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Interfacial & Nanoscale Science Facility

The Interfacial & Nanoscale Science (I&NS) Facility is a world-class resource for scientific
expertise and instrumentation related to the study of interfacial phenomena and nanoscience
and technology. The facility is closely aligned with the Interfacial Chemistry & Engineering
(IC&E) group within the Chemical Sciences directorate of the Fundamental Science Divi-
sion. This section summarizes the capabilities that exist in the I&NS facility, along with
research programs associated with facility users (including the staff from IC&E). Activities
in the I&NS facility and IC&E programs are jointly helping to address national needs in
environmental restoration, waste management, pollution prevention, energy, and national
security through research that specializes in preparation, characterization, interactions, and
reactivity of interfaces and nanoscale materials. The range of scientific expertise and instru-
mentation within the I&NS facility provides a unique environment for research in areas such
as nanoscience and nanotechnology; heterogeneous catalysis; environmental interfaces
including aerosols and minerals, materials interfaces and chemoselective interfaces, and areas
within microanalytical science such as chemical sensing and microfluids.
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equipped clean room for microfabrication,
microanalytical systems development and testing laboratories; inorganic, organic, polymer,
and biochemical synthesis and characterization facilities; a full complement of thin film
deposition and characterization facilities; and fully equipped analytical support laboratories.
The combination of surface and interface characterization techniques that provide high
spatial, depth, and energy resolution for a broad array of methods is unmatched anywhere in
the world. Many systems are coupled directly to film growth chambers, and samples can be
moved among 16 different systems under controlled environment without exposure to air.

1&NS facility staff in collaboration with members of the IC&E group continue to focus on
innovative research in the areas of surface and interfacial chemistry, advanced materials
synthesis and characterization, and microanalytical science. Our activities emphasize
research relevant to the four DOE mission areas — basic science, energy, the environment,
and national security—and operation of a world-class user facility for scientific problem
solving. Our staff also plays a major role in the continued success of the EMSL by
providing support, training, and collaboration to onsite users. Over the past five years,
IC&E and user research activities in the I&NS facility were concentrated in four major
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thrust areas: Films and Interphases, Microsensors and Microfluidics, Surface Chemistry and
Catalysis, and Materials Interfaces. Staff within the I&NS facility continue to direct their
efforts along these lines, with research focused in the following areas:

e Oxide and Mineral Films and Surfaces — structural and chemical properties of model
single crystal oxide and complex mineral surfaces

e Electronic and Catalytic Materials — high dielectric materials, magnetic oxide
semiconductors and oxide catalysts

e Nanoscale Materials — oxide quantum dots and nano films of magnetic and oxygen ion
conducting oxides

e Interfacial Properties and Reactivity — reactions at oxide and mineral interfaces and the
structural and chemical properties

e Microanalytical Separations and Sensing — development of new microanalytical
principles, tools, and testing

e Environmental Studies — waste separations, structural and chemical stability of waste
forms under different radiation and chemical environment, and atmospheric aerosols

e Analysis and Characterization — fully equipped analytical laboratories and
characterization facilities.

Films and Interphases. The physical and chemical properties of the region between single
phases of material (the interphase) have a major influence on many characteristics of the
material, including stability, electronic properties, atomic and ionic transport, and chemical
reactivity. Research programs include the synthesis of thin films and nanostructured
materials, both of which contain a high concentration of interphase regions. The research
activities also involve studies of solid/solid, solid/liquid and solid/gas (ot vacuum) intet-
phase regions. Although most studies are focused on inorganic materials and interphases,
organic and biological systems are becoming an increasingly large part of our work.

Surface Chemistry and Catalysis. Basic research is carried out with the simplest, most
well defined, environmentally relevant crystallographic structures (mineral carbonates, metal
oxides) where molecular theory and spectroscopy are immediately applicable. The work
then progresses to materials with more complex structures, such as iron and titanium oxides
with substitutional impurities. For example, fundamental studies of the oxygen storage and
release properties of pure and zirconium-doped ceria single crystal thin films are aimed at
understanding how these “oxygen storage materials” perform in an automobile exhaust
catalytic converter. In addition to fundamental surface chemistry research, we are develop-
ing materials and reactor designs for a number of heterogeneous catalytic processes. One
study involves synthesizing, characterizing, and testing a group of novel, mesoporous silica-
supported, solid-acid catalysts for use in petroleum refining processes.

Materials Interfaces. Studies are being conducted on solid/solid interfaces in a wide
variety of materials, radiation effects in materials, fundamental defect properties and
interactions, atomic and ionic transport, and aerosol characterization. Many of the studies
on solid/solid interfaces involve 1) the charactetization of interfaces between thin films and
substrates, between ion-beam-modified surfaces and original substrate, or between
nanoclusters and host matrices, 2) the segregation or diffusion of point defects, impurities,
dopants, or gas atoms to or away from such interfaces, 3) the transport of hydrogen, oxygen,
or other gases across such interfaces, 4) the formation or destruction of such interfaces from
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radiation damage processes, and 5) the stability of interfaces under a wide range of environ-
mental conditions. Studies on radiation effects include experimental research on materials
for immobilization of nuclear waste and plutonium, as well as materials for next-generation
nuclear power production, wide-band-gap semiconductors and multiscale computer
simulations of damage production processes, defect diffusion, and microstructure evolution.
Studies on atomic and ionic transport include ion exchange processes in nuclear waste
glasses, hydrogen storage and transport in materials, and oxygen transport in fast ion
conductors.

Microsensors and Microfluidics. Included in this work is chemical microsensor develop-
ment with a focus on acoustic wave sensor arrays and optical sensing. Key areas of science
in this effort include rational design of polymeric sensing materials, linear free energy models
for vapor/polymer interactions, organic thin films, integrated sensor system development,
and multivariate data analysis. Microfluidic analytical tools and methods are being developed
in two main areas, radiochemistry and bioanalytical chemistry. Automated microanalytical
separations in radiochemistry have been developed for nuclear waste characterization and
medical isotope separations. Novel radionuclide sensors for water monitoring are under
investigation. Bioanalytical methods are being developed for complete automated sample
handling and delivery to a deoxyribonucleic acid (DNA) detector or oligonucleotide array.
In addition, we are developing microfluidic renewable surface techniques as a method for
observing and investigating biomolecular interactions.

Major Capabilities in I&NS Facility

Thin Film Deposition. Thin film deposition capabilities include oxygen plasma assisted
molecular beam epitaxy (MBE) systems, metal organic chemical vapor deposition system
(MOCVD) and sputter deposition system. MBE systems consist of growth chambers that
are connected to surface characterization chambers through sample transfer lines. The
growth chambers have various e-beam and effusion cell sources along with reflection high
energy electron diffraction (RHEED) and quartz crystal oscillators (QCO) to monitor the
growth. The surface characterization chambers are equipped with several surface science
capabilities including x-ray photoelectron spectroscopy (XPS)/diffraction (XPD), Auger
electron spectroscopy (AES) low energy electron diffraction (LEED), and atomic force
microscopy/scanning tunneling microscopy (AFM/STM). The MOCVD system is specially
designed for epitaxial growth of oxide thin films. The system comprises a rotating disk
reactor, two metalorganic source delivery systems (bubbler vapor-phase and direct liquid
source-injection), an oxygen microwave plasma unit, a spectroscopic ellipsometer, and a
FTIR spectrometer. The system is capable of growing uniform (both thickness and
composition) oxide thin films with abrupt interfaces. Sputter deposition system consists of
RF and DC sputtering sources.

Surface Analysis Suite. The surface analysis suite consists of a Physical Electronics
Instruments (PHI) Quantum 2000 High Resolution X-ray Photoelectron Spectrometer, a
Kratos Axis Multi Technique Surface Analysis System (SAS), a PHI Model T2100 Time-of-
Flight Secondary lon Mass Spectrometer (TOF-SIMS), and a PHI Model 680 Auger
Electron Spectroscopy (AES)/Scanning Auger Spectrometer (SAM). The Quantum 2000

XPS system is unique in that it uses a focused monochromatic Al K « x-ray beam that can

Section 2-5-3



2002 Annual Report I&NS Overview

be varied in size from as small as 10 pm in diameter to approximately 200 um. The TOF-
SIMS system uses a pulsed and focused ion source and time-of-flight analyzer to obtain high
spatial and mass resolution data from a specimen surface. The multi-technique SAS enables
surfaces to be probed with a variety of complementary analysis methods and it contains
electron imaging, electron spectroscopy, and both primary and secondary ion scattering
capabilities. The Model 680 AES/SAM is based upon a field emission electron source and a
cylindrical mirror analyzer. The electron beam size can be focused as low as 10 nm at 20 kV,
although somewhat larger beams are typically used to collect AES data. Instrument features
and capabilities include beam rastering, SEM imaging, mapping, a sputter gun for specimen
cleaning and depth profiling, and sample rotation to allow "Zalar" rotation during sputtering.
The system also is configured with an x-ray detector for near surface analysis in combination
with AES surface analysis.

Electron Microscopy Suite. The electron microscopy suite consists of a LEO 982 Field
Emission Electron Microscope (FESEM), High Resolution Transmission Electron Micro-
scope, and an Environmental Scanning Electron Microscope (ESEM). The FESEM is an
ultra-high performance scanning electron microscope with a resolution of 1 nm at 30 kV and
4 nm at 1.0 kV. It has a large specimen chamber equipped with multiple detectors—a
below-lens secondary electron detector, an in-lens secondary electron detector, a backscatter
electron detector, an energy dispersive x-ray detector, and a detector for electron backscatter
diffraction. The JEOL 2010 is a high resolution TEM with a spatial resolution of 0.194 nm.
This instrument has a medium acceleration voltage of 200 kV, a high brightness electron
source, digital image recording, a computer-controlled sample goniometer, and a geometti-
cally optimized x-ray detector. It has a wide range of illumination lens conditions: TEM
mode, energy dispersive spectroscopy (EDS) mode, nanometer beam electron diffraction
(NBED), and convergent beam electron diffraction (CBED). The TEM is post column
attached with Gatan Image Filter (GIF), giving an optimized energy resolution of ~ 1.2 eV,
enabling light element analysis by electron energy-loss spectroscopy (EELS) and elemental
mapping in the electron spectroscopic imaging (ESI). The ESEM is a high performance,
variable pressure, scanning electron microscope with a resolution of 5 nm at 30 kV. It can
be used to examine uncoated, non-conductive specimens, and, with a Peltier stage, can be
used with wet specimens. It will image specimens in a variety of atmospheres, such as water
vapor, ait, argon, nitrogen, and helium. The ESEM has a large specimen chamber equipped
with an energy dispersive x-ray detector, a microinjector, and a micromanipulator.

Scanning Probe Microscopy. The scanning probe microscopy laboratory has a Digital
Instrument (DI) Nanoscope I11a AFM, A Topometrix TMX 1000 Explorer SPM, and a
Park-VP scanning probe microscope. The DI Nanoscope I1la AFM is capable of operating
in both air and liquid environments and in several modes that include contact, tapping,
frictional force, phase/frequency, and magnetic/electrostatic force. As a real space probe,
the instrument can be used to probe surface morphology, defects, and electrostatic, mag-
netic, and mechanical properties of conducting and non-conducting materials. The Topom-
etrix TMX 1000 Explorer SPM can be used for both AFM and STM in air and in liquid.
This instrument includes both contact and non-contact AFM modes. STM requires an
electrically conductive sample and produces images based on the topography and electronic
structure of the sample. AFM samples may be insulating or conducting; the image is based
on the force between the AFM probe and the sample and is primarily a map of the surface

Section 2-5-4



2002 Annual Report I&NS Overview

topography. The Park-VP scanning probe microscope can be used for both STM and AFM
in UHV conditions. As a real space probe, this instrument is designed to probe surface
structure, defects, and morphology of conducting and non-conducting materials. In addition
to STM/AFM, the vacuum system also is equipped with other surface science capabilities
that include LEED, XPS, AES, and oxygen plasma cleaning.

Ion Beam Processing and Analysis. The accelerator facility is equipped with capabilities
to perform material modification and analysis using high energy ion beams. The facility has
two ion sources, a 3 MeV tandem ion accelerator, injector and analyzing magnets, beam
lines, and four end stations. The end station on the +30° beam line is equipped with LEED,
AES, XPS, oxygen plasma, and sputter cleaning sources and effusion cells in addition to the
conventional ion beam capabilities. lon beam capabilities include fixed and movable detec-
tors for Rutherford backscattering spectrometry/Channeling (RBS/C), nuclear reaction
analysis (NRA), and elastic recoil detection analysis (ERDA). This beam line extends
through the end station to another end station where experiments can be performed with
the beam size of 20 microns or better. The micro beam end station is also equipped with
capabilities for conventional ion beam techniques including RBS, NRA, and particle induced
x-ray emission (PIXE). The +15° beam line is equipped with a raster scanner for ion beam
modification of materials, and the end station is equipped with all the conventional ion beam
capabilities. The —15° end station is designed to carry out routine analytical work. A
commercial NEC) RC 43 end station is attached to this beam line. This end station is
equipped with most of the standard ion beam analytical capabilities including RBS, NRA,
PIXE, particle induced gamma emission (PIGE), and ERDA.

Surface Science and Catalysis Laboratory. Three UHV surface chemistry systems reside
in the Surface Science and Catalysis Laboratory (SSCL) and are designed for studies that
focus on the molecular-level chemistry of adsorbates on metal oxide surfaces. These sys-
tems are equipped with a number of spectroscopic tools to follow changes in adsorbate
chemistry, including high resolution electron energy loss spectroscopy (HREELS), secondary
ion mass spectrometry (SIMS), ultraviolet photoemission (UPS), XPS, AES, and LEED. In
addition, both electron-stimulated (ESD) and temperature-programmed desorption (TPD)
studies are routinely performed in some systems. Typical information obtainable in TPD
experiments includes the quantity and nature (intact or dissociated molecule) of an adsorbed
gas. In addition, an estimation of the sticking coefficient and the activation energy for
desorption and/or reaction of the adsorbed molecule can be made. The system that has the
combination of surface science and high pressure catalysis capabilities is capable of measur-
ing gas/solid reaction rates under realistic, high-pressure (~1 atm) conditions using model,
low surface area solid samples. Reaction rates as a function of temperature and varying
reagent partial pressures can be measured in this system.

Catalytic Reactors. The Reaction Engineering Laboratories are equipped with varieties of
analytical capabilities and catalytic reactors including an RXM-100 multifunctional instru-
ment, a Zeton Altamira Reactor Test Stand. The RXM-100 is a multifunctional instrument
used for catalyst studies. It combines UHV and high pressure capabilities in a single instru-
ment without compromising specifications or ease of use. A number of measurements can
be made using this instrument including chemical adsorption, physical adsorption, BET
surface area, pore size, pore distribution, and temperature programmed characterization
(desorption, reduction, and oxidation). An on-line mass spectrometer, gas chromatograph,
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FTIR, and thermal conductivity detector can be used to analyze effluent gases. The instru-
ment has the capability of running up to 10 different gases simultaneously. In addition, high
pressure reactions (up to 1000 psi) can be run within a few minutes of each other on the
same system, with little change in configuration. This system offers extensive flexibility in
catalyst testing and decreases inefficiency and contamination problems that arise from trans-
ferring materials between systems and waiting for data from other sources. The Zeton
Altamira Reactor Test Stand comprises three types of reactors generally used in bench scale
testing of catalysts—a fixed bed reactor, Rotoberty reactor, and continuous stirred tank
reactor (CSTR). This design allows users to evaluate catalyst performance and to study
chemical reactions in various reactor configurations.

X-ray Diffraction. The suite of X-ray diffraction equipment in EMSL consists of four
instruments: 1) a general-purpose X-ray diffraction system for studying polycrystalline
samples under ambient conditions, 2) a special applications X-ray diffraction system with
low-and high-temperature sample stages covering the range of -193°C to +1000°C,

3) a four-circle X-ray diffraction system, and 4) a real-time Laue camera. The general-
purpose system is most often used to examine powder samples (XRPD), but can also be
used to study certain types of thin films. In addition to its non-ambient capabilities, the
special applications system is equipped to examine thin film samples in more detail,
including grazing-incidence (GIXRD) and X-ray reflectivity (XRR) measurements. The
four-circle system is typically configured for high-resolution (HRXRD) studies of epitaxial
thin films. Additional applications of the four-circle system include stress measurements,
texture analysis, GIXRD, and XRR. The sole application of the real-time Laue camera is to
determine the orientation of bulk single-crystals, usually in concert with NMR studies.

Microfabrication. Microfabrication equipment provides a significant research and
development capability in the areas of microstructures, microsensors, and microanalytical
systems. Unlike highly automated industrial production equipment, this microfabrication
equipment is flexible and multipurpose in function. The equipment supports a variety of
microprocessing activities that include thin film deposition, thermal treatments, micro-
photolithography, chemical etching, inspection and characterization, bonding and packaging,
and test and measurement.

Other Analytical and Characterization Laboratories. The I&NS facility has a number of
wet chemistry laboratories with various capabilities including Sensor Materials Development,
Chemical Microsensor Development, Vapor Generation, Calibration and Test, Microfuidic
System, and Flow Injection analysis.
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Capability Upgrade — 2002

Coating Capability: The Electron Microscopy suite was upgraded with an Osmium
Coater, an OPC 80 Plasma Coater. To push the limits of resolution of the SEM and
FESEM in the suite, the application of osmium plasma coater is crucial. As such, we
decided to provide this coating capability to users of EMSL. The total expenses to establish
this capability in the suite were $52,000.

BET Analysis Capability: The BET analytic needs have been increasing tremendously for

the past several months. EMSL didn’t have dedicated or user-friendly equipment in this
area. The total expenses to establish this capability were $65,000.

Effusion Cells: State-of-the-art oxygen plasma assisted molecular beam epitaxy systems
(OPA-MBE) were upgraded with additional effusion cells to meet the demand. The total
expenses for this upgrade were $25,000.
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Localized Reduction of Carbon Tetrachloride by
Granular Iron

DJ Gaspar,” PG Tratnyek,™ AS Lea,” MH Engelhard,” R Miehr,”” and DR Baer®
(@) W.R. Wiley Environmental Molecular Sciences Laboratory

(b) Oregon Graduate Institute, Oregon Health & Science University

(c) Pacific Northwest National Laboratory

Granular scrap iron is being used to degrade or adsorb a variety of groundwater contami-
nants, including chlorinated aliphatic compounds (solvents), nitroaromatic compounds
(explosives), and hazardous metals (radionuclides) (Tratnyek 1996). The environmental
application of granular iron presents a complex interfacial system with a significant degree of
complexity so that the relationship between different processes is highly uncertain. The
overall reaction involves oxidation of the metal and reduction of an oxidant (the contami-
nant), but the role of reaction products and the oxide film on the metal surface have not
been determined. Likewise, the question of whether contaminant reduction is dominated by
reactions localized at defects in the passive film or distributed across the much larger surface
area has not been answered. The uniformity or localization of reaction sites has implications
for understanding and modeling the reduction of environmental contaminants by iron in
ground water systems. This work (Gaspar et al. 2002) is a first attempt at determining the
extent to which the metal-contaminant reaction is localized on the surface.

The OGI group reacted high purity granular iron particles (approximately 2 mm diameter)
with carbon tetrachloride- (CCly) saturated water so that an appreciable amount of reaction
product was present on the surface of the iron particles. The particles were rinsed to
remove soluble reaction products such as free Cl', and dried. The particles were then
examined, looking for a combination of structural features such as etch pits that would
indicate a greater extent of reaction localized in a small region and chemical composition
such as the presence of reaction products that would point to localized reaction as the
source of the etch pits.

Scanning electron microscopy
(SEM) revealed the presence of etch
pits across the surface (Figure 1).
Further measurements on a single
etch pit using scanning Auger
microscopy (SAM) revealed the
presence of Cl inside the pit along
with carbonaceous species. Analysis
of a larger region using time-of-
flight secondary ion mass
spectrometry (TOF-SIMS) revealed
widespread, but non-uniform,
presence of Cl (Figure 2). These

results indicate that reaction of CCly  Figure 1. SEM Image of iron grain exposed to CCl,/H,O
showing etch pit. Bar = 1 um. The arrow points to an etch
pit. From Gaspar et al. (2002).
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These results indicate that reaction of CCly is localized on iron particles, but not confined
solely to etch pits.

The oxide film was also affected
by the reaction, with X-ray photo-
electron spectroscopy (XPS)
analysis revealing an increase in
the amount of reduced iron
detected after reaction,
presumably due to a decrease in
the oxide film thickness, possibly
near etch pits. Together the above

measurements provide the first
estimate of the fraction of the iron  Figure 2. TOF-SIMS images of total negative and Cl- ion
particle surface involved in the signal for iron particle exposed to CCl./H,O. Lighter pixels
reaction with CCly as between indicate higher ion signal. Image area is 100x100 pm.
0.3% (contribution arising from Bar = 10 pm. From Gaspar et al. (2002).

etch pits only as determined by SEM) and 18% (contribution from all surface Cl as
determined by TOF-SIMS). Future work is expected to examine the conditions governing

etch pit formation.
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Optimization of PZT MEMS Perfomance by Residual
Stress Control

MS Kennedy,” DF Bahr,” CD Richards,” RF Richards,” LM Eakins,
DE McCready,” and JS Young®

(@) Washington State University, Pullman
(b) W.R. Wiley Environmental Molecular Sciences Laboratory

A new Micro-Electro-Mechanical Systems (MEMS) development is the P3 microengine
(Bahr et al. 2002). This device uses a composite flexing membrane to generate power by
converting mechanical energy to electrical energy. The membrane is made by depositing
layers of silicon dioxide, Ti/Pt, PbZt,Ti1<O3 (PZT), and TiW/Au onto a micromachined
boron doped silicon wafer. In order to maximize electrical output over a given pressure
range, and to obtain the highest coupling coefficient, residual stresses in the membrane
should be minimized. Residual stresses can also lead to material failures like cracking,
buckling, and hillock formation (Thornton and Hoffman 1989).
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Figure 3. Formation of Kirkendall voids between the Si0, layer and the Ti.

40:60 had a tensile residual stress of 160 MPa, while a similar thickness 52:48 films showed a
tensile stress of 350 MPa. Voids at the adhesion layer interface were identified, and may be
impacted by stress assisted diffusion.
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Polar Oxide Interface Stabilization by Formation of
Metallic Nanocrystals

V Lazarov,” SA Chambers,” and M Gajdardziska-Josifovska®
(@ University of Wisconsin, Milwaukee
(b) W.R. Wiley Environmental Molecular Sciences Laboratory

The ionic character of bonding in metal oxides significantly affects the energetics of their
surfaces. Polar oxide surfaces, classified as type 111 oxide surfaces, have a net surface charge
and an electric dipole moment in the repeat unit perpendicular to the surface, causing a
divergent surface energy for bulk terminated surfaces. MgO(111) and Fe3O4(111) surfaces,
representative of rocksalt and inverse spinel cubic structures, have been studied as model
polar oxide surfaces in the search for stabilization mechanisms that remove their diverging
energy. The initially accepted model of MgO(111) faceting into neutral MgO(100) surfaces
is now superseded by models of MgO(111) surface reconstructions, surface metalization and
hydrogen adsorption. A large relaxation has been found to stabilize Fe;O4(111)-1x1.

The present experimental study extends the polar surface problem to a polar interface prob-
lem, by investigating how the polarity of an oxide substrate affects the growth of polar oxide
films. Single crystals of MgO, cut on the (111) plane, were selected as model polar sub-
strates. Fe3O4has a unit cell that is almost double that of the MgO cell, with a mismatch of
~ 0.33 %. Hence we have used heteroepitaxial growth to form the model Fe;O4(111)/
MgO(111) polar oxide interface. The results from this study will be compared against the
Fe;O4 (111)/Pt(111) polar/metal system, and the Fe;O4 (100)/MgO(100) polar/neutral
oxide system. In these two reference systems Fe;Oy4 has been found to grow as a pure phase
in epitaxial orientation with the metal or neutral oxide substrate.

Fe;04 films were grown by oxygen plasma-assisted molecular beam epitaxy (MBE) at
PNNL. The films were characterized iz situ by reflection high energy electron diffraction
(RHEED) and x-ray photoelectron spectroscopy (XPS). Further ex situ transmission
electron microscopy (TEM) characterization included bright field (BF) and dark field (DF)
imaging, high resolution transmission electron microscopy (HRTEM), selected area
diffraction (SAD) and convergent beam electron diffraction (CBED), performed at UWM.

RHEED was used to monitor the growth of the films, indicating that the first several
monolayers grow predominantly as well ordered Fe;Oy epitaxial layers. Additional non-
spinel reflections developed concurrently, suggesting the nucleation of secondary phases
within the magnetite film. The magnetite RHEED pattern gradually faded as the growth
proceeded, developing into polycrystalline ring patterns superimposed on a very weak spinel-
like single crystal pattern. In-situ XPS from the as-grown films (Figure 1) revealed a
surprising presence of Fe!, in addition to the Fe?" and Fe3* peaks that were expected for
Fe;04. Elemental iron was not observed in XPS spectra from Fe;O4(100) films grown by
MBE on the neutral MgO(100) surface under the same conditions used here. While the Fe®
peaks in Figure 1 are unique identifiers of a metallic phase in the iron oxide film, a question
remained whether there are other oxides present in addition to magnetite. The Fe?* peak
can also be indicative of FeO, while Fe3* can be indicative of both the cubic and hexagonal
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phases of Fe2O3. The chemical shifts of the oxygen peak

o

are too small to allow the determination of iron oxide
phases from XPS. Hence we undertook electron

o

microscopy and diffraction characterization of the films.

BF-TEM (not shown) reveal an abrupt and flat
film/MgO(111) interface without any signs of interface

faceting into neutral MgO(100) faces. These measure-
ments, backed by HREM observations (Figure 2), rule out
interface micro- and nano-faceting as possible stabilization
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o
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mechanism for this polar oxide interface system. The film 730 720 710
Binding Energy (eV)

surface in Figure 2 displays flat and faceted regions, but

this surface morphology appears correlated with the Figure 1. In-situ XPS of as-grown

presence of inclusions in the film. Fe,0,(11 1)/Mg0(1 11) film
showing the presence of elemental

Phase identification of the film and inclusions was iron, Fe(0), in addition to Fe(ll)

obtained from numerical diffractograms of HRTEM and Fe(ll) associated with

images, and from electron diffraction patterns recorded Fe,;0,(111) (a). Also shown are

with convergent and parallel illumination (CBED and reference spectra for

SAD). Systematic CBED studies found that the majority ~ Fe;0,/MgO(001) (b), and v-

of small inclusions and all big inclusions were elemental Fe,0,/MgO(001) (c).

Fe(110), while a minority of the small inclusions were
Fe304(100), which was confirmed by HRTEM and SAD
data from different regions and substrate zones.

The data presented above eliminate interface faceting as a
possible stabilization mechanism for this model polar
oxide interface system. Instead, phase separation occurs
during growth of magnetite (111) polar films on
MgO(111) polar substrates, resulting in creation of

majority Fe(110) and minority magnetite(100) nanocrystal
inclusions. Such phase separation does not occur when Figure 2. HRTEM image of a cross

polar magnetite films are grown on metal substrates and section sample showing a smaller Fe
nano-inclusion nucleated on the

interface and enveloped fully within
the epitaxial Fe,O,(111) film.

on neutral oxide substrates, suggesting that the substrate
polarity is the dominant cause for the observed phase
separation in the polar oxide film. Electron transfer and
bond hybridization at a metal/polar-oxide interface have been proposed as mechanisms for
substrate polarity reduction, as in the ab initio theoretical studies of Pd and Cu on MgO(111)
and the expetimental study of the Cu/MgO(111) intetface. Such mechanisms could also
drive the formation of the Fe/MgO(111) and the Fe/Fe3;O4(111) interfaces in our system.
The minority Fe;O4(100) inclusions appear to be a less favorable solution to the polarity
problem than the Fe inclusions. Their presence within the Fe;O04(111) film can be
rationalized from their lesser polarity, and because some of these polar magnetite (100)
inclusions can nucleate on the metal Fe inclusions. The lattice mismatch of both inclusion
phases with the MgO substrate and the magnetite (111) film is the most likely cause for their
nano-scale dimensions, but the substrate polarity and the magnetic nature of the film and
inclusions may also play a role in constraining their growth.
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Al Implantation into 4H-SiC

Y Zhang,” W] Weber,” W Jiang,” CM Wang,© V Shutthanandan,”

S Thevuthasan, A Hallén,” and G Possnert @

(@) Angstrom Laboratory, Division of lon Physics, Sweden

(b) Pacific Northwest National Laboratory

(c) W.R. Wiley Environmental Molecular Sciences Laboratory

(d) Royal Institute of Technology, Department of Microelectronics and IT, Sweden

Success in fabricating high-quality SiC has promoted worldwide activity in establishing
technologies that make a full use of this unique semiconductor. lon implantation is the only
low-temperature selective doping technique for production of SiC-based devices. There is,
however, a great challenge due to inevitable production defects and lattice disorder. In
collaboration with researchers at Pacific Northwest National Laboratory, much work has
been devoted to studying the damage accumulation behavior of Al-implanted 4H-SiC as a
function of implantation temperature, ion fluence, flux, and subsequent annealing.

Damage Accumulation

The relative disorder on both the Si and C sublat- Dose
tices at the damage peak for the samples implanted
at 150 K is shown in Figure 1. The data indicate a

predominantly sigmoidal dependence on increasing
ion dose. At low ion fluences, the higher rate of C

5
S
+
@
O

o
@

disordering is consistent with the lower threshold

o
o

1.1 MeV AL*
v C 150K
A4 Si150K

displacement energies and the higher production
rate of C defects relative to Si defects, determined
by MD simulations of energetic displacement
cascades. Similar damage accumulation behavior is
observed at higher implantation temperature up to

I
~

o
[N

Relative Disorder (Damage Peak)

o
o,
o %

50 100 150 200 250 300
lon Fluence (10" ion cm™)

400 K.
Figure 1. Relative disorder as a function of
Annealing Behaviors ion fluence for Al-implanted 4H-SiC.
Annealing behavior of the relative Si disorder 1.2 —
. . . L A" x10" cm”
under 1.1 MeV Al," implantation at 150 K is 10k 225
. . . . . . 0) : ’
shown in Figure 2. Similar recovery behavior is B ° 1-22
. - 0.8 =1
observed for C sublattice. Three distinct g | v1.35
recovery stages are observed, with the amount of & 06f ;8‘22
. . . o | / )
specific recovery in each stage depending on the 2 0af
initial damage state prior to annealing. At low e
02|

ion fluences (up to 1.00 x 10'* Al cm2), where

the damage states are far below the fully e T et B 1050 12507200
amorphous state, recovery stages I and II are Annealing Temperature (K)
observed. At intermediate ion fluences (1.35 and
1.65 x 10 Al cm2), where the relative disorder
is just below the fully amorphous state, a distinct
third recovery stage (I1I) is present. At high irradiation fluences, where a buried amorphous

©
(=)

o

Figure 2. Isochronal recovery of relative
Si disorder at the damage peak.
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layer is produced (1.95 and 2.25% 10'* Al cm2), the onset of a fourth recovery stage (IV) is
present above 800 K.

Influence of Implantation Temperature

Comparing the different disorder 12
profiles of the 1.1 MeV Al?* ol . 1505"‘9' i:;]f::’;"; 110
implanted samples at 150 and 450 K ® 28x10%em%st 1 o
in Figure 3, the competing processes 0.8

between the damage production and o6 | 106
dynamic annealing is clearly demon-

strated. During implantation at 0.4 ¢ 104
450 K, dynamic recovery of intersti- o2l . :5605;014 . loo
tials and vacancies occurs at 2 much v 1.25x10" cm2 g
higher rate, which suppresses the 0.0, 100 200 300 400 500 600 7000%-
damage accumulation; ~20 times Al Depth (nm) @

fluence is tolerated compared to the

150 K case. The narrower disorder Figure 3. The relative Si disorder profiles of samples that

are implanted under different temperature, ion fluence

profiles for implantation at 450 K is and flux. Different Y scales are used for 150 K (right) and
attributed to a significant decreased 450 K (left) for comparison.

local damage accumulation rate away
from the damage peak and diffusion of interstitials to the planar defects in the damage peak
region.

Ion Flux Effects

High resolution TEM (HRTEM) images
(Figure 4) are taken from the damage peak
region of the samples that are implanted with
1.1 MeV AL?* to 2.7x 105 Al* cm2 at

450 K. For the low flux sample, as show in
Figure 4(a), the basal plane structure is .

maintained, also indicated by the selected . : -
area electron diffraction (SAED) pattern, "
while localized strain contrast is visible.
Only a few occurrences of plane bending or
termination are perceived, as shown in
Figure 4(b). For the high flux sample, larger
linked amorphous domains are observed, as

(c) 5.9.10'2 Al emrig? d | (d) 5.9-1012 Al cmr2

shown in Figure 4(c). The diffuse rings on
the SAED pattern clearly indicate the exis-
tence of the amorphous material. The
Fourier filtered image in Figure 4(d) indicates

Figure 4. HRTEM micrographs of samples with
different ion flux (a) and (c), as well as the
corresponding Fourier filtered images (b) and (d).
The insets in (a) and (c) are the corresponding
significant volume fraction of amorphous SAED pattern.

matetial. The planar defects appear to

primarily form from the condensation of interstitials on the basal plane; however, evidence

a high concentration of planar defects and a

for some vacancy condensation is also observed (inset).
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lon-irradiation of Materials Spectrally Similar to the
Non-Ice Extraterrestrial Surfaces

CA Hibbitts,“” GB Hansen,*” T Thevuthasan, S Shutthanandan,® TB McCord“"”
(@) Planetary Science Institute, Seattle, Washington

(b) University of Washington, Seattle

() W.R. Wiley Environmental Molecular Sciences Laboratory

Introduction

There are bodies in our solar system that are known as “icy” satellites, but are covered by
less than 50% water-ice. Even the exposed surfaces of comets are compositionally
dominated by non-ice materials. Despite the dominance of non-ice materials in the surfaces
of these diverse solat system objects, most experiments and models attempting to explain
surface composition have, up until now, studied the chemistry of ices and some irradiation
experiments focusing on the production and trapping of volatiles in ices. However, several
volatiles have recently been discovered to exist in the non-ice material on the Galilean
satellites and their distributions demonstrate a clear relationship with the energetic ions
trapped in the Jovian magnetosphere. The Cassini spacecraft will be able to detect this effect
in Saturn’s satellites and will arrive at Saturn in only 2 years. Solar flare events petiodically
bombard solar system objects such as our Moon, asteroids, comets, and dust with multiple-
MeV protons and other ions. Space weathering is a documented fact; the possibility of
space chemistry on these objects is what we intend to explore. In line with this recognition
of the importance of radiogenic processing affecting the composition of non-ice materials
Solar System wide, we have conducted laboratory experiments to begin the exploration of
and to hopefully quantify the potentially temperature-dependent rate of production and trapping
of volatiles by non-ice materials on extraterrestrial solid surfaced objects—moons, asteroids,
and even Mercury. We have used terrestrial samples as analogues to the surfaces of these
objects and have bombarded them with MeV hydrogen, oxygen, and sulfur ions to simulate
ions trapped in the magnetospheres of Jupiter and Saturn, and in solar flare events.

Procedures

Pellets of analog extraterrestrial materials were prepared at the University of Washington
from well-studied terrestrial materials including palagonite (a largely amorphous iron
oxyhydroxide formed as the weathering product of basalt), montmorillonite, and serpentines
(these being phyllosilicates, better known as clays). Once brought to the linear accelerator
lab at PNNL they were place in the ultra-high vacuum chamber at the end of one of the ion
gun beam lines, and allowed to degas. Then they were bombarded with MeV ions of H, O,
and S while we measured the flux and composition of sputtered products with a quadrapole
mass spectrometer.

Discussion

Mass spectra collected from background and during OF and O** irradiations are shown in
Figures 1 and 2. Mass/charge values that are invariant with sample temperature or ion
dosage are due to chamber background pressure. These are the N2t and No*™ lines with
values of 28 and 14 mass/charge ratio, and the Ar* line at 40. Ton bombardment can heat
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the sample through ohmic

eating: with the current leve ass/Charge spectra of materials ejected from carbonbearing palagonite by ombardment
h o5 h th level Mass/Ch: f I d f bonb ! by O bombard

I ! ! T T ! — Background
of the beam on the sample o | [= P50 e |

can exceed 1000 namps. Itis
also possible that the sample

# detected
3

can be heated by chemical
reactions induced through ion

0 40
Mass/Charge

bombardment. We see
evidence of both ohmic and Bombardment/thermal products

chemical heating. Our e

251 q

J - |

primary experiment consisted
of 3 runs on one sample.
First, in order to avoid

# detected/ # detected

confusing thermal outgassing

from the sample which could ® Mass/Charge

be possible due to ohmic Figure 1. Very few products resulted from 200 namps bombard-

heating with sputter and ment with O*. The ratio of the products/background are less than 3
reaction products, we heated and, because the Ar* (@ 40) peak should be independent of bom-
the sample in the chamber bardment, much of this represents a change in background pressure.

overnight at >100°C (for > 8 Carbon sputtering is minimal.
hours). We assume this

Mass/Charge spectra of materials ejected from carbonbearing palagonite by O++ bombardment from 350 to 750 namps
T T T T

T —_ Background
O** bombardment

desiccated and released all
gasses within the top

10 microns that will be
affected by ion bombard-
ment. Because the results 0

# detected
3

from this experiment are e % o o
. N . Mass/Charge

consistent with eatlier results
Bombardment/thermal products

when no preliminary heating L !
was done, we believe that

thermal outgassing from
even the thermally uncycled
samples is minimal. Thus, = M/m/\ | ]

we believe the release of 5 = 5 = £ m %
Mass/Charge

# detected/ # detected

products at greater than

background levels is due Figure 2. Again, few products result from bombardment, this time
directly to ion bombardment. with O**. Note that equivalent amperage O* and O** equates to
half the number density for O**. Thus number density of ions
between runs 1 and 2 are similar. The CO," peak is >> Ar™ peak,
and similar in size to the C* peak, and thus may be evidence of CO,
production.

COz production
(charge/mass = 44) is likely
for sulfur and oxygen ion
bombardment into carbon-
bearing palagonite. Hydrogen and oxygen ion bombardment into pure montmorillonite or
palagonite did not induce reaction products (figures not shown). The pellets tended to warm
when reactions occur. Carbon was commonly sputtered. Water-products also sputter from
carbon-bearing palagonite.
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Influence of Structure and Chemistry on Piezoelectric
Properties of PZT in a MEMS Power Generation
Application

LMR Eakins,” DE Eakins,” MG Norton,® AS Lea,” D McCready,” J Young,® and
DF Bahr®

(@) Washington State University, Pullman
(b) W.R. Wiley Environmental Molecular Sciences Laboratory

Lead zirconate titanate (PZT) is a piezoelectric oxide that has generated attention in MEMS
applications. One such application transforms mechanical energy to electrical energy by
flexing a PZT membrane. PZT can be deposited via solution deposition and subsequent
heat treatments. The interface upon which the PZT is deposited (including internal PZT
interfaces) and the stoichiometry of the solution contribute to the otientation of the resulting
film. Film texture then impacts the piezoelectric properties of the oxide. The thickness of
the PZT film is increased through deposition of more layers and crystallization steps. There-
fore, the current study aims to elucidate the formation and contribution of the PZT/PZT
interface, as well as the orientation, morphology, and chemical contributions to piezoelectric
properties.

PZT films between 1 and 3 um thick were grown using solution deposition techniques. By
varying the chemistry of the film from Zr-rich to Ti-rich the film orientation increased
towards {h00}. PZT with 60 wt% Ti exhibited tetragonality and produced greater electrical
output at a given strain than the rhombohedral films with concentrations less than

50 wt% Ti. Multiple steps of solution deposition left identifiable PZT/PZT interfaces
within the film. TEM, FESEM, and Auger spectroscopy were used to characterize these
interfaces, which form upon crystallization of the amorphous PZT film. Internal PZT
interfaces are associated with both structural defects (voids) as well as chemical variations
such as Pb deficiencies.

Serious concerns in solution deposited PZT are chemical gradients and grain morphology.
In addition to formation of harmful intermetallics and the non-piezoelectric pyrochlore
phase, Pb diffusion and loss may also govern orientation and therefore electrical properties.
Pyrolysis and crystallization during solution deposition become of great interest when
increasing the number of deposited PZT layers since the first layers are subjected to heat
treatments on evety successive layer. This is when chemical gradients and PZT/PZT
interfaces begin to become an issue. These processes have been found to create distinct
layers in the PZT films when observed in the TEM and SEM (Tuttle et al. 1992).

AES revealed chemical gradients along the cross-section of 30 layers (~3 um) of 52:48 and
40:60 PZT films. Figure 1 shows a reduction of Pb at points that correspond to PZT/PZT
crystallization interfaces. This is further verified by AES at the film surface, which shows a
reduction in Pb of about 12-15% with a concomitant increase in O. The SEM cross-section
of 40:60 PZT show columnar grains within each PZT layer. However, there has been
evidence of equiaxed grains in the layer nucleated at the Pt interface and columnar growth
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Figure 1. PZT/PZT interfaces are denoted with letters a-i, where a is the first layer deposited and i the
last. Letters over the AES line scan denote the appropriate PZT/PZT interface.

from PZT interfaces. Many of these appear to nucleate continuous grains in subsequent
layers. SEM results also support the conclusions made from TEM analysis that voiding
occurs at the PZT/PZT interface in all samples although not all voiding is of the same
magnitude. Presently, voiding appears to be greater in films with less crystallizations. PZT
films with 30 layers (10 crystallizations), 21 layers (7 crystallizations), and 12 layers

(12 crystallizations) demonstrate significantly smoother transitions between layers, with only
localized voiding (i.e. some regions show no voids).

In order to determine if PZT/PZT interfaces were detrimental to output, three wafers with
3, 6, and 12 crystallizations containing 12 layers of 52:48 PZT were prepared. Crystallization
after 1 and 2 layers of 52:48 PZT had specific voltages of 11.3 V/(%¢g*um) while the sample

with crystallizations after 4 layers had a specific voltage of 13.7 V/(%e*um). The AES line
scans showed significant Pb accumulation with a concomitant depletion of O near the
Pt/PZT interface and surface of the PZT in the sample that underwent three crystallizations.
Diffusion of Si to the Pt/PZT interface was found in the sample with six crystallizations.
After 12 crystallizations, there appears to be no significant chemical gradients across the
thickness. This demonstrates that fewer crystallizations yield better electrical performance
regardless of large fluctuations in Pb and O.

In summary, internal PZT/PZT crystallization interfaces are visible using both SEM and
TEM. These interfaces show the presence of voids on the order of tens of nanometers, as
well as being deficient in Pb, as demonstrated by chemical analysis of fracture surfaces
generated by 7z vacuo fracture and subsequent Auger electron spectroscopy. Minimizing the
number of crystallization steps at 700°C improves the electrical output for a given PZT
thickness. Pb and O chemical variations do not largely contribute to electrical integrity.

Reference

Tuttle, BA, T] Headley, BC Bunker, RW Schwartz, T] Zender, CL. Hernandez,
DC Goodnow, R] Tissot, and ] Michael. Microstructural Evolution of Pb(Zt,T1)O3 Thin
Films Prepared by Hybrid Metallo-Organic Decomposition. J. Mater. Res., 7, 1876 (1992).
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Band Offset Determination for Sr,TiO,/SrTiO,
Heterojunctions

JH Haeni,® AM Ellis,” DG Schlom,® SA Chambers,” ] Schottenfeld,”
TE Mallouk,” ] Robertson,® W Tian, and XQ Pan®

(@) Pennsylvania State University, State College

(b) Pacific Northwest National Laboratory

() Cambridge University

(d) University of Michigan, Dearborn

Two-dimensional electron gases (ZDEG) have been widely investigated in conventional
semiconductors. One class of materials with properties drastically different than conven-
tional semiconductors are perovskite semiconductors. The perovskite SrTiOs, for example,

has an effective mass (m;k = 5my) and dielectric constant (& = 20,000 at 4 K) orders of

magnitude higher than conventional semiconductors and the highest mobility

(e = 22,000 cm?/V s at 2 K) of any known oxide material. This completely different
regime of semiconducting properties, coupled with the occurrence of superconductivity in
appropriately electron-doped SrTiO3, makes the study of the behavior of a 2DEG in S¢TiO3
of great interest.

The intrinsic properties of StTiOs3, the 7 = © end member of the St,+1T1,03,+1 Ruddlesden-
Popper series, are well known, and StTiOs has been extensively studied for application to
tunable dielectric devices, dynamic random access memory (DRAMs), and as an alternative
gate oxide in metal-oxide-semiconductor field-effect transistors (MOSFETS). It is a metallic
superconductor when doped with Nb, Ta, La, or by reduction, and has a bandgap of 3.2 eV.
Unfortunately, unlike many conventional semiconductors systems, the band offset of many
potential high-bandgap barrier layers with SrTiOj is unknown, making the design of an
optimal 2DEG structure difficult.

We have investigated St2Ti04/StTiO3 heterojunctions, the » = 1 and # = 0 end members of
the Sr,+1T1,03,+1 Ruddlesden-Popper Homologous series, respectively, as a possible system
for the formation of a 2DEG in SrTiO;. S12TiO4 is a particularly attractive candidate due to
its excellent chemical compatibility and lattice match with SrTiOs, as well as its theoretically
predicted bandgap that is 0.2 eV larger than SrTiOs. In this study we demonstrate the
growth of epitaxial St;TiO4/SrTiO; heterojunctions by molecular beam epitaxy and the use
of x-ray photoelectron spectroscopy (XPS) and diffuse reflectance to experimentally deter-
mine the band offset between StTiO3 and Sr2TiOs, as well as the bandgap of Sr2TiO4.

The valence band offset between SrTiO3 and Sr2TiO4 was determined by comparing simu-
lated valence band (VB) spectra, constructed by summing spectra for “bulk” (either macro-
scopic single crystals or thick epitaxial films) StTiO3 and St2TiOy after weighting and
shifting, with those of the actual heterostructures. Determination of the scaling factors was
complicated by the fact that no unique elements were present in either heterostructure layer.
As a result, the fit of the summed and heterostructure valence bands was maximized for
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both valence band offsets and scaling
factors. As the attenuation factor was not
known a priori, a variety of film thicknesses son0
were investigated to select the
heterostructure with an equal contribution
from the substrate and film, resulting in
maximum sensitivity to the offset of one
with respect to the other. Figure 1 shows
a three dimensional contour plot of the 2000
2 factors comparing the fit between the
summed and a 30 A thick S, TiO, /StTiOs
heterostructure valence band spectra as a

function of valence band offset and scaling

. 04
factor. For each scaling factor used, a _ Valence Band O fiset

local minimum in the 32 values is achieved
for a 0.40 eV energy shift. Analysis of the
24 A and 38 A thick films are in close
agreement with the 30 A film, with a
valence band offset of 0.3 eV and 0.5 eV,
respectively, maximizing the fit.
Maximized scaling factors of 1.5 for SrTiO3 and 1.0 for Sr2TiO4 for the 24 A thick film, and
1.0 for SrTiO; and 2.25 for St TiO4 for the 38 A thick film are consistent with those
calculated from a first-order thickness-dependent absorption model.

Figure 1. Contour plot of the y? values indicating the
fit between the 30 A thick Sr,TiO,/SrTiO, heterostruc-
ture spectra and the summed SrTiO, and Sr,TiO,
spectra as a function of Sr,TiO, spectra scaling factor
(x-axis) and Sr,TiO, energy offset (y-axis).

The band diagram for the StTiO3/St,TiO4 heterojunction is shown in Figure 2. The materi-
als form a type 1l heterojunction, with a valence and conduction band offset of

—0.40 £ 0.1 eV and -0.12 £ 0.1 eV, respectively. Qualitatively, these values agree well with
the theoretical band alignment that can be calculated using the model of virtual gap states.
The —0.12 eV conduction band offset suggests that a heterostructure with donor doped
SfTi03 and un-doped St2TiO4 may be appropriate for the creation of a confined carrier
system. Activation energies of 0.08 eV for oxygen, 0.1 — 0.12 eV for La, and 0.10 eV for Nb
have been reported for StTiOs3, indicating that the carrier level may be sufficiently shallow in
a doped-StTiOs3/ St TiO4 heterostructure for cartier spillover to occur. This work represents
the first step in the investigation of the fundamental materials properties and electronic
structure necessary for the possible future realization of a 2DEG in such oxide
heterojunctions.

ener -0.12 eV
& A
1.60 eV 1.74 eV
**************************** EF
1.60 eV 1.74 eV
. 04 eV

Figure 2. Band structure of a Sr,TiO,/SrTiO; heterojunction showing a type Il band offset. Valence and
conduction band offsets of -0.40 £ 0.1 eV and -0.12 £ 0.1 eV, respectively, are suggested by our
experimental results.
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In,O,/Al, 0, Catalysts for NOx Reduction in Lean
Condition

PW Park,® CS Ragle,” CL Boyer,” ML Balmer,”” MH Engelhard,® and
D McCready®

(a) Caterpillar Inc., Peoria, lllinois
(b) W.R. Wiley Environmental Molecular Sciences Laboratory

A series of InyO3/ALO; catalysts were charactetized using X-ray photoelectron spectros-
copy (XPS), X-ray diffraction (XRD), and temperature programmed reduction (TPR) to
better understand the surface structure of indium oxide species on the alumina support. The
XRD data indicated that crystalline In»Oj3 was present at InO3 loadings > 5 wt.% and the
quantity of the crystalline phase increased as a function of indium loading. XPS results
suggested that indium oxide existed as a well-dispersed phase up to 10 wt.% indium. The
well dispersed or reducible indium oxide species below 400°C in TPR experiments were
assigned as the sites which activate propene to oxygenated hydrocarbons such as acetal-
dehyde and acrolein. The characterization data were correlated with the catalyst perform-
ance of NOx reduction tested under lean conditions, 0.1% propene, 0.1% NOx, 9% O, and
7% H»O at a space velocity of 30,000h-!. The study identified that 2.5 wt.% indium was the
optimum metal loading on y-AlO3, and a bifunction mechanism was proposed to explain
high NOx reduction over In;O3/ALOj catalysts.

The intensity ratio of 4
In 3ds/2/Al 2p calculated
for theoretical atomic dis- theoretical monolayer line
persion is also shown for
comparison. The In/Al
intensity ratio increased
linearly with increasing
In/Al atomic ratio up to
0.049 (In10) consistent
with a theoretical
monolayer. For higher

XPS Intensity Ratio (In3d,,/Al2p)

indium loading catalysts

(In15 and In20), the In/Al 0 w \ ‘ ; ‘
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Atomic Ratio (In/Al)

intensity ratios deviated
from the linear trend. The

In/Al intensity ratios of . o . . .
Figure 1. Variation of the XPS In3d5/2/Al2p intensity ratio measured

the catalysts which were . o
) for the In,0,/Al, O, catalysts as a function of In/Al atomic ratio.

tested for the lean NOx

reaction showed similar values and a similar trend within the range of error. Therefore,
exposure to reaction conditions did not affect the indium dispersion over the alumina
support. The dispersions of indium species were determined by comparing the XPS
intensity ratios obtained from the experiments with the values calculated from the theoretical
monolayer line. The XPS results indicated that the dispersion of indium species was 100%
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up to In10. However, the dispersion decreased at higher indium loading catalysts; 48 and
42% dispersion for In15 and In20, respectively.

25

Detectable H» uptake was
observed at 300 and 675-700°C
for In1 and In2.5 catalysts.

For the higher indium loading
catalysts (In5 and In10), an
additional H» uptake peak was
observed in the temperature
range of 550-600°C. The H»
consumption increased as a

Intensity (a.u.)

function of indium loading.

From the comparison with the
TPR spectra of standard
mixtures of In,Osand alumina,

0 200 400 600 800
Temperature (°C)

the H; uptake peaks around Figure 2. Temperature Programmed Reduction spectra for the

550-600°C can be assigned to In,0,/Al,O, catalysts.

the reduction of the large-

grained InyO; crystalline phase. The Hy uptake peak at 300°C was assigned to the reduction

of the highly dispersed indium oxide species. The calculation of the amount of H, update

for each catalyst indicated that 100% of indium oxide species were reduced to indium metal

up to In5. In10 showed 83% of indium oxide to be reduced to the metal during TPR

measurements.

Indium (1-10 wt.% In) supported sol-gel alumina catalysts converted as high as 60% NO
and 70% NOz to N3 in lean exhaust conditions (1000ppm NOx, 9% Oa, 7% H,O and
30,000 h! space velocity) with 1000ppm propene as a reductant. Optimum NOx reduction
activity was achieved with 2.5wt.% indium loadings on alumina (230m?2/g) prepared by a sol-
gel method. The characterization and performance studies showed that it is necessary to
balance the well dispersed indium species and alumina active sites in order to achieve the
optimum catalytic performance. A bifunction mechanism where the indium oxide species
partially oxidize propene to acrolein and acetaldehyde and the alumina utilizes the oxygen-
ated hydrocarbons to reduce NOx to Nz was identified. Characterization results indicated
that well dispersed and readily reducible indium oxide clusters are the active sites for con-
verting propene to the oxygenated hydrocarbons. However, the lean-NOx performance
decreases at high indium loadings (>5 wt.%) where active alumina sites responsible for NOx
reduction are blocked by well-dispersed indium oxide species.

Reference

Park PW, CS Ragle, CL Boyer, ML Balmer, MH Engelhard, and DE McCready.
In203/ALO; catalysts for NOx reduction in lean condition. Journal of Catalysis, 210, 97-105
(2002).
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C and N Assimilation by Soil Microbes Studied with
Time-of-Flight Secondary lon Mass Spectrometry

JB Cliff,” DJ Gaspar,” PJ Bottomley,” and DD Myrold®
(@) Oregon State University, Corvallis
(b) W.R. Wiley Environmental Molecular Sciences Laboratory

Understanding carbon and nitrogen cycling in soils is of paramount importance if we are to
understand global carbon and nitrogen cycles, optimize fertilizer use, and decipher nutrient
cycling at the microbiological level. Bacteria and fungi use different sources of carbon and
nitrogen depending on available resoutces and local conditions. One method of tracking
nutrient assimilation is through the use of stable C and N isotopes.

Stable C and N isotopes have long been used to examine properties of various C and N
cycling processes in soils. Unfortunately, relatively large sample sizes (typically greater than
1 cm?) are needed for accurate gas phase isotope ratio mass spectrometric analysis. This
limitation has prevented researchers from addressing C and N cycling issues on length scales

relevant to bacterial metabolism (“microbially meaningful” scales, or 101000 pm).

To extend the use of stable isotope labeling to microbially meaningful scales, we have
explored (CIiff et al. 2002) the use of time-of-flight secondary ion mass spectrometry
(TOF-SIMS) to measure the incorporation of 3C and >N in bacteria and fungal hyphae. In
TOF-SIMS measurements, a focused ®Ga* beam impacts a sample surface, producing
secondaty ions which are mass analyzed using a TOF spectrometer, providing a mass-
specific spatial map with a spatial resolution of better than 1 pm. In these preliminary
measurements, we have used TOF-SIMS to detect

800

13C and >N assimilation in a number of real and wl AT e
model systems. 400

200
We were able to detect 13C and >N assimilation by 3Z B‘ T e
individual bacterial cells by measuring the relative 0
abundances of mass 26 (*C“N’), mass 27 (PC“N- ., 7 L

T T T T T .
1500 TN

and '2C1>N-) and mass 28 (13C1>N-) ions arising
from cells adhered to a Si contact slide (Figure 1).

Furthermore, we have quantified N isotope ratios 0

in bacterial samples and individual fungal hyphae. pe o
In one such experiment, TOF-SIMS was used to "

locate and quantify the relative ’N contents of —_— l —

individual hyphae that grew onto Si contact slides oomomom ooy

in intimate contact with a model organomineral . ) )
Figure 1. Partial negative TOF-SIMS

spectra of N. europaea cells grown with
12C0, and *NH,+ (A), >CO, and "*NH,+

porous matrix composed of kaolin, straw frag-
ments, and freshly deposited manure, supple-

mented with ’NOs3. We observed that the 1N (B), 2CO, and ""NH, + (C), or *CO, and
content of fungal hyphae grown on the slides was 15NH,+ (D) as the sole C and N sources.
significantly lower in regions where the hyphae Figure 1 from Cliff et al. (2002).

Section 2-5-24



2002 Annual Report I&NS User Highlights

were influenced by N-rich manure than in regions influenced by N-deficient straw. This
effect occurred over distances of tens to hundreds of microns.

Amending a real clay soil with both "NH4*
and “NOj- led to measurement of a soil N
assimilation microsite (Figure 2). The image is
an overlay of 2CN- ions (green) with that of
26CN- ions (red). The image shows a
bacterium labeled more highly with >N than
the fungal hypha despite the fact that the
organisms are separated by less than 15 um,
demonstrating differential uptake of N-
containing nutrients.

Our data illustrate that TOF-SIMS has the
potential to locate N-assimilating micro-

organisms in soil and to quantify the >N

Figure 2. TOF-SIMS image of a fungal hypha
and a bacterium of a Si contact slide from a clay
riparian soil. The soil was labeled with ""NH,*
and ""NO;". Red = *°CN’, green = ¥CN’, bar =
10 pm. Figure 2 from Cliff et al. (2002).

content of cells that have assimilated
1>N-labeled nutrients and shows promise as a
tool with which to explore the factors
controlling microsite heterogeneities in soil.
Current work is geared toward understanding
the interplay between nutrient transport and microsite heterogeneities, with the ultimate goal
of linking the microscale measurements reported here to meso- and macroscale
understanding.
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Cliff, ] B, D] Gaspar, PJ Bottomley, and DD Myrold. Exploration of inorganic C and N
assimilation by soil microbes with time-of-flight secondary ion mass spectrometry. Applied
and Environmental Microbiology, 68, 4067-4073 (2002).
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Electrochemical Sensors Based on Nanostructured
Materials

Y Lin, ] Wang,™ ZF Ren,® W Yantasee,® J Liu,"” GE Fryxell,” and T Zemanian®
(@) Pacific Northwest National Laboratory

(b) New Mexico State University, Las Cruces

(c) Boston College, Chestnut Hill, Massachusetts

(d) Sandia National Laboratories

Nano-Composite Film of Polyaniline Nanowires and Iron (I1I) Hexacyanoferrate

Although oriented carbon nanotubes, oriented nanowires of metals, semiconductors, and
oxides have attracted wide attention, there have been few reports on oriented polymer
nanostructures such as nanowires. Recently, we developed a new approach for the assembly
of large arrays of oriented nanowires containing molecularly aligned conducting polymers
(polyaniline) without using a porous membrane template to support the polymer. The
uniform oriented nanowires were prepared through controlled nucleation and growth during
a stepwise electrochemical deposition process in which a large number of nuclei were first
deposited on the substrate using a large current density. Subsequently, the current density
was reduced to grow the otiented nanowires from the nucleation sites.

Nano-composite materials based on thin-films of polyaniline nanowires and iron (III)
hexacyanoferrate (FeHCF) have been synthesized by electrochemical methods. The
properties of the nanocomposite materials were induced by the combination of a
nanoporous conducting polymer and a mixed valence compound. FeHCF nanoparticles
were loaded into nanoporous polymeric matrix by an iz situ electrochemical deposition
method. The advantage of this method is that we can control the amount of FeHCF loaded
into the organic polymer film. The nanoporous polyaniline PANI film has extremely high
surface area and provides the excellent support for uniform dispersion of FeHCF particles in
3-D. The high surface area of nanoporous PANI film can also increase the loading capacity
for FeHCT particles, which leads to the high capacity in catalysis, redox capacitors, and
battery applications, and high sensitivity in chemical and biological sensing applications. The
usefulness of the nanocomposites has been demonstrated with an electrochemical sensor
device for H2O», the detection of which is widely investigated for enzyme-based biosensors.

Biosensors Based on Carbon Nanotube Nanocomposites

We have investigated another conductive nanomaterial, carbon nanotube, for biosensor
development. Carbon nanotube thin-films were immobilized on an electrode surface for
biosensing. Catalytic oxidation of NADH was evaluated. The catalytic oxidation of NADH
and highly stable amperometric NADH response at glassy-carbon electrodes modified with
carbon-nanotube (CNT) coatings were observed. A substantial decrease in the overvoltage
of the NADH oxidation reaction (compared to ordinary carbon electrodes) is observed
using single-wall and multi-wall carbon-nanotube coatings. Furthermore, the NADH
amperometric response of the coated electrodes is extremely stable. The CNT-coated
electrodes thus allow highly-sensitive, low-potential, stable amperometric sensing. Such
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ability of carbon nanotubes to promote the NADH electron-transfer reaction suggests great
promise for dehydrogenase-based amperometric biosensors.

We have investigated the ability of the perfluorosulfonated polymer Nafion to solubilize
single-wall and multi-wall CNT and the electrocatalytic detection of hydrogen peroxide at
CNT-Nafion-coated electrodes. Nafion films have been used extensively for the modifica-
tion of electrode surfaces and for the construction of amperometric biosensors owing to
their unique ion-exchange, discriminative and biocompatibility properties. We have found
that CNT can be suspended in solutions of Nafion in phosphate buffer. Such suspension is
attributed to noncovalent interactions and permits a variety of manipulations, such as modi-
fication of electrode surfaces. The electrocatalytic properties of CNT are not affected by
their association with Nafion. The resulting CNT-Nafion coated electrodes are shown to
offer a marked decrease in the overvoltage (detection potential) for hydrogen peroxide. The
use of Nafion as a solubilizing agent for CNT, along with the electrocatalytic detection of
hydrogen peroxide, provide a useful avenue for preparing CNT-modified electrodes and
suggest great promise for oxidase-based amperometric biosensors. The glucose sensor, a
model biosensor, was also developed based on the immobilization of glucose oxidase-
Nafion-CNT on glassy carbon and gold electrodes.

Nanoelectrode Arrays Based on Low-site Density Aligned Carbon Nanotubes

Nanoelectrode arrays (NEAs) have been successtully fabricated from the low site density
aligned carbon nanotubes. The CNTs were grown by plasma enhanced chemical vapor
deposition (PECVD) on Ni nanoparticles made by the electrochemical deposition. Each
nanotube is separated from the nearest neighbor by several microns. NEAs consisting of up
to millions of individual nanoelectrodes with diameters of 100 nm were made in a 1 cm? area
by this non-lithography method. Electrochemical characterization, including cyclic
voltammetry and square wave voltammetry, were performed. The results indicate that the
carbon NEAs are promising for environmental monitoring (i.e., stripping voltammetry for
trace metal analysis) and biosensing applications.

Nanoengineered Electrochemical Sensor Based on Self-Assembled Monolayers on
Mesoporous Silica (SAMMS)

Various SAMMS with selective functional ligands for toxic heavy metals and actinides have
been developed at PNNL. Recently we have successfully coated the SAMMS thin-films on
electrode sutfaces to form selective nanoengineered electrochemical sensors for detection of
Cu, Cd, Pb, and Hg. The microchip gold electrode with SAMMS thin-film was integrated in
a microfluidic system. Heavy metals were selectively preconcentrated on the SAMMS thin-
film when sample solution continuously flowed through the electrode surface. A clean
electrolyte solution was used to remove the sample matrix from the electrode surface.
Square-wave voltammetry was used to quantify the surface-bound metal species. The
SAMMS-based electrochemical sensors were demonstrated to be quite selective for
simultaneous detection of Cu, Cd, Pb, and Hg with a detection limit at the ppb level. These
results demonstrate that SAMMS-based electrochemical sensors are quite promising for
toxic metal analysis.
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Synthesis and TEM Characterization of
One Dimensional Nano-Structured Materials

HF Zhang,”® LS Wang ,”® and CM Wang®
(a) Washington State University, Pullman
(b) W.R. Wiley Environmental Molecular Sciences Laboratory

One-dimensional quantum wires have recently attracted great interest because of the novel
physics they exhibit and their potential applications as interconnects or functional compo-
nents in future mesoscopic electronic and optoelectronic devices. The discovery of carbon
nanotubes has significantly stimulated research activities into the syntheses and characteriza-
tion of one-dimensional nanosystems. Here we report the serendipitous synthesis of Al4Cs
nanowires and nanoribbons at mild experimental conditions using lithium as a catalyst.
Large quantities of Al4Cs nanowires (diameters from 5 to 70 nm) and nanoribbons (5 to

70 nm thick and 20 to 500 nm wide) tens of micrometers long were synthesized in a solid-

state reaction involving Al, C, Li at less than 780°C. High-resolution electron mictroscopy
revealed that the nanowires all grew along the c-axis of hexagonal Al4Cs whereas the
nanoribbons all grew within the basal plane. Our original goal was to synthesize solid
materials containing pentatomic tetracoordinate planar carbon building blocks, (CAlZ). Our
strategy was to induce solid-state reactions in the Al/C/alkali metal tertiary systems under
high temperatures, aspiring to a M*2[CAly*] solid material under appropriate experimental
conditions in a sealed reactor. When baking a mixture of Al-C-Li (5/3/1 atomic ratio) at

780°C for 72 hours and cooling it down rapidly to room temperatute, we only observed
formation of hexagonal Al4Cs microcrystals. However, upon slow cooling at a rate of

3°C/hour from 780°C to room temperature, we found surprisingly that a large amount of
the starting material was converted into nanostructures, as revealed by scanning electron
microscopy (SEM). ALCs microcrystals were still formed primarily in the initial high
temperature baking at 780°C, but only in regions where there were scarce nanostructures.
Two types of structures were observed, wire-like and ribbon-like, with lengths up to several
tens of micrometers. The ribbon-like structures revealed by the SEM often exhibit
interesting curved morphologies (Figure 1). X-ray diffraction analyses showed that the
majority of the samples consisted of -
hexagonal crystalline Al4Cs. Energy-
dispersive x-ray spectroscopy showed —

Surprises in Nanoribbon Synthesis

that both the nanowires and

the
elope before its
and interfering

nanoribbons contained primarily Al and
C with a small amount of O. Electron

along microtubules. Together
the papers suggest a mechani
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energy loss spectroscopy confirmed this

result and also showed that there was no

cell 108,83:97 (2002).

lithium in the nanostructures.
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nanowires and nanoribbons from materials that do not natura

Further structural characterization using ‘

transmission electron microscopy
(TEM) showed that the nanowires have Figure 1. Al,C; Nanobelts synthesized in EMSL and
diameters ranging from 5-70 nm with a highlighted by editor’s choice of Science.
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mean diameter around 40 nm. Most of the nanowires were uniform in diameter along their
entire length. The nanowires were all of single crystalline hexagonal Al4Cs with a thin AlO;
layer on the outside. The oxide layer was likely formed during the TEM sample preparation
and transport. High resolution TEM (HRTEM) showed that the nanowires all grew along
the [0001] direction.

A variety of 1-D systems have been synthesized,
including carbon nanotubes, semiconductor nanowires,

coaxial nanocables, and nanobelts (Zhang 2002a,
Zhang 2002b). Although helical nanostructures are
common in biology or self-assembled organic systems,

LETTERS

similar nanostructures are difficult to realize in inorganic
materials. Here we report the first synthesis of helical
crystalline silicon carbide nanowires covered with a
silicon oxide sheath (Figure 2). Large quantities of the
helical SiC/SiO; core-shell structures tens of micrometers
long were synthesized by a chemical vapor deposition

technique. The SiC core typically has diameters of 10—40 Helica SiC/510; Core-Shll Nanowires |

nm with a helical periodicity of 40-80 nm and is covered

by a uniform layer of 30—60 nm thick amorphous SiOx. Figure 2. Helical Si/SiO, Core-Shell
Detailed structural characterizations suggested that the nanowires synthesized at EMSL,
growth of this novel structure was induced by screw which is featured on the cover of
dislocations on the nanometer scale. Silicon carbide is a Nano Letters.

wide band-gap semiconductor and is also an important structural material. The new helical
nanostructures may find applications as building blocks in nano-mechanical or electronic
devices. The screw-dislocation-induced growth mechanism suggests that similar helical
nanostructures of a wide range of materials may be synthesized.
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Initial Stages of Oxidation of the Ceramic Composite
ZrB,(SiC) at High Temperature

C Tripp,® A Stephenson,® M Loeffler,” B Choi,® CV Ramana,® RJ Smith,
V Shutthanandan, and S Thevuthasan®

(@) Montana State University, Bozeman

(b) Rhodes College, Memphis, Tennessee

(c) Jeonju University, Chonbuk, South Korea

(d) W.R. Wiley Environmental Molecular Sciences Laboratory

Zirconium-based ceramics exhibit a number of physical properties that make them interest-
ing candidates for high temperature applications. In particular, the high melting tempera-
ture, hardness, and chemical stability of zirconium diboride ceramics make them excellent
candidate materials for aerospace applications such as leading-edge components in hyper-
sonic vehicles. The high temperature properties can be further improved by adding rein-
forcing phases to form metal diboride-based composites. For example, the addition of SiC
particles during processing leads to improved ablation resistance at high temperature, and
improved oxidation resistance.

The purpose of the present investigation was to determine the usefulness of high-energy
(MeV) ion beam analysis for characterizing the eatly stages of oxidation of the ZrBs-based
composites. While many electron spectroscopies can be used to obtain composition vs.
depth profiles with excellent depth resolution, sputter erosion for depth profiling can be very
time consuming. The combination of Rutherford backscattering and nuclear reaction analy-
sis provides relatively quick, complementary information for multiple, sequential analyses as
a function of in situ sample treatment at high temperatures. The compromise in depth
resolution inherent in MeV ion beam analysis is offset in this case by the ability to quickly
obtain concentration profiles extending from the surface to a depth of several microns. An
additional benefit for the samples studied here is the enhanced sensitivity to light elements
obtained by using proton beams in the energy regime of enhanced non-Rutherford scattering
cross sections.

In these experiments thin wafers of ZrB2(20%-S8iC) were exposed to 8O gas at temperatures
between 30°C and 1000°C for time periods of 30 minutes to several hours and oxygen
pressures up to 4 x 10> Torr. The samples were cooled to room temperature for analysis.
We observed that exposure of the ZrB,(SiC) composite to oxygen under these conditions
led to the reduction of ZtrB; to form a ZrO layer several microns thick at the surface.
Formation of B»O3 was inferred from the loss of B in the surface region where the zirco-
nium oxide forms. No evidence of silicon oxide at the surface was seen in these
experiments.

The spectra in Figure 1 demonstrate the benefits of using non-Rutherford cross sections to
determine the concentrations of light elements. The Rutherford cross section for B is
enhanced by approximately a factor of five times the Rutherford value for 1.7 MeV protons
because of nucleon-nucleon interactions. Similarly, the backscattering from oxygen at these
higher proton energies is enhanced by a factor of three, depending on scattering angles. The
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effects of these non-Rutherford enhancements is cleatly seen in Figure 1 where the ion
yields from B and O are easily seen on the background of backscattered ions from Zr. The
decrease in B concentration near the surface is accompanied by the growth of an oxide layer.
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Figure 1. Backscattered ion spectrum for incident 1.71 MeV proton beam. Spectra have been
normalized to the same height in the low