit material in a layer-by-layer fashion upon 

completion of a precursor dosing sequence known as an ALD cycle.  The technique has been 

known113, 114 since the early 1970’s, but recently has gained more interest as the number of 

compounds available for deposition has greatly expanded from semiconductors to nitrides,  

metals, and oxides.  ALD oxide compounds, such as hafnium oxide, are of particular interest to 

serve as state-of-the-art microelectronic gate materials.  The motivation behind this and other 

ALD applications stems from the extreme precision in which ALD uniformly coats complex 

support geometries.11-13 

The precision of ALD is based on the reliance of precursors that react with the surface, 

but not each other.  Precursor molecules typically constitute an organometallic compound and an 

oxidizing or reducing agent such as oxygen, hydrogen, or steam.  The first precursor dose, 

typically the organometallic, will saturate the reactive sites on the surface through 

chemiadsorption.  The ALD cycle is completed by a second precursor dose that only reacts with 

the adsorbed precursor species from the first dose.  Usually, the second precursor liberates the 

remaining organic ligands on the adsorbed precursor to create a surface that is reactive to the 

next organometallic pulse.  The classic ALD example is aluminum oxide using 

trimethylaluminum and steam.115  The deposition proceeds with trimethylaluminum reacting 

with hydroxl groups on the surface to liberate a methane molecule.  The steam dose then 

liberates the remaining methyl groups to leave behind the deposited Al atoms attached to hydroxl 
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groups  that are ready for the next trimethylaluminum dose.  Steady state growth then proceeds 

where the ALD occurs on the Al2O3 film deposited in earlier cycles.   

The formation of a film may not always occur in the first few ALD cycles as the process 

strongly depends on how efficiently a monolayer of precursor will adsorb on the surface.  The 

efficiency of ALD in the early stages will be related to the precursor pressure, dosing time, 

reactivity of the surface, and the temperature.  These factors combine to give a growth regime 

where an incomplete film forms and eventually coalesces leading to the steady state growth 

regime as the number of cycles increase.  ALD at the early stages has not been widely studied 

and consequently a number of interesting opportunities arise to extend the capabilities of the 

technique.  The key prospect related to this project is the formation of nanoparticles due to the 

incomplete coalescence of a film for the case of platinum.  Noble metal ALD chemistries are 

particularly prone to the formation of nanoparticles.11, 13, 116-119  A detailed understanding of the 

nucleation, growth and coalescence of the nanoparticles is needed at the nanometer length scale 

in order to systematically pursue the technological application of such nanoparticles from ALD. 

This chapter explores the ALD of platinum on SrTiO3 (001) using alternating exposures 

to (Trimethyl) methylcyclopentadienylplatinum (IV) (MeCpPtMe3) and oxygen.  Previous 

studies of Pt ALD using these precursors have focused mainly on the thick-film limit (steady 

state growth) in which Pt is deposited on itself.116-118, 120  These studies support a Pt ALD 

mechanism in which adsorbed oxygen on the Pt surface plays a critical role by providing reactive 

sites for the MeCpPtMe3 precursor.  On the other hand, Pt ALD on SrTiO3 (001) is likely to 

possess a more complex growth mechanism due to differences in the surface chemistry between 

the initial SrTiO3 (001) substrate and the growing Pt film.  Of particular interest is the initial 

nucleation process on the SrTiO3 (001) surface since it will likely dictate the morphology of the 
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Pt deposit.  Previous work demonstrated that the substrate chemistry can strongly influence the 

initial nucleation during Pt ALD.121  The focus hereunder will be on characterizing the early 

stages of the Pt ALD on SrTiO3 (001) using a suite of X-ray and imaging techniques.  

5.2 Platinum atomic layer deposition    

 The ALD was performed by J. Elam, Energy Systems Division, Argonne National 

Laboratory.   The SrTiO3 (001) substrates (MTI Corp) prepared according to the description in 

Chapter 2 were transferred to a custom ALD reactor consisting of a hot-walled stainless steel 

tube and a computer controlled gas manifold for precursor dosing.122  After installing the SrTiO3 

substrates in the ALD reactor, the substrates were allowed to equilibrate and outgas for 10 

minutes at 300°C in flowing nitrogen before commencing the Pt ALD.  Platinum ALD was 

accomplished using alternating exposures to MeCpPtMe3 (Strem Chemicals, 99.5% pure) and 

400 sccm of ultra-high purity (99.995% pure) oxygen at 300°C using 360 sccm of ultra-high 

purity (99.995% pure) nitrogen carrier gas at a steady state pressure of ~1 Torr.  During the 

MeCpPtMe3 exposures, 300 sccm of N2 was passed through a stainless steel bubbler containing 

the MeCpPtMe3 heated to 40°C, and the N2 was diverted to bypass the bubbler after the 

exposures.  Each Pt ALD cycle consisted of a 10 s exposure to MeCpPtMe3, a 5 s N2 purge 

period, a 5 s exposure to O2, and a final 5 s N2 purge period.  Companion measurements on 

Si(100) and glass surfaces as well as using an in situ quartz crystal microbalance yielded a 

growth rate of 0.5 Å/cycle Pt. 

5.3 Measurements of Pt ALD on SrTiO3 (001)  

 Figure 5.1 illustrates the evolution of Pt film growth with AFM images after 10, 15, 20, 

and 80 ALD cycles.  For Pt/SrTiO3 samples prepared using 15 or fewer ALD cycles, only subtle 

changes can be perceived in AFM.  After 20 ALD cycles, Pt nanoparticles appear to be 
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decorating the surface, whereas a granular, continuous Pt film is apparent following 80 ALD 

cycles.  In all cases, the measured RMS roughness of the Pt/SrTiO3 surface does not exceed 0.5 

nm, thus indicating the high conformality of the ALD process.  It should also be noted that the 

0.4 nm atomic steps of the underlying SrTiO3 (001) substrate are still observable even in the case 

of 80 ALD cycles.  

 Figure 5.2 presents SEM images following 15, 20, 30, 40, and 80 Pt ALD cycles.  These 

images clearly show that the Pt nucleates on the SrTiO3 surface as discrete islands that grow 

laterally with increasing ALD cycles.  The lateral spacing of these nanoparticles is on the order 

of a few nanometers.  The nanoparticles coalesce to form a nearly continuous film at 

approximately 40 ALD cycles as evident in the morphology and the decreasing number of 

isolated nanoparticles per area.  Evidence for persistent SrTiO3 (001) step edges are also 

apparent as indicated by the diagonal line cutting across Figure 5.2 (b). 

 The GISAXS data were collected with a photon energy of 8.00 keV and a sample to 

detector distance of ~2.1 m using a MAR 165 CCD detector.  Figure 5.3 shows the GISAXS for 

a blank SrTiO3 (001) substrate after the BHF etch/annealing treatment.  Two-dimensional 

GISAXS data are presented in Figure 5.4 for 10, 20, 30, and 40 cycles of Pt ALD.  The scattering 

intensity concentrates in the small angle region as the number of ALD cycles increase, thus 

indicating that the Pt nanoparticles are increasing in size.  Also, the GISAXS peak representative 

of interparticle spacing becomes more apparent as the number of ALD cycles increase.  Line cuts 

were extracted from the two-dimensional GISAXS data and fit using the distorted wave Born 

approximation91, 94 (DWBA) framework with a cylinder form factor and an interference function 

under local monodisperse approximation.91, 96 (LMA)  In addition, the 1-D paracrystal model91, 95 

was used to represent the interparticle spacing distribution.  The vertical data were fit using the 
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IsGISAXS software.91  The line cut data and fits are plotted in Figure 5.5.    

 For the in-plane scattering, an additional term was added to the scattered intensity in eq 

3.8 in order to account for strong scattering near qxy = 0.  This term is based on the unified model 

from Beaucage123, 124 to give the lateral scattering intensity, I(qxy), as: 
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where IU(qxy) is determined by the unified model, and <|F(qxy)|2>S(qxy) represents the particle 

scattering for the DWBA with the LMA.  The general form of the intensity from the unified 

model is calculated as: 
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The parameters related to IU(qxy) include the Guinier prefactor, G, the Guinier radius, Rg, 

the power-law prefactor, B, and the power-law exponent, P.  The fitting results including the 

unified model parameters and particle dimension and spacing are summarized in Table 5.1. 

 The fitting results from Table 5.1 confirm the observations from the microscopy data that 

the in-plane particle size, R, increases from 1.1 nm to 3.5 nm with increasing number of Pt ALD 

cycles.  The GISAXS data also reveal that the out-of-plane particle size, H, increases from 1.2 

nm to 3.8 nm.  The H/R aspect ratio for all particles is nearly unity, which indicates that the Pt 

nanoparticles grow isotropically under these conditions.  The interparticle spacing, D, is defined 

as the center-to-center distance for the Pt nanoparticles.  From the GISAXS results, the 

interparticle spacing is found to increase from 2.4 nm to 9.0 nm, which is consistent with 

nanoparticle coalescence causing a decrease in the number of particles per unit area. 

 XRF measurements allow the total Pt surface coverage to be measured as a function of  

the number of ALD cycles.  The XRF data are plotted against the number of ALD cycles in 
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Figure 5.6.  This plot suggests a decrease in the growth rate following ~40 ALD cycles.  The 

solid line plotted in Figure 5.6 results from the growth model that is discussed below.    

 In effort to confirm the chemical state for the platinum deposited via ALD, X-ray 

photoelectron spectroscopy (XPS) was performed.  Figure 5.7 shows XPS spectra of the Pt 4f 

lines for 40 Pt ALD cycles collected at Keck II, NU (Omicron).  The line marks the Pt 4f7/2 line 

position at 71.2 eV for metallic platinum.125  The approximate peak position for the Pt ALD 

samples is 71.0 eV, which indicates the Pt is in a metallic form.  For completely oxidized 

platinum, the peak position would be shifted higher in energy by 3+ eV.  

Nanoparticle clustering, such as described in Chapter 4, was not observed in any of the 

ALD cases.  This is evident in the SEM images of Figure 5.2 and in Figure 5.8, which shows the 

GISAXS CCD images of the 900ºC PVD Pt case (a) and the GISAXS CCD image for 40 ALD 

cycles.  Both images are taken under the same experimental conditions and a comparison of the 

region between 2θf = 0 - 0.5º for both images shows the effect of nanoparticle clustering.  

Namely, there is a substantial amount of intensity for the PVD case with nanoparticle 

aggregation.  The ALD example in Fig. 5.8 (b) does not have the intensity near the origin that 

would be indicative of nanoparticle clustering.  All the other ALD cases show similar results as 

that of Figure 5.8 (b). 

5.4 Model of Pt nanoparticle nucleation and growth via ALD 

 The model for Pt ALD proposed by Aaltonen et al. asserts that oxygen adsorbed on the 

surface of the Pt film dissociates the MeCpPtMe3 precursor during the metalorganic 

exposures.116  Consequently, any Pt present on the SrTiO3 from the initial Pt ALD cycles will 

provide reactive sites for MeCpPtMe3 dissociation during subsequent Pt ALD cycles, thus 

leading to nanoparticle growth.  However, the Aaltonen model does not address the possible 
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influence of the bare SrTiO3 surface during the Pt nucleation. Some intriguing issues lie in 

determining the role bare SrTiO3 oxide plays in the deposition and how surface diffusion of Pt 

atoms may affect the growth of Pt nanoparticles on the surface prior to film closure.  

Inspection of the SEM images from Figure 5.2 reveals that the nanoparticles for 15 cycles 

are relatively uniform in shape, but as the number of cycles increase, elongated and non-

symmetric particle shapes appear.  The nanoparticles, however, possess a narrow enough height 

distribution and low enough RMS roughness that the influence of the 0.4 nm atomic steps of the 

underlying SrTiO3 substrate remains observable in AFM for as many as 80 ALD cycles.  These 

observations provide initial evidence for a growth mechanism that includes adsorption of 

MeCpPtMe3 on the SrTiO3 surface followed by diffusion of the Pt species to the growing 

nanoparticles. 

Additional insight into the growth mechanism can be gained by considering the XRF data 

plotted in Figure 5.6.  Specifically, Figure 5.6 shows two regions of growth such that the region 

below ~40 ALD cycles shows a growth per cycle that is approximately two-fold higher than the 

region above ~40 ALD cycles.  Moreover, the magnitude of the Pt growth beyond 40 ALD 

cycles is consistent with the previously observed growth rate for Pt ALD indicating that below 

40 ALD cycles the Pt growth rate is abnormally large.  The 40 ALD cycle transition point 

between these two growth regions coincides approximately with the point at which the ALD Pt 

nanoparticles coalesce to form a continuous film as observed by SEM in Figure 5.2 (c). 

The region of higher initial growth is uncommon and thus requires further discussion. 

Existing models for nucleation and growth of ALD films126, 127 predict three growth regimes: (1) 

an incubation period of slow, inhibited growth; (2) a transition regime characterized by island 

growth and coalescence where the increasing surface area produces a non-linear thickness 
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change and the growth rate may exceed the steady-state growth rate by as much as 30%; (3) a 

steady-state regime where the thickness increases linearly.  In contrast, Figure 5.6 exhibits an 

initial regime of linear growth that exceeds the steady-state growth rate by 100%, followed by a 

steady-state regime.  To account for the initial regime of higher, linear growth observed here, the 

existing ALD growth models were modified to one in which the Pt deposits at a higher rate on 

the bare SrTiO3 surface, but then diffuses to the growing Pt nanoparticles.  The model assumes 

platinum also grows on the nanoparticles, but at a lower rate.  During the model film growth, the 

relative proportions of bare SrTiO3 and Pt-coated surface are computed.  At the point of 

nanoparticle coalescence, the platinum ALD will only continue on the platinum film because 

there is no more bare SrTiO3 substrate available.  In this model, the distance between the 

nanoparticles, as well as the fraction of reactive sites on both the SrTiO3 and the Pt were varied 

to match the experimental data.  It should be noted that this study did consider ALD for fewer 

than 10 cycles.  The results (AFM and XRF) showed minimal deposition and were sporadic.  

This irregular deposition prevented a systematic study for fewer than 10 Pt ALD cycles.  

The resulting fit is shown as the solid line in Figure 5.6.  The fit uses an initial 

nanoparticle spacing of 12 nm, and the fraction of reactive sites on SrTiO3 and Pt are 0.4 and 

0.11, respectively.  The interparticle spacing from the model agrees reasonably well with the 

spacing between the Pt nanoparticles in the SEM images shown in Figure 5.2.  The fraction of 

reactive sites of 0.11 on the Pt reproduces the experimentally determined Pt growth rate in this 

study as well as from the literature.116  The fraction of reactive sites on the SrTiO3 of 0.4 

suggests that the SrTiO3 has a density of reactive sites for Pt ALD that is approximately fourfold 

higher than Pt.   

This model for Pt nucleation and growth requires relatively fast diffusion of the Pt on the 
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SrTiO3 surface so that the Pt deposited on the bare SrTiO3 can migrate to the Pt nanoparticles. 

Platinum diffusion rates on metal surfaces can be estimated by calculating the surface diffusion 

coefficient, Ds, using an empirical relationship given by Gjostein128: 
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where T and Tm are the substrate temperature and melting point, respectively, in K, and Rc is the 

gas constant in cal mol-1 K-1.  At the deposition temperature, 573K,  Ds = 1.2x10-12 cm2/s which 

for the 10 s time interval following the beginning of the oxygen exposure yields a platinum 

diffusion distance nm. 30== tDx
s

  Since the SEM and GISAXS data suggest that the 

interparticle distance is significantly less than 30 nm, it is plausible that Pt surface diffusion will 

play an important role in the growth mechanism. 

The increased growth rate prior to film closure shown in Figure 5.6 argues that the 

SrTiO3 has a catalytic effect in the Pt ALD process.  This effect is reflected in the modeling as a 

higher fraction of reactive sites on SrTiO3 than on Pt.  As a catalyst support, SrTiO3 can reduce 

carbonaceous build up during hydrocarbon oxidation as described in Chapter 2.  The implication 

for ALD would presumably be that the SrTiO3 catalyzes the conversion of the organic ligands on 

the adsorbed MeCpPtMe3, thereby reducing steric hindrance and increasing the Pt growth rate. 

 The nucleation of most noble metals (including platinum, ruthenium, and palladium) 

during ALD appears to occur via the coalescence of nanoparticles12, 13, 116-120  Thus, the role of 

diffusion is also likely to be important in the growth dynamics of these materials via ALD.  For 

instance, nanoparticle size and number density may vary when noble metal ALD is performed on 

different substrates depending on the relative surface diffusion rates for these substrate materials.   
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This hypothesis should motivate future studies directed at the early stages of noble metal growth 

by ALD.    

5.5 Summary of Pt ALD 

 In summary, the early stages of nucleation and growth of ALD Pt on single crystal 

SrTiO3 (001) surfaces has been studied.  Uniformly sized Pt nanoparticles initially nucleate and 

then grow and coalesce into a continuous Pt film.  Despite the particulate nature of the Pt 

nucleation, the films remain smooth enough to preserve the 0.4 nm atomic steps of the 

underlying SrTiO3 (001) substrate even after 80 ALD cycles.  Using AFM, SEM, GISAXS and 

XRF, a detailed growth model has been developed where Pt nanoparticles nucleate on the 

substrate and subsequently grow from a combination of precursor adsorption directly on the Pt 

nanoparticles as well as precursor adsorption on the surrounding SrTiO3 followed by surface 

diffusion to the nanoparticles.  This growth mechanism is expected to be applicable to other 

noble metal ALD chemistries, thus presenting unique opportunities for applications that require 

either isolated nanoparticles or conformal, continuous thin films. 
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Figure 5.1 AFM images following Pt ALD: a) 10, b) 15, c) 20, d) 80 ALD cycles.  At 20 ALD 
cycles, Pt nanoparticles can be directly observed, whereas the Pt film possesses a fine granular 
structure after 80 ALD cycles.  The 0.4 nm atomic steps of the underlying SrTiO3 (001) substrate 
can still be observed after 80 ALD cycles.  In all cases, the RMS roughness of the films does not 
exceed 0.5 nm. 
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Figure 5.2 SEM images following Pt ALD: a) 15, b) 20, c) 30, d) 40, e) 80 cycles.  At 15 ALD 
cycles, Pt nanoparticles have nucleated and then grow and coalesce with increasing ALD cycles.  
In particular, the grains take irregular and elongated shapes at the later stages of Pt ALD growth. 
Images were collected by Jeff Elam using a Hitachi S-4700 SEM located in the Electron 
Microscopy Center for Materials Research  at ANL. 
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Figure 5.3 GISAXS data for a blank SrTiO3 (001) substrate after etching and annealing. 
Collected at 12ID-C, APS. 
 

 
 

Figure 5.4 GISAXS data after: a) 10, b) 20, c) 30, d) 40 ALD cycles. The scattered intensity 
lobe moves inward as the number of ALD cycles increases, thus indicating that the particle size 
and the interparticle spacing is increasing. Collected at 12ID-C, APS. 
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Figure 5.5 GISAXS line cut data and fits for a) vertical and b) horizontal scattering.  The 
individual curves are offset for clarity.  The data were fit with a distorted wave Born 
approximation cylinder form factor and the local monodisperse approximation.  The horizontal 
fitting also included a term based on the unified small-angle X-ray scattering model that accounts 
for the data near the origin. 
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ALD 
Cycle 

R 
(nm) 

σR 
(nm) 

H 
(nm) 

σH 
(nm) 

H/R D 
(nm) 

σD 
(nm) 

G Rg 
(nm) 

B P 

10 1.1 0.1 1.2 0.3 1.1 2.2 0.8 8.7 x 107 35 1.4 x 102 3.8 
20 2.1 0.5 2.3 0.6 1.1 6.3 1.3 3.0 x 101 54 2.9 x 103 2.4 
30 3.1 0.7 3.0 0.8 1.0 9.0 2.1 7.8 x 104 31 3.1 x 103 2.4 
40 3.5 0.9 3.8 1.0 1.1 9.0 2.5 2.0 x 105 90 2.9 x 102 3.6 

 
 
Table 5.1 GISAXS fitting and analysis results.  The particle model is taken to be a cylinder of 
radius, R, and height, H, with a center-to-center interparticle spacing, D.  G, Rg, B, and P are 
parameters from the unified fit model for scattering near the beam stop.  The σ parameter gives 
the distribution width of the respective parameters. 
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Figure 5.6 XRF Pt coverage vs. ALD cycle.  A change in growth rate is observed at ~40 ALD 
cycles.  The solid line is based on a growth model that includes both deposition directly on the Pt 
particles and deposition on the surrounding SrTiO3 surface followed by surface diffusion. XRF 
data collected at NU X-ray facility (18 kW rotating anode, Zr coated). 
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Figure 5.7 XPS spectra of the Pt 4f lines for 40 ALD cycles.   The line marks the Pt 4f7/2 line 
position at 71.2 eV for metallic platinum from Ref. [125].  The approximate peak position for the 
Pt ALD samples is 71.0 eV. For completely oxidized platinum, the peak position would be 
shifted higher in energy by 3+ eV. XPS collected at  Keck II, NU. 
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Figure 5.8 GISAXS CCD images of (a) PVD Pt 900ºC and (b) 40 ALD cycles.  The ALD Pt 
nanoparticles do not show the same intensity profile near the origin that is characteristic of 
nanoparticle clustering.  This suggests along with SEM images in Fig 5.2 that the ALD Pt does 
not aggregate like the PVD Pt.  Collected at 12ID-C, APS. 
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Chapter 6: Structure and morphology of platinum nanoparticles deposited via atomic layer 
deposition on strontium titanate nanocubes 
 

6.1 ALD platinum growth on SrTiO3 nanocubes 

The nucleation of platinum nanoparticles via atomic layer deposition (ALD) on SrTiO3 

nanocube extends the work on single crystals discussed earlier to a more industrially relevant 

support.  The SrTiO3 nanocubes, prepared by sol-precipitation—hydrothermal treatment, have 

{001} faces and average 60 nm on a side.22  

The combination of imaging and X-ray techniques provides an optimal approach to 

investigate the structure, morphology, and chemical state of the nanoparticles.  Here the high-

resolution imaging capabilities of scanning electron microscopy (SEM) is utilized to confirm the 

nanoparticle morphology and size.  The platinum nanoparticle size and dispersion is further 

explored with small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS).  

Finally, the chemical state and the local atomic structures of the platinum nanoparticles are 

studied using X-ray absorption spectroscopy (XAS), the former of which is revealed by the X-

ray absorption near-edge structure (XANES) and the latter extended X-ray absorption fine 

structure (EXAFS).   

6.2 Synthesis of ALD Pt / SrTiO3 nanocubes 

6.2.1 Experimental Section 

SrTiO3 nanocube growth 

SrTiO3 nanocubes were synthesized following a sol-precipitation—hydrothermal 

treatment procedure identical to that described in a previous paper22 except for the fact that the 

hydrothermal treatment was conducted for 36 h instead of 24 h. 
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6.2.2 Pt ALD on nanocubes 

Platinum nanoparticles were deposited onto the SrTiO3 nanocubes using atomic layer 

deposition (ALD).  For this procedure, ~0.25 g of the nanocubes were spread inside of a stainless 

steel tray that was covered by a stainless steel mesh to contain the powder while allowing easy 

access by the ALD precursors129 221.  Prior to the ALD, the SrTiO3 nanocubes were cleaned in 

situ using a 400 sccm flow of 10% ozone in oxygen at a temperature of 300°C.  The Pt ALD was 

accomplished using alternating exposures to (methylcyclopentadienyl) trimethylplatinum 

(MeCpPtMe3) and oxygen at 300°C 116 using a viscous flow ALD reactor122.  During the 

deposition, a constant 90 sccm flow of ultrahigh purity (99.995%) carrier gas swept through the 

reactor at a pressure of 0.90 Torr.  The MeCpPtMe3 was contained in a stainless steel bubbler 

heated to 50°C to increase the vapor pressure of the precursor. The reactant exposures were 200 s 

in duration with partial pressures of 0.05 Torr for MeCpPtMe3 and 0.20 Torr for oxygen.  

Nitrogen purge periods of 50 s were used between reactant exposures.  A series of Pt catalyst 

samples were prepared using 1, 2, 3, 4, and 5 Pt ALD cycles.  The sample mass was measured 

using an analytical balance before and after the Pt ALD to determine the Pt loading.   

The SrTiO3 nanocubes were examined before and after the Pt ALD by scanning electron 

microscopy (SEM) using a Hitachi S-4700 with a field emission gun electron beam source. 

6.3 X-ray measurements of ALD Pt / SrTiO3 nanocubes  

 All X-ray data sets were collected at the Advanced Photon Source (APS) (Argonne 

National Laboratory) in transmission mode with the sample powder mounted on scotch tape. The 

powder samples and reference materials were uniformly spread onto tape and then folded to 

achieve appropriate signal levels for the respective scattering and absorption measurements. A 
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scotch tape background was collected and removed for the X-ray scattering data. 

The SAXS data sets were collected at the APS 12ID-C undulator station with a MAR 165 

(2048 x 2048 pixels) CCD detector at an incident photon energy of 12.00 keV (λ = 1.033 Å).  A 

series of slits collimated the beam and the sample was mounted on motorized stage.  The 

momentum transfer was calibrated using a silver behenate standard and the detector to sample to 

detector was  ~2 m. 

The WAXS data were collected at the APS 5ID-D undulator beam line with a dual chip 

100 mm by 200 mm Roper CCD detector.  The incident photon energy of 16.005 keV (λ = 

0.77466 Å) was selected using a Si (111) monochromator and the beam was further collimated 

with three slits to give a size of approximately 0.2 mm by 0.2 mm.  The detector position relative 

to the source was calibrated with a silicon diffraction grating with 3600 lines/mm (LightSmyth 

Technologies, no. SLG-C36-1212-Si).  This allowed the determination of the momentum transfer 

calibration and sample to detector distance (235 mm).  

The XAS measurements were carried out around the Pt-L3 edge (11.564 keV) at the 

bending magnet beamline of the DND-CAT (5BM-D). The XAS spectra were collected in 

fluorescence mode using a Xenon-filled Lytle cell and a Zn filter to minimize the scattering 

signals. The XAS spectra of the reference materials were collected in transmission mode using 

gas ionization chambers (Oxford Danfysik). The X-ray photon energy was calibrated using a Pt 

metal foil. During the XAS measurements, the energy stability was regularly monitored by 

simultaneously measuring the Pt foil, which was placed in between the second and third ion 

chambers.  The XAS spectra were all measured from -200 eV below to 1000 eV (wave vector k 

~ 16 Å-1) above the absorption edge. The near edge spectra were collected with energy step of 

0.5 eV.  Data processing was performed using the Athena program.130. 
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6.4 Characterization results 

6.4.1 Mass and Microscopy 

 The uncoated SrTiO3 nanoparticles are non-porous, single-crystalline, cube-shaped 

particles having the {001} faces primarily exposed, with an average edge length of 60 nm, and a 

Brunauer-Emmet-Teller surface area of 20 m2 g-1.22   Figure 6.1 shows the dependence of the Pt 

loading on the number of Pt ALD cycles performed on the SrTiO3 nanocubes.  This graph shows 

a linear trend with a slope of 4.4 wt% per Pt ALD cycle.  Using the SrTiO3 surface area of 20 

m2/g and the previously observed Pt ALD growth rate of 0.5 Å per cycle116, the expected mass 

gain is 2.1 wt% per cycle.  The measured weight gain is larger by two fold indicating a higher 

initial growth rate for ALD Pt on the SrTiO3 surface as compared to the Pt surface.  Growth rates 

in ALD are typically dictated by the number of ligands, which remain on the surface following 

adsorption of the metal precursor because these ligands will prevent the adsorption of additional 

precursor molecules.  It is possible that fewer MeCp and methyl ligands remain following 

adsorption of MeCpPtMe3 on the SrTiO3 surface because these ligands react with surface 

hydroxyls on the SrTiO3 to liberate gaseous methylcyclopentadiene and methane. 

 Figure 6.2 shows SEM images of the SrTiO3 nanocubes recorded before (a) and after (b) 

5 Pt ALD cycles. Comparison of these images clearly reveals the presence of Pt nanoparticles 

resulting from the ALD treatment.  Although the details in these images are nearly at the 

resolution limit of the SEM, the Pt nanoparticles have a diameter of ~3 nm and are uniformly 

dispersed on all exposed surfaces of the SrTiO3 nanocubes.  

6.4.2 X-ray Scattering 

The SAXS data are plotted in Figure 6.3 for the five Pt ALD cases and the blank SrTiO3.    

The data show a peak around q = 0.15 Å, which is related to the constructive interference from 
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the platinum nanoparticles.  The peak position, q = qp, depends on the ALD cycle and relates the 

average nanoparticle spacing center-to-center, D,  where: 

! 

D =
2"

qp
.      (6.1) 

Fitting a pseudo-Voigt function with a power-law background enables the determination of the 

peak position; the solid lines in Figure 6.3 represent the peak fits.  The fitting results are plotted 

against the ALD cycle in Figure 6.4.  The interparticle spacing increases in a linear fashion from 

3.5 to 6.3 nm as the number of ALD cycles increases and follows linear growth law. 

The wide-angle X-ray scattering is equivalent to the powder diffraction from the 

nanocubes and platinum nanoparticles.  An example of the diffraction pattern is shown in Figure 

6.5 for the uncoated SrTiO3 nanocubes where the Bragg peaks have been indexed.  The room 

temperature lattice constants of 3.924Å for cubic-F Pt and 3.905Å for cubic-P SrTiO3 are such 

that the broadened Pt Bragg peaks overlap those of SrTiO3.  Using the Scherrer equation131 the 

mean crystallite size (tH) in the H=hkl direction can be determined from the fwhm of the peak, 

Δq,as:  

! 

tH = 0.9*
2"

#q
,     (6.2) 

The uncoated SrTiO3 nanocubes were inspected for line broadening and showed a ~40 nm 

domain size from the (110), (111), (200) and (211) peaks.  This compares to the ~60 nm 

nanoparticle size from microscopy and would indicate that the SrTiO3 nanocubes are single 

crystals.  Figure 6.6 shows the (111) WAXS peak for the 5 ALD cycle and blank SrTiO3 cases 

where broadening due to the platinum nanoparticles can be observed. The peak shape was fit 

using a double Lorentizian function given by: 



 86 

! 

f (q) = A*
(1"#)

1+
q " q

1

b
1

2

+
#

1+
q " q

0

b
0

2

$ 

% 

& 
& 
& 
& 

' 

( 

) 
) 
) 
) 

,     (6.3) 

where A is a scaling parameter, φ is a mixing parameter between the two Lorentzians, and q and 

b terms give the peak positions and widths, respectively.  The domain size could then be 

determined using eq 6.2 and the 2*b0 term for the fwhm of a Lorentzian. The broadening for the 

Pt (200) peaks was not as marked and consequently did not yield useful information.  Figure 6.7 

plots the crystallite size for the (111) peak for the 2 to 5 ALD cycles, which shows t111 increases 

from 1.0 to 2.7 nm and again shows a linear growth trend.   The line width for the 1c case was 

too large to determine the particle size, but based on the linear regression for the other cases, the 

particles size would be ~0.7 nm.   

6.4.3 X-ray absorption spectroscopy 

X-ray absorption near-edge structure (XANES) in the set of X-ray absorption spectra 

(XAS) of Figure 6.8 indicate a change in the chemical state of the platinum as the number of 

ALD cycles changes. The normalized absorption cross sections of Fig. 6.8 include the five ALD 

cases, a platinum metal foil, and two platinum oxides: PtO and PtO2. The measured Pt L3 

absorption edges (relative to E0 = 11564 eV) are given in Table 6.1.  The 3c, 4c and 5c cases 

show no significant ΔE shift in energy, whereas the 1c and 2c cases show a +1 eV shift, which is 

consistent with oxidized platinum.  In addition to the edge position, the XANES region (-100 

eV < ΔE < 40 eV) provides additional information regarding the chemical state of the Pt.  The 

line shape of the 1c platinum XANES-sample compares favorably to that of PtO standard shown 

in Figure 6.8.  The XANES then transitions to that of bulk metallic platinum as the number of 

cycles increase.  In addition to the ΔE shift from E0 mentioned above, the white line intensity 

increases as the number of ALD cycles decreases.  The white line intensity in this case is 
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proportional the d-electron density of states.  An increase in the white line intensity indicates a 

decrease in the number of electrons in the d-orbital. A reduction of the d-electron density of 

states would be consistent with the oxidation of platinum.  A linear combination fit of the 

XANES of the samples using the Pt and PtO XANES leads to the results given in Table 6.2.  As 

the number of ALD cycles increases, the Pt – Pt bond increases from 10% to 57% at the expense 

of the Pt – O bond.  

The Fourier transforms of the EXAFS region (40 eV < ΔE < 1000 eV) are plotted in 

Figure 6.9 for the various cases.  Here the Pt – O bond is evident at 1c and steadily diminishes as 

the Pt – Pt bond becomes more prevalent. The Pt – Pt bond was fitted using the ARTEMIS 

program126130 in R-space over a k range of 8 – 13.95 Å-1 and a k-weight factor of k2. The fitting 

results given in Table 6.3 show the effect of the platinum coverage, where the coordination (NPt) 

and the Pt – Pt bond length (rPt-Pt) increase with ALD cycle.  The Pt coordination increases 

effectively from zero to 4.4 as the ALD cycles increase.   

For the Pt – O bond, the best results were obtained with a slightly different fitting 

approach.  Using the XANES linear combination results from Table 6.2, the fraction of the Pt 

foil spectrum was subtracted off the ALD spectra to yield a partial absorption cross section.  The 

partial absorption cross section was then fitted using ARTEMIS to extract the Pt – O bond length 

for the various cases.  The fitting for the Pt – O occurred over a k range of 3 – 7.8 Å-1 and a k 

weight factor of k1.  For all cases, the Pt – O bond length was determined to be rPt-O = 1.98±0.03 

Å.  The Pt – O bond length for a tetragonal PtO crytstal structure28, 132  is 2.04 Å with a 

coordination (NPtO) of 4.  The Pt – O coordination from the data could not be obtained reliably. 
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6.5 Discussion of the Pt / nanocube results 

 The Pt clearly deposits as discrete nanoparticles (Fig. 6.2) rather than as a continuous 

layer.  The nanoparticle size after 5 ALD cycles from both the SEM image and WAXS analysis 

is on the order of 3 nm.  In concordance with this, the interparticle spacing from SAXS is also 

consistent with SEM.  Taking the size and spacing into account, the platinum mass per area (Θ) 

can be calculated using the following relationship: 

! 

" =
Vp#

D
2

,     (6.4) 

where Vp is the particle volume and ρ is the buoyant density.  For the case of 5 ALD cycles 

where the mean nanoparticle size, t111 = 3 nm and mean center-to-center distance D = 6 nm, a 

cube shaped particle at the bulk density of platinum (21.45 g cm-3) would give Θ ~ 2 x 10-3 mg 

cm-2.  Recent reports indicated methanol based fuel cells need a Pt loading much less than 1 mg 

cm-2 for economic justification.11, 14   Furthermore, the nanoparticles of this size range are likely 

to show a size-property relationship related to their chemical activity.133, 134   

The X-ray scattering data show that the Pt nanoparticle size and spacing correlates with 

ALD cycle.  Consequently, the coordination, bond properties, and chemical state may be related 

to the size of the nanoparticle.  The general trend would be then as the size decreases, the Pt – Pt 

bond length and coordination decreases.  These phenomena have been observed for platinum3, 5 

and could be related to the particle size effect to catalytic activity as has been demonstrated with 

gold nanoparticles.4   However, changes in platinum activity could be expected through a 

different mechanism as the Au study concluded an electron enrichment of the d-orbitals.  For the 

ALD Pt, the white line intensity increases indicating that the d-orbitals are loosing electrons.   

The XAS data for the ALD Pt does indeed suggest that the Pt is oxidized for at least one and two 



 89 

ALD cycles.  The extent of the Pt oxidation may be understood by considering that the 

nanoparticle sizes are on the order of a nanometer or less.  For such small particles, the lattice 

oxygen from the SrTiO3 could be contributing significantly to the Pt - O bond detected by XAS.   

To investigate the role of the lattice oxygen, consider the density functional theory (DFT) 

calculations for the Pt/SrTiO3 (001) system.61  The DFT modeling indicates that the Pt will prefer 

to bind to the lattice oxygen. The stability of the Pt/SrTiO3 DFT structure improved as the  Pt – 

O bond length approached ~ 2 Å. Furthermore, the DFT calculations expected a contraction of 

the Pt – O bond length as the Pt loading decreased. The EXAFS analysis indicated  the Pt – O 

bond length to be 1.98±0.03 Å. The Pt – O bond length for crystalline platinum (II) oxide is also 

~ 2 Å.  Since there appears to be no systematic change in the ALD Pt – O bond that may link it 

directly to SrTiO3 lattice oxygen, it is likely that the nanoparticles are oxidized through 

interaction with the environment. Along with the nanoparticle size, the platinum coordination 

decreases with ALD cycles.  The nanoparticles are presumably more susceptible to oxidation 

from the environment as their size decreases. The nanoparticles would then experience some 

oxidation when exposed to air upon removal from the reactor, which could be verified by some 

in situ spectroscopic measurement of the platinum chemical state during deposition and a 

systematic comparison to ALD platinum on non-oxide supports.  

Oxidized platinum nanoparticles have not been widely reported on and consequently their 

structure-property relationships have not been explored.  The implications of oxidizing the 

platinum may be interesting when considering specific oxidation/reduction catalysts for fuel cell 

architectures. However, the window to platinum oxidation in terms of process parameters is 

relatively narrow since at 5 ALD cycles, the nanoparticle chemical state is ~60% bulk platinum 

and generally follows a linear conversion trend.  This is not surprising as the original work116, 117, 
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120 on the MeCpPtMe3 precursor found little to no platinum oxidation for stead-state growth 

regimes (> 200 ALD cycles).  Thus, by simply changing the number of cycles in early growth 

regimes leads to appreciable changes in the chemical state, size, and dispersion of nanoparticles.  

Additional control of these properties could possibly be expanded by adjusting ALD process 

parameters such as the precursor pulse time or pressure.  

6.6 Summary of ALD Pt / SrTiO3 nanocubes 

 The atomic layer deposition of platinum nanoparticles on cube-shaped strontium titanate 

nanoparticles has been investigated.  Nanostructured materials of this nature offer some 

significant advantages for application in the fuel cell and catalyst fields.  These advantages are 

tied to the nanoscale structure and morphology of the system.  In accordance with this, the 

deposition at this length scale was characterized using electron microscopy, small-angle X-ray 

scattering, and X-ray absorption spectroscopy.  Depending on the number of ALD cycles, the 

platinum nanoparticles range in sizes from ~0.7 – 2.7 nm and are well dispersed on the support.  

The loading of the platinum is extremely efficient, ~10-3 mg cm-2. The nanoparticles also show a 

Pt – Pt bond contraction and a tendency to become oxidized as the number of ALD cycles 

decreases.   The oxidation most likely occurs through the environment as the material is removed 

from the reactor.  These results are expected to be applicable to the nucleation of nanoparticles 

for other noble metals using ALD.    
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Figure 6.1  Platinum loading versus number of Pt ALD cycles measured by mass gain.  The 
solid line shows a linear least-squares fit to the data.  Data collected by Jeff Elam, ANL. 
 
 
 

 
 
Figure 6.2   SEM images of STO nanocubes before (a) and after (b) coating with Pt 
nanoparticles using 5 ALD Pt cycles.  Images taken at the Electron Microscopy Center for 
Materials Research, ANL by Jeff Elam using a Hitachi S-4700 SEM.
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Figure 6.3 SAXS data showing the interparticle scattering interference for the Pt nanoparticles.  
This leads to a peak from which the interparticle spacing can be derived by use of eq 6.1.  The 
data show a dependence on the number of ALD cycles for the position of the peak, which has 
been fitted with a pseudo-Voigt function on a power-law background (black line).  Data 
collected at 12ID-C, APS by Byeongdu Lee. 
 

 
 
Figure 6.4 The SAXS derived platinum interparticle spacing as a function of ALD cycles. The 
data points are derived from eq 6.1 and the peak fits shown in Fig. 6.3. 
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Figure 6.5 WAXS data for uncoated SrTiO3 nanocubes.  The Bragg peaks have been indexed. 
The positions and relative intensities of the peaks are consistent with polycrystalline cubic-P 
SrTiO3 with a = 3.90 Å.  Data collected at 5ID-D, APS. 
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Figure 6.6 Line broadening effects of the (111) diffraction peak due to the Pt nanoparticle size.  
An uncoated SrTiO3 pattern has been overlaid to illustrate the effect.  The broadening was fit 
with eq 6.3 to determine the crystallite size from the fwhm using eq 6.2.  Data collected at 5ID-D, 
APS. 
 
 

 
Figure 6.7 The platinum crystallite size determined from line shape analysis of the WAXS data.  
(The 1 cycle case did not yield a Pt 111 measurable diffraction peak.)  The linear growth trend is 
consistent with nanoparticle growth for ALD. 
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Figure 6.8 The measured normalized X-ray absorption cross sections near the Pt L3 edge for the 
ALD samples, a Pt foil reference, a platinum (II) oxide reference, and a platinum (IV) oxide 
reference.   At one ALD cycle the platinum is in a similar state as platinum in PtO and as the 
number ALD cycles increases, the platinum chemical state becomes more bulk like. Data 
collected at the APS DND-CAT 5BM-D station. 
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Table 6.1: Pt L3 edge shift 
(E0 = 11564 eV) 

Sample ΔE (eV) 
PtO2 + 2 
PtO + 1 
1c + 1 
2c + 1 
3c 0 
4c 0 
5c 0 

Pt foil 0 
 
Table 6.1 Pt L3 edge shift, ΔE.  The shift in the absorption edge, E0, is related to chemical state 
of the platinum. E0 is most often determined by the zero crossing of the second derivative for the 
peak in the absorption spectra.  A positive shift in ΔE for E0 to higher energies is indicative of the 
platinum being oxidized.   
 
 

Table 6.2: XANES Linear 
Combination Fitting Results 
Sample % Pt % PtO 

1c 10 90 
2c 23 77 
3c 35 65 
4c 48 52 
5c 57 43 

 
Table 6.2. XANES linear combination fitting.  The line shape of XANES spectra may be fit as a 
linear combination of reference spectra to give an estimate of the amount of a material with a 
given chemical state.  The ALD data were fit with the spectra from a Pt foil and platinum (II) 
oxide.   
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Figure 6.9  Magnitude of the Fourier transform of the EXAFS for determining the Pt-Pt bonding 
and Pt-O bonding.  As the number of ALD cycles increases, the Pt-O bond diminishes as the Pt-
Pt bond increases.    
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Table 6.3 EXAFS fitting results giving the Pt-Pt bond length and approximated Pt coordination.   

Table 6.3: EXAFS fitting results of the Pt 
coordination and Pt – Pt bond length 

Sample NPt rPt-Pt (Å) 
1c 0.2 2.70 ± 0.05 
2c 1 2.72 ± 0.02 
3c 2.6 2.74 ± 0.01 
4c 3.7 2.74 ± 0.01 
5c 4.4 2.75 ± 0.01 

Pt foil 12 2.76 ± 0.01 
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Chapter 7: Concluding remarks 

 

7.1 Conclusion 

 Catalysis continues to be an area where processes occurring at the nanometer length scale 

have a defining technological impact for society in the modern era. This dissertation examines an 

integral aspect of heterogeneous catalysis, namely the nucleation and growth of supported 

nanoparticles primarily in terms of the nanoscale morphology. Investigating catalytic materials at 

this length scale is essential to developing the next generation of catalysts using novel synthesis 

techniques.  Key issues related to the nucleation and growth of catalytic nanoparticles includes 

the size, dispersion, and chemical state.  From a materials science perspective, these issues will 

impact the catalytic properties the nanoparticles exhibit and the performance they yield as a 

function of their morphology.  This dissertation may now be evaluated under these terms. 

 Chapter 4 gives an example where the size and dispersion of the nanoparticles are 

investigated in an extreme case. To summarize, the AFM data showed nanoparticles on the order 

of few tens of nanometers being separated by ten times that amount.  The GISAXS confirmed 

this through Guinier analysis, but also showed a nanostructure of a finer nature.  This conclusion 

was supported by the XRF coverage indicating that the amount of platinum was insufficient to 

interpret the GISAXS fitting directly.  The most reasonable model consisted of the morphology 

observed previously using TEM where platinum nanoparticles have aggregated without 

coalescence.    This behavior of platinum nanoparticles offers insight into achieving extremely 

high surface areas since extremely small particles (~2 nm) appear to be stable.  By applying the 

results of the XAS data presented in Chapter 6, the platinum nanoparticles from PVD are likely 

to be similar to bulk platinum in terms of oxidation state as they do not approach ~1 nm in size.  
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The Pt loading for this case is on the order of a monolayer, which is approaching the levels for 

economic viability of fuel cells.14  The major issue preventing PVD for application in 

technological aspects would be the lack of ability to uniformly coat complex surfaces.  

 The nanoparticles deposited by atomic layer deposition from Chapters 5 and 6 may also 

be assessed in terms of their morphology.  To summarize these chapters, the nanoparticles 

nucleate on both single crystal substrates and nanocube in a uniform manner where the size, 

dispersion and chemical nature depends on the number of ALD cycles.  The growth rate for 

platinum on SrTiO3 was higher than expected until the film coalesced and steady state ALD 

growth could occur.  The growth mechanism for Pt nanoparticles involved both atomic diffusion 

and vapor deposition on the growing nanoparticle. The platinum was shown to take on a bulk 

metallic state in the range of 3 – 5 ALD cycles.  For 1 – 2 ALD cycles, the ~1 nm platinum 

nanoparticles were oxidized by the environment.  The platinum loading was exceptionally clean 

and economic.  As described previously, ALD offers significant opportunities for scale up as it 

can coat complex geometries common to industrial applications.   

 The results provided from this project are intended to provide a pathway for those in the 

catalyst community to develop the next generation of catalysts.  This work offers a detailed 

understanding of the morphology such as size and dispersion as well as the chemical state that 

can be obtained for the desired application.  Consequently, the catalytic activity may be 

evaluated in terms beyond the surface concentration of the catalyst to include variables such as 

the nanoparticle size or dispersion.  Furthermore, this work provides valuable information on the 

emerging field of catalyst synthesis via atomic layer deposition.  Indeed, ALD has demonstrated 

the ability to nucleate nanoparticles in a clean, efficient, and precise manner. 

 Finally, another major goal attempted in this work is to motivate the combination of 
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imaging and X-ray techniques, particularly AFM and GISAXS.  This work clearly demonstrates 

that without both imaging and structural probes, an incomplete characterization of the system 

may result.  Consequently, this would have limited the ability to realize new opportunities in 

catalyst development.  Such opportunities are also better served by these nondestructive 

characterization methods, which can operate in a variety of environments. Furthermore, the ease 

of and availability of AFM can greatly facilitate the productivity of synchrotron experiments, not 

to mention the aid AFM provides in the data interpretation.  At the synchrotron, GISAXS can 

extend the AFM results by providing the ability to perform catalytic experiments in situ and to 

integrate with other X-ray techniques such as absorption spectroscopy.  Thus, it is hopeful that 

the principles demonstrated in this work may lead to similar efforts for future catalysis research 

opportunities.   

7.2 Outlook 

 The primary focus of moving this work forward involves testing the catalytic 

performance of the various Pt/SrTiO3 morphologies studied herein.   As noted by some of the 

original researchers on Pt/SrTiO3, the photocatalytic activity improved as the platinum film 

decreased in thickness.72 This observation in part motivated this work because at the time it was 

published, many of the principal techniques used in the study were not available.  Catalytic 

measurements open the door to optimization and improvement of PVD and ALD as tools for 

catalyst synthesis through the identification of key structure-property relationships.  

 Ref. [72] offers a starting point for photocatalytic measurements as hydrogen production 

was studied from platinum films on single-crystal SrTiO3 substrates.  Both the PVD and ALD 

SrTiO3 (001) samples could be compared against the results of Ref. [72].  Reaction studies on the 

single crystal samples prepared during this project would elucidate the relationship between the 
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catalytic performance and the morphology.  Catalytic performance can thus be understood 

through direct knowledge of nanoparticle size, spacing, and chemical state.  Furthermore, the 

impact of the photocatalysis on the morphology could also be gauged to determine 

morphological stability under photocatlytic reaction conditions.    

 Researchers at Argonne National laboratory performed catalytic measurements on 

Pt/SrTiO3 nanocubes that yielded some interesting results regarding propane combustion.  The 

system appears to show an improvement in reducing the activation temperature for complete 

propane combustion.  In general, this translates into better energy efficiency and interesting 

opportunities for pollution control.   However, the major issue remaining is to determine the 

novelty of the support versus the ALD catalyst.  This would provide the opportunity to 

understand how the SrTiO3 nanocube may affect the catalyst performance when compared to 

other forms of SrTiO3 and other support materials altogether.  In addition to catalysis testing, the 

experiments would need to include microscopy, SAXS, and XAS measurements for the new 

support materials.  These experiments would not be difficult to conduct and would provide a path 

to develop a new generation of pollution control catalysts for application in the automotive and 

industrial sectors. 

 To make the catalytic measurements more meaningful, specific parameters may be tested 

regarding the PVD and ALD techniques.  In the case of the PVD study, a broader exploration of 

the platinum coverage may be considered.  TEM images from Ref. [8] indicate that the Pt 

aggregation was in part a function of the platinum coverage and they showed situations where 

the small Pt nanoparticles completely cover the substrate without coalescence.  Often increasing 

the catalyst coverage leads to catalytic poisoning due to nanoparticle coalescence.   However, the 

resistance of the platinum nanoparticles to coalescence may allow for increased platinum loading 
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without a loss in activity.  Small-angle scattering experiments could be conducted to model the 

attractive/repulsive potential described in Ref. [10] as the mechanism for the resistance of Pt 

nanoparticles to coalescence.   In addition, more structural/morphological studies are warranted 

to investigate the behavior in similar materials such as palladium, nickel, etc.  A good figure of 

merit to consider in investigating other materials for similar behavior is the melting point. 

Platinum has a relatively high melting point while materials with lower melting points, such as 

gold and indium, showed coalescence.   

 As for atomic layer deposition, many opportunities lie untested.  One major prospect 

would be to perform systematic studies on parameters such as the pulse time in the ALD cycle 

and precursor pressure.  These two parameters will significantly impact the catalyst loading and 

consequently the size, dispersion, and chemical state of the nanoparticles. ALD also affords 

significant opportunities in catalyst architecture such as core-shell structures, alloy catalysts, and 

schemes to structurally inhibit nanoparticle sintering and catalytic poisoning. Since ALD could 

be a viable technique for scale up, additional cost-benefit analyses are required. The major 

obstacles to bringing ALD out of the laboratory and into industry include the cost and 

availability of ALD precursors on an industrial scale as well as the cost of building and 

maintaining large ALD reactors.   ALD catalysts must then offer significant improvements to 

catalytic performance to outweigh the costs.  This is an extremely interesting question to answer 

from a research perspective and will likely motivate more work in this area.   

In closing, the significant attention energy related issues currently receive offers 

considerable opportunity to the research community to provide more solutions to energy 

production, security, and efficiency.  In a small way, this dissertation serves as a prelude to the 

prospects ALD and PVD catalysts may offer to such energy solutions.   
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9. Appendix A: Surface structures of SrTiO3 (001) prepared during this project 
 

(1x1) The (1x1) designates the bulk terminated surface for either the strontium-oxygen or 

titanium-oxygen chemical terminations.  The (1x1) is the unreconstructed surface and was 

observed after etching with BHF and directly loading into a vacuum chamber equipped with 

LEED system.  Figure A.1 is an example of the (1x1) LEED pattern and AFM image for a BHF 

treated SrTiO3 sample.  The faint atomic steps are visible after the etch in the image.  The (1x1) 

has also been observed by first using the BHF solution and then annealing to 950°C in a tube 

furnace for 1 hour with flowing O2, Ar, or a H2(5%):N2(95%) mixture; the results of which are 

shown in Figure A.2.  The morphology exhibited in Fig. A.2 maybe related to the annealing 

atmosphere but a systematic study of atmosphere, time, and temperature did not produce routine 

methods to achieve a particular morphology.  The exception to this was oxygen annealing in that it 

consistently produced the cleanest and most defect-free atomic steps.  

(2x1)  The 2-domain (2x1) reconstruction, hereafter (2x1), is one of the most studied 

SrTiO3 surface structures and was first observed by the Zegenhagen group using STM and 

LEED.27  This paper showed a phase transition between the (1x1), (2x1), and (2x2) by heating in 

vacuum.    A solution using transmission electron microscopy (TEM) to the (2x1) structure has 

been presented by Erdman et al.26  The result is a structure where the last two layers of the surface 

consist of two titanium ion sites surrounded by oxygen ions.  The preparation of this surface 

involved first the BHF treatment followed by Ar+ bombardment as part of the TEM sample 

thinning preparation.  The thin sample was then annealed in oxygen at 1000°C for several hours to 

‘heal’ the ion bombardment damage.   

 The preparation approach conducted within this project was more consistent with the 

literature.27-29, 31  This is due to numerous attempts to employ an oxygen anneal in the preparation 
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based on results from Erdman et al. and a former Bedzyk group member, Alexander Kazimirov, 

who incidentally worked in the Zegenhagen group.  The Kazimriov method was able to get 

brilliant (2x1) LEED patterns after the BHF etch, oxygen anneal, and then ultra-high vacuum 

(UHV) annealing to > 900°C.  After several attempts to reproduce this result, a successful (2x1) 

LEED pattern was produced after etching with BHF and then annealing to 930°C for 1 h in UHV.  

This is very similar to the method used by the Zegenhagen group27 and does not require any 

oxygen annealing.  This (2x1) reconstruction was produced routinely during the course of this 

project and an example of the LEED pattern is given in Figure A.3 (a).  Since diffraction patterns 

do not necessarily constitute a unique structure the differences between recipes for the (2x1) may 

be due to two different structures.  Another possibility lies in differences between the vacuum 

chamber, temperature calibration, and other experimental parameters that may have been 

overlooked.  

(√13x√13)R33.7° The most common surface reconstruction observed during this project is 

the (√13x√13)R33.7°.  This was a byproduct of the efforts to prepare the (2x1) using an oxygen 

annealing step.  The reconstruction is prepared by first etching with the BHF solution followed by 

annealing in flowing oxygen at 900-1050°C for five to twelve hours.  For example, Figure A.3 (b) 

shows the LEED pattern after annealing at 900°C for 11 h, but similar results were obtained by 

annealing for 5 h at 1050ºC.  This is compared to that reported in the literature where the 

(√13x√13)R33.7° was observed using reflection high energy electron diffraction (RHEED) after 

annealing in oxygen for 2 hours at 800°C.31  The structure was tested for stability during this 

project by iteratively collecting the LEED pattern after exposing to air.  The LEED pattern 

persisted for a little over an hour of total exposure time.  This pattern was also obtained and 

observed with TEM in collaboration with the Marks group.  Pre-thinned TEM samples were 
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etched and annealed in the same manner as above and then subsequently transferred to the TEM 

for imaging.  No reports have been published with a solution to this particular structure.  This 

reconstruction was selected for platinum nanoparticle studies because of the clean terraces and the 

relative ease to produce it with etching and annealing in a tube furnace.  A diagram of the real 

space and k-space (√13x√13)R33.7° structure is given in Figure A.4. 

(√2x√2)R45°  This project produced one other distinct LEED pattern indicating a different 

reconstruction.  By annealing in a UHV environment a sample that first showed the 

(√13x√13)R33.7° (after oxygen annealing) the LEED pattern was observed to change to a 

(√2x√2)R45°  as shown in Figure A.3 (c).  The UHV annealing was measured with an optical 

pyrometer to be 1000°C and lasted for an hour.   
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Figure A.1 A) LEED pattern and B) AFM for BHF etched SrTiO3.  The LEED pattern is the 
(1x1)  bulk-terminated SrTiO3 and the AFM shows faint atomic steps.  LEED collected at NU 
using the Bedzyk UHV system. 
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Figure A.2 LEED and AFM images of SrTiO3 (001) after various surface preparations.  All the 
samples show the (1x1) bulk LEED pattern and atomic steps and were first etched with buffered 
hydrofluoric acid.  The one hour annealing treatment included: A) and B) flowing oxygen at 950 - 
1050°C; C and D) flowing H2/N2 (5%:95%) at 900°C; E and F: argon at 900°C.  The surface 
morphology of these structures was systematically studied as a function of the annealing gas and 
temperature.  There was no success at reproducing the observed morphology consistently.  In 
general, oxygen annealing produced the cleanest atomic step structure with minimal defects.  
LEED pattern beam energies A) 154 eV; C) 163 eV; E) 165 eV.  
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Figure A.3  LEED patterns for different SrTiO3 reconstructions: A) (2x1) – two domain; B) 
(√13x√13)R33.7°; C) (√2x√2)R45°.  The (2x1) was obtained using the BHF etch and 
annealing in UHV for 1 h at 930º.  The  (√13x√13)R33.7° was produced after first etching and 
then annealing in flowing oxygen for 5-12 h with a temperature range of 900-1050ºC.  This 
pattern was also produced on a pre-thinned TEM sample. The (√2x√2)R45° was observed after 
first producing the   (√13x√13)R33.7°and then annealing to 1000ºC for 1 h in UHV.  LEED 
pattern beam energies: A) 51.2 eV: B) 46.7eV; C) 134 eV.  
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Figure A.4 Diagram of the real space and k-space (√13x√13)R33.7° structure with the definition 
of the recipricol lattice vectors a* and b* in terms of the lattice vectors (a, b) and surface normal, 
n.  
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10. Appendix B: X-ray standing wave atomic density maps 
 

This section describes origin of the platinum atomic density maps shown in Figure 2.5.  

The data stems from the work of A. Kazimirov, a former Bedzyk group member who started Pt / 

SrTiO3 (001) project.  The following will highlight key issues regarding the sample preparation, 

measurement and the atomic density maps.     

The substrates were procured from OKEN, a Japanese firm, who grew them with the float 

zone method as opposed to the Verneuil method discussed in Chapter 2.  It was later learned that 

OKEN is the only manufacturer to use the float zone method which is known in the industry to 

produce the highest quality SrTiO3 substrates.  OKEN discontinued supply of float zone SrTiO3 

to other vendors for cutting and resale.   

The sample preparation occurred at 12ID-D of the APS with the Bedzyk group UHV 

chamber interfaced with the beam line. Based on the logbooks and reports, the sample 

preparation involved a BHF etch and 5 hour anneal in an oxygen furnace at 1050ºC.  Following 

this, the samples were annealed in UHV for 30 minute installments at 950ºC until the two-

domain (2x1) reconstruction appeared.   Usually, one 30 minute installment was sufficient.  

Platinum deposition followed via e-beam evaporation (Omicron) while the sample was held at 

400ºC.  The samples were then annealed for 30 minutes at ~500ºC prior to XSW measurements.  

This process was repeated until a coherent fraction was measured.  The samples were annealed 

further in between XSW measurements.  Of 25 – 30 samples prepared only four seemed to have 

a coherent fraction and only two of these showed a stable coherent fraction when brought out 

into air.  The stability in air was exceptional as the XSW measurements in air were collected 

several months after they were prepared.  No mention of where the samples were stored between 

the XSW measurements.  
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Details of XSW analysis are reviewed elsewhere.99, 100  The atomic density maps are 

generated by summing the measured Fourier components extracted from the XSW fitting. These 

components are termed the coherent fraction (fH) and coherent position (PH) for the Bragg 

reflection H.  The fH and PH give are respectively the Fourier amplitude and phase. The atomic 

density is given by99: 

! 

"(r) = f H exp[i(2#PH $H •r)]
H

% .   (B.1) 

The atomic density maps shown in Figure 2.5 were plotted using the Matlab routines.  Examples 

of the Matlab code has been given in dissertation work of Bedzyk group members (Zhang, 

Escuadro, Okasinski).  Tables B.1 and B.2 give the coherent positions and coherent fractions 

used to make the Figure 2.5 images. 

 
Table B.1: STO 012, 0.60 ML Pt / SrTiO3 (001) 

hkl fH PH 
001 0.07 0.07 
002 0.39 -0.18 
011 0.07 0.07 
022 0.22 0.84 
111 0.35 -0.13 
222 0.15 -0.08 

 
Table B.2: STO 013, 0.17 ML Pt / SrTiO3 (001) 

hkl fH PH 
001 0.21 0.68 
002 0.26 0.93 
022 0.11 0.15 
111 0.26 0.61 

 
 
Tables B.1 and B.2 Coherent fraction and positions for the XSW results of Alexander 
Kazimirov.  
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11. Appendix C: X-ray reflectivity at low angles 
 
 

 
 This project included several X-ray reflectivity (XRR) studies that were ultimately not 

included in main body of the dissertation.  Explanation of X-ray reflectivity for various 

structures is given in detail elsewhere.92, 98, 135 The discussion for the reflectivity of a platinum 

film on a SrTiO3 substrate herein is restricted to the kinematical approximation. The XRR is 

related to the Fourier transform of the electron density of the film and substrate and is given by98:   
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where ρe(z) gives the electron density profile of the material along the z-direction, which is 

normal to the surface and RF(q) is the Fresnel reflectivity of the substrate.  The Fresnel 

reflectivity is also discussed in Ref. [98].  To a first approximation, the electron density profile 

and its derivative with respect to z for a Pt film of thickness t on a SrTiO3 slab are given by the 

following equations:  
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where b is the average electron density of the film normalized to the substrate electron density 

and δ(z) is a delta function. For real samples interface roughness creates a diffuse interface, 

which can be approximated by a Gaussian function: 
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where σ gives the interface roughness.  Replacing the delta functions in eq C.3 with eq C.4  and 
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taking into account the possibility of two different interface roughness values, the derivative of 

the electron density profile becomes: 
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The reflectivity may then be calculated by inserting eq C.5 into eq C.1 and simplifying with 

Euler’s formula to give:   
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Figure C.1 shows the measured XRR and fits based on eq C.6 using the MOTOFIT Igor 

plugin136 for a series of ALD Pt/SrTiO3 (001) cases.  The electron density profiles are given in 

Figure C.2 with the fitting results given in Table C.1.  Table C.1 includes the following fitted 

parameters: film thickness (t), the interface roughness (σ), and the electron density of the Pt film 

(b), which has been converted to the percent ideal platinum density (ρ = 66.3 Pt atoms /nm3).   

The platinum coverage (Θ) is calculated from the XRR fitting results by: ΘXRR = f t *ρ where f is 

the fraction density related to the % ρ from the table.  The platinum coverage measured directly 

by X-ray fluorescence is given by ΘXRF.  The calculated coverage data show good agreement 

with the XRF measurements and indicate that the growth rate slows at 80 cycles.  The change in 

growth rate is the focus of Chapter 5.  
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Figure C.1 X-ray reflectivity for ALD Pt films following deposition. Offset for clarity:  20 
cycles, no offset; 30 cycles, offset = 0.013; 40 cycles, offset = 0.015; 80 cycles, offset = 0.0315. 
Data collected at NU X-ray facility (Rigaku ATXG). _____ 
 
 
 

ALD cycles 20 30 40 80 
t (nm) 2.3 ± 0.2 3.2 ± 0.1 4.3 ± 0.1 5.4 ±0.2 

σPt (nm) 0.7 1 0.8 1 
σPt/STO (nm) ~0 0.4 0.3 0.3 

% ρ 56 ± 19 79 ± 11 85 ± 4 79 ± 9 
ΘXRR (x 1014 cm-2) 87 ± 36 170 ± 25 240 ± 12 279 ± 35 
ΘXRF (x 1014 cm-2) 74 ± 1 165 ± 3 234 ± 5 262 ± 5 

 
Table C.1 XRR fitting results for data from Fig. C.1.  Fitted parameters include the film 
thickness(t),  interface roughness (σ), and film density compared to ideal platinum density , % ρ.   
Also included is measured (XRF) and calculated (XRR) platinum coverage.   
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Figure C.2 ALD Pt/SrTiO3 density profiles from the fits in Fig. C.1.  The profiles are in terms of 
the index of refraction component δ and include the film thickness and interface roughness.  
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12. Appendix D: Plans of the X-ray reaction cell base 
 

 
 This appendix describes the construction of a reaction cell designed to facilitate in situ X-

ray measurements.  The construction consists of building a base for an already existing beryllium 

dome.  Figure D.1 is a conceptual drawing of the device.  The base incorporates a sample holder 

that can heat the sample under gas flow or vacuum.  The sample heater is a pyrolytic boron 

nitride heater (Momentive Performance Materials Quartz, Strongsville, Ohio, part no HTR1001).  

The design features two KF16 vacuum ports to provide electrical and thermocouple access.  Two 

0.25” tubes provide flow access using compression fittings.  The heater sits on a machinable 

ceramic stand (Macor, Corning Inc.), which is thermally insulating. The base can also 

accommodate water cooling.  Figures D.2 and D.3 are schematic drawings of the base and Macor 

stand.  The base can also accommodate sample cooling with some modifications.   The base is 

stable enough to enable XSW measurements to be conducted simultaneously with sample 

heating and gas flow.   

 

Figure D.1 Conceptual drawing of the Be dome and reaction cell base.   
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Figure D.2 Schematic drawing of the Be dome base.   
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Figure D.3 Schematic drawing of the machinable ceramic base. 
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13. Appendix E: Experimental Facilities 

 

Herein are listed additional information on the experimental facilities that were used for 

preparing and characterizing the Pt/SrTiO3 (001) samples studied within this dissertation.  

 In the Bedzyk Research Lab at NU the Lindberg/Blue tube furnace was used for oxygen 

annealing the substrates. The tube furnace entailed a fused quartz tube with fused quartz end caps 

(Quartz Scientific).  The samples were held in fused quartz boats made by the NU glass shop 

(Wilmad Lab Glass).   Gas flow originated from gas cylinders with a standard regulators and a 

custom flow meter (Matheson Trigas).  Gas flow was set to a nominal flow of ~100 sccm for air.   

The Bedzyk UHV MBE surface science chamber [W.P. Rodrigues PhD Dissertation NU 2000] 

was used to prepare the reconstructed SrTiO3(001) surfaces, deposit Pt on the surface with a 

Omicron triple e-beam evaporator, and characterize the surfaces with an Omicron Specta-LEED 

system and Physical Electronics Auger single-pass cylindrical mirror analyzer.  

 The work conducted in the Hersam group facilities primarily involved the use of the CP 

Research AFM (Thermomicroscopes – now Veeco).  There were two of these instruments with 

the bulk of the work being done with the instrument in Cook Hall 1119a serial No. CP0565. The 

other AFM in Cook Hall 1117 serial No. is CP0508.  Samples were mounted on bare steel tabs 

with no tape. 

 Several instruments were used in the X-ray Diffraction facility at NU.  However, for the 

data presented in this dissertation the primary instruments include the Blake Industries 5-bounce 

high-resolution diffractometer (Fig. 2.2); the Bedzyk group Rigaku 2-circle 18 kW that was 

outfitted with a Zr coated rotating anode for fluorescence measurements (Fig. 5.6); the Rigaku 

ATXG produced the reflectivity data in Appendix C.  
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 Wet chemical treatment of the single crystal substrates was performed in both the Bedzyk 

and Hersam groups.  Glassware was standard for deionized water and organic solvent sonication 

with samples being held in a custom-made Teflon dip basket (NU machine shop).  For BHF 

etching, custom Teflon beakers  (NU machine shop) were used to hold the HF solution and the 

custom made dip basket was also used.  Ultra-sonic instruments included a Cole-Palmer 8891 

(Bedzyk group) and a Brinson 3150 (Hersam group). Deionized water was obtained from a 

Millipore Synergy 185 (Bedzyk group) and a Barnstead NANOpure Diamond (Hersam group), 

which both produced water with 18 MΩ-cm resistivity.   

 A total of five personal laboratory notebooks and two group notebooks were used to 

record the work performed during this dissertation.  The notebooks include two for general use 

as well as most of the work done in the Hersam group.  All AFM data and tube furnace annealing 

data are recorded in these two notebooks.  The other three notebooks contain the work related to 

X-ray studies both at the APS and NU. These notebooks also contain all the XSW work on 

Pt/SrTiO3. The preparation of the samples in Chapter 4 with the Bedzyk group UHV chamber 

was recorded in two Bedzyk group logbooks that accompany the vacuum chamber. 
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