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Interfacial and Nanoscale Science Facility

The Interfacial & Nanoscale Science Facility (INSF) is a world-class resource for scientific
expertise and instrumentation focused on the study of interfacial phenomena and nano-
science and technology. This section summarizes the capabilities available in the INSF,
along with research programs associated with facility users. Activities in the facility address
national needs in environmental restoration, waste management, pollution prevention,
energy production and storage, and national and homeland security through research that
specializes in preparation, characterization, and reactivity of surfaces and interfaces. The
range of scientific expertise and instrumentation within the facility provides a unique
environment for research in areas such as nanoscience and nanotechnology; interfacial
catalytic chemistry; designed oxide interfaces, including environmental aerosol and mineral
interfaces; materials and chemoselective interfaces; and areas within microanalytical science,
such as chemical sensing and nanobiotechnology.

The INSF and its scientific staff provide a broad
range of instrumentation, laboratory capabilities, and
expertise. Instrumentation is available for chemical ® Thin-film deposition

Instrumentation & Capabilities

synthesis, analytical chemistry, separations, e Surface analysis suite

lectrochemi hin-film ition lyti . .
clectroc ? stry, t .depos to K cata ytl.c ) ® FElectron microscopy suite
reactors, ion-beam processing, and microfabrication. _ )
® Scanning probe microscopy

Capabilities include an accelerator facility for material
modification and analysis using ion beams along with | ® lon-beam processing and analysis
interface characterization; scanning probe micro- ® Nanobiotechnology capabilities

scopies; electron microscopy and x-ray analysis; e Surface Science and Catalysis

spectroelectrochemistry; high-spatial fenergy resolu- Laboratory
tion surface analysis; catalyst preparation, characteri- o Catalytic reactors

zation, and reaction engineering; a fully equipped

. . . . ® X-ray diffraction laboratory
clean room for microfabrication, microanalytical

systems development, and testing laboratoties; ® Microfabrication
inorganic, organic, polymer, and biochemical synthe- | ® Chemical and biological sensing
sis and characterization facilities; a full complement e Other analytical and

of thin-film deposition and characterization facilities; characterization laboratories

and fully equipped analytical support laboratories.

The combination of sutface 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 environments without exposure to air.

Staff assigned to the INSF perform 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 U.S. Department of Energy (DOE)
mission areas—science, energy resources, environmental quality, and national security—and
to operation of a world-class user facility that supports the DOE science mission. Our staff
also plays a major role in the continued success of the W.R. Wiley Environmental Molecular
Sciences Laboratory (EMSL) by providing support, training, and collaboration to onsite
users. Over the past seven years, research activities in the INSF have focused on four major
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thrust areas: 1) films and interphases, 2) surface chemistry and catalysis, 3) material
interfaces, and 4) microsensors, microfluidics, and new biotechnologies. Staff assigned to
the INSF continue to focus their efforts in these four areas with research on the following
topics:

° Oxide and Mineral Films and Surfaces. Structural and chemical properties of model single-
crystal oxide and complex mineral surfaces.

o Electronic and Catalytic Materials. High dielectric materials, magnetic oxide
semiconductors, and oxide catalysts.

e Nanoscale Materials. Oxide quantum dots and nanofilms of magnetic and oxygen
ion-conducting oxides, buried nanoclusters in oxides.

o [nterfacial Properties and Reactivity. Reactions at oxide and mineral interfaces and the
structural and chemical propetties.

o Microanalytical Separations and Sensing. Development of new microanalytical and sensing
principles, tools, and testing.

o Nanobiotechnology. Single-enzyme nanoparticles, enzymes in nanostructured matrices;
understanding the dynamics of these materials.

o Environmental Studies. Waste separations, structural and chemical stability of waste forms
under different radiation and chemical environment, atmospheric aerosols.

o 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 a material (i.e., the interphase) have a major influence on many characteristics of
the material, including stability, electronic properties, atomic and ionic transport, and chemi-
cal reactivity. Research programs include the synthesis of thin films and nanostructured
materials, both of which contain a high concentration of interphase regions. Research
activities also involve studies of solid solid, solid liquid, and solid /gas (ot vacuum) interphase
regions. Although most studies are focused on inorganic materials and interphases, organic
and biological systems ate becoming an increasingly large patt of our work.

Surface Chemistry and Catalysis. Basic research is carried out with the most simple,
well-defined, environmentally relevant crystallographic structures (e.g., mineral carbonates,
metal oxides) for which 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 system catalytic converter. In addition to fundamental surface chemistry research,
we are developing materials and reactor designs for a number of heterogeneous catalytic
processes. One study involves synthesizing, charactetizing, and testing a group of novel,
mesoporous, silica-supported, solid-acid catalysts for use in petroleum-refining processes.

Material Interfaces. Studies are being conducted in several areas: solidsolid 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
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on solid/solid interfaces involve 1) charactetization of interfaces between thin films and
substrates, between ion-beam-modified surfaces and the original substrate, or between
nanoclusters and host matrices; 2) segregation or diffusion of point defects, impurities,
dopants, or gas atoms to or from such interfaces; 3) transport of hydrogen, oxygen, or other
gases across such interfaces; 4) formation or destruction of such interfaces from radiation
damage processes; and 5) stability of interfaces under a wide range of environmental
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, Microfluids, and Nanobiotechnology. This research includes four
primary thrust areas: 1) array-based vapor sensors, 2) nanoscience, 3) bioanalytical
microfluidics, and 4) radioanalytical microfluidics. Key areas of science in array-based
vapor-sensing include rational design, development, and synthesis of polymeric-sensing
materials, linear free-energy models for vapor /polymer interactions, organic thin films,
photo-patterning methods for sensor materials, integrated sensor systems, and multivariate
data analyses. The nanoscience area includes development of monolayer-protected gold
nanoparticles for use on sorptive sensing films, single-enzyme nanoparticles as a new
nanostructure for enzyme stabilization, and multi-functional nanoparticle assemblies for
biodetection. The latter two areas represent a new thrust in nanobiotechnology, and a
laboratory within EMSL has been established for synthesizing enzyme nanostructures and
studying enzyme kinetics and enzymes in nanostructured matrices. Experimental research in
bioanalytical microfluidics and radioanalytical microfluidics is now located primarily in other
facilities, but close scientific ties with EMSL are maintained.

Capabilities

Thin-Film Deposition. Thin-film deposition capabilities 1nclude oxygen plasrna assisted
molecular beam epitaxy (MBE) systems (Figure 1), a metal
organic chemical vapor deposition system (MOCVD), and
a sputter deposition system. The MBE systems consist of
growth chambers connected to surface characterization
chambers through sample transfer lines. The growth
chambers have various electron beam and effusion cell
sources along with reflection high-energy electron

diffraction and quartz crystal oscillators to monitor the
growth. The surface characterization chambers are

Figure 1. Oxygen plasma-assisted
MBE system.

equipped with several surface-science capabilities
including x-ray photoelectron spectroscopy

(XPS) Mdiffraction, 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 metal organic source
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delivery systems (bubbler vapor-phase and direct liquid source-injection), an oxygen
microwave plasma unit, a spectroscopic ellipsometer, and a Fourier transform infrared
(FTIR) spectrometer. The system is capable of growing uniform (in both thickness and
composition) oxide thin films with abrupt interfaces. The sputter deposition system consists
of radio frequency and direct current sputtering sources.

Surface Analysis Suite. The surface analysis suite consists
of a Physical Electronics Instruments (PHI) Quantum 2000
high-resolution, x-ray photoelectron spectrometer (Figure 2),
a Kratos Axis multi-technique surface analysis system (SAS), a
PHI Model T2100 time-of-flight secondary ion mass
spectrometer (TOF-SIMS), and a PHI Model 680

AES /scanning Auger microprobe. The Quantum 2000 XPS
system is unique in that it uses a focused monochromatic Al
K a x-ray beam that can be varied in size from as small as

10 um in diameter to approximately 200 pm. The TOF-SIMS
system uses a pulsed and focused ion source and TOF

analyzer to obtain high spatial- and mass-resolution data from Figure 2. X-ray photoelectron

a specimen surface. The multi-technique SAS enables spectrometer.

surfaces to be probed with a vatiety of complementary

analysis methods, and contains electron imaging, electron spectroscopy, and both primary
and secondary ion-scattering capabilities. The Model 680 auger electron spectrometer

(AES) scanning Auger microprobe is based on 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, scanning electron microscope (SEM) imaging,
mapping, specimen cleaning and depth profiling using a sputter gun, 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 scanning
electron microscope (FESEM), a high-resolution
transmission electron microscope (TEM) (Figure 3), and
another cryo-TEM dedicated for biological work (Cryo
TEM). The FESEM is an ultrahigh-performance SEM
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 secondaty electron detector, a backscatter electron . . )
. . Figure 3. High-resolution TEM.
detector, an energy-dispersive x-ray detector, and an

electron backscatter diffraction detector. 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 geometrically optimized x-ray
detector. It has a wide range of illumination lens conditions: TEM mode, energy-dispersive

spectroscopy mode, nanometer beam electron diffraction, and convergent beam electron
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diffraction. The TEM is post-column attached with a Gatan image filter, giving an
optimized energy resolution of approximately 1.2 eV, which allows analysis of light elements
by electron energy-loss spectroscopy and elemental mapping in the electron spectroscopic
imaging. The Cryo TEM is primarily used for biological imaging and tomogtraphy. The
spatial resolution of the instrument is about 0.45 nm, and it has an accelerator voltage in the
range of 80 to 120 kV.

Scanning Probe Microscopy. The scanning probe microscopy laboratory has a Digital
Instrument Nanoscope I1Ia AFM, a Topometrix TMX 1000 Explorer SPM, and a OmiCron
variable non-contact ultrahigh vacuum (UHV) AFM/STM system with surface-science
capabilities including XPS, Auger electron microscopy, plasma cleaning, and deposition.
The instrument is capable of operating in both air and liquid environments and in several
modes that include contact, tapping, frictional force, phase /frequency, capacitance, and
magnetic/electrostatic force. As a real space probe, the instrument can be used to probe
surface morphology, defects, and electrostatic, magnetic, dopant concentration, and
mechanical properties of conducting and non-conducting materials. The Topometrix

TMX 1000 Explorer SPM can be used for both AFM and STM in air and in liquid and is
particularly useful for larger samples. 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 topography. The OmiCron variable scanning
probe microscope can be used for both STM and AFM under 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 1s equipped with other surface-science capabilities that include LEED, XPS, AES, and
oxygen plasma cleaning.

Ion-Beam Processing and Analysis. The accelerator
facility (Figure 4) 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 soutrces

and effusion cells in addition to the conventional

Figure 4. Accelerator facility.

ion-beam capabilities. Ion-beam capabilities include

fixed and movable detectors for Rutherford backscattering spectrometry/channeling, 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 greater. The micro-beam end station is also equipped
with capabilities for conventional ion-beam techniques including RBS, NRA, and proton-
induced x-ray emission (PIXE). The +15° beam line is equipped with a raster scanner for
ion implantation and 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. The NEC RC 43 end station attached to this beam line is
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equipped with most of the standard ion-beam analytical capabilities including RBS, NRA,
PIXE, particle-induced gamma emission, proton elastic scattering analysis, scanning
transmission ion microscopy, and ERDA.

Surface Science and Catalysis Laboratory. Three UHV surface chemistry systems
designed for studies of the molecular-level chemistry of adsorbates on metal oxide surfaces
are available in the Surface Science and Catalysis Laboratory. These systems are equipped
with a number of spectroscopic tools to follow changes in adsorbate chemistry, including
high-resolution electron energy-loss spectroscopy, SIMS, ultraviolet photoemission, XPS,
AES, and LEED. In addition, both electron-stimulated desorption 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, estimates of the sticking coefficient
and the activation energy for desorption and/or reaction of the adsorbed molecule can be
made. One of these systems has a combination of surface-science and high-pressure
catalysis capabilities and is capable of measuring gas/solid reaction rates under realistic,
high-pressure (approximately 1 atm) conditions using model, low-surface-area solid samples.
Reaction rates as a function of temperature and varying reagent partial pressures also can be
measured in this system.

Catalytic Reactors. The Reaction Engineering Laboratories are equipped with a variety

of analytical capabilities and catalytic reactors including an Advanced Scientific Designs, Inc.
RXM-100 catalyst testing and characterization instrument and a Zeton Altamira reactor test
stand. The RXM-100, a multi-functional instrument used for catalyst studies, combines
UHY and high-pressure capabilities in a single instrument without compromising specifi-
cations or ease of use. A number of measurements can be made using this instrument
including chemical adsorption, physical adsorption, surface area, pore size, pore distribution,
and temperature programmed characterization (desorption, reduction, and oxidation). An
online mass spectrometet, gas chromatograph, FTIR, and thermal conductivity detector can
be used to analyze effluent gases. The instrument 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 system
configuration. This system offers extensive flexibility in catalyst testing and decreases
inefficiency and contamination problems that arise from transferring 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, a Rotoberty reactor, and a continuous stirred tank reactor. This design allows
users to evaluate catalyst performance and study chemical reactions in various reactor
configurations.

X-Ray Diffraction. The suite of x-ray diffraction (XRD) equipment in EMSL consists of
four instruments: a general-purpose XRD system for studying polycrystalline samples under
ambient conditions, a special applications XRD system with low- and high-temperature
sample stages covering the range of =193°C to +1000°C, and a four-circle XRD system.
The general-purpose system is most often used to examine powder samples (x-ray powder
diffraction), but it also can 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
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samples in more detail, including grazing-incidence XRD (GIXRD) and x-ray reflectivity
(XRR) measurements. The four-circle system is typically configured for high-resolution x-
ray diffraction studies of epitaxial thin films. Additional applications of the four-circle
system include stress measutrements, texture analysis, GIXRD, and XRR.

Chemically Selective Materials and Sensors. Development and evaluation of sensor
materials and chemical microsensors are supported by a wet chemistry laboratory for
organic, polymer, and nanomaterial synthesis; a laboratory for evaluation of chemical sensor
and sensor materials using automated vapor generation and blending systems; and a clean
room with selected microfabrication capabilities. A variety of techniques for applying
sensing materials to sensor devices are available, and numerous electronic test instruments
are available in the sensing laboratories and the EMSL Instrument Development Laboratory.
These capabilities are complemented by a range of surface analysis and characterization
instruments as well as conventional analytical instrumentation in EMSL. Users may wish to
bring new sensing materials to EMSL for application to sensing devices and evaluation,
while others may bring complete sensor systems with data collection capabilities to couple to
EMSL automated vapor generation systems. Research areas include sensor arrays, sensor
materials design and synthesis, sensing material /analyte interactions, and chemomettic
methods.

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, the microfabrication
equipment in EMSL has multipurpose functionality. The equipment supports a variety of
microprocessing activities that include thin-film deposition, various thermal treatments,
microphotolithography, chemical etching, inspection and characterization, bonding and
packaging, and testing and measurement.

Nanobiotechnology Laboratory. The Nanobiotechnology Laboratory is equipped with
capabilities to synthesize single-enzyme nanoparticles, functionalize nanostructured matrices,
and analyze the activity and stability of enzymes and single-enzyme nanoparticles. This new
laboratory consists of various small instruments (such as a black box, a glove box, a Dean
Stark system, and shakers), a spectrophotometer, and a spectrofluorometer. A vatiety of
basic enzyme work can be performed in this laboratory, including enzyme modification,
enzyme immobilization, and enzyme-activity and stability measurements.
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Upgrades

Several instrument developments are being implemented or planned to enhance capabilities
and support our major research areas or areas selected for EMSL development. In FY 2005,
the following capability developments occurred in the INSF.

Scanning Probe Microscopy Capability Upgrade. A new generation of scanning probe
microscopy is being adapted and applied to obtain single-site chemical information of
particular importance to catalytic, photocatalytic, and other chemical processes. Acquiring
single-site chemical information will lead to new knowledge important in several areas; in
particular, heterogeneous catalysis is indeed strongly site-specific, and for important catalytic
materials such as metal oxides, reactions involve various regular and defect sites. Ideally, we
would like to obtain chemically specific information on a sub-nanometer scale. The variable
UHYV non-contact AFM/STM that was purchased during fiscal year 2004 is an ideal system
to carry out these experiments. We have added many surface-science capabilities including
XPS, AES, and plasma and sputter cleaning and deposition. Although the non-contact AFM
portion is not completely tested, we have started working user research activities.

Liquid Delivery System for MOCVD Capability. MOCVD is a highly effective and
useful approach for growth of many oxide and nanostructured materials. The system in
EMSL is being updated to allow the use of new types of environmentally friendly and
lower-cost chemical precursors. MOCVD is particularly applicable for growth of materials
less suitable for PVD, MBE, or other high-vacuum-based methods, and we plan to expand
spintronics and oxide-based nanomaterials use of this updated system. Although the
MOCVD capability had been oversubscribed and there had been extensive output in
peetr-reviewed journals, the system did not allow use of new generations of precursors or
precise control of composition of new multi-component systems. We have upgraded the
capability with a new liquid delivery system and are integrating all the instrumentation so
operation of MOCVD instrumentation will be user friendly.

Heavy Ion Elastic Recoil Detection Analysis Capability. Critical light element analysis
involves several EMSIL-associated research areas, including oxide thin films for optical,
magnetic, and catalytic materials and characterization of environmental and biological
samples. A high-resolution TOF ERDA capability at the EMSL accelerator facility is being
developed to expand the speed, sensitivity, and reliability of such analyses. The TOF ERDA
technique will provide simultaneous detection and absolute quantification of hydrogen,
carbon, nitrogen, oxygen, and other light elements as a function of depth in complex
matrices containing heavy elements, and as a result, considerable attention is being devoted
to developing this capability in ion-beam facilities. Because this is a powerful method to
investigate elemental concentrations in the surface regions, this capability can be effectively
applied in many different areas. We started developing this capability in the middle of fiscal
year 2004. Itis 70 percent complete, and we will be using the capability in user research in
the middle of fiscal year 20006.
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Addition Effusion Cells. This unique EMSL-designed, state-of-the-art, oxygen
plasma-assisted MBE system, on which much of our oxide work is based, was upgraded with
additional effusion cells and a new plasma source. The total number of individually
controlled MBE sources is now seven—four e-beams and three effusion cells. In addition,
as discussed above, we plan to purchase a cryo TEM to enhance the electron microscopy
capabilities in biological areas.

Cryo-TEM. Imaging of mineral/biological and other hard/soft interfaces is of increasing
importance in geochemistry and in nanobiotechnology. New microscope capabilities will
significantly expand our ability to examine these interfaces. As a part of this effort, we have
purchased and installed a cryo-TEM and accessories. We presently are testing the
capabilities of the system. We anticipate that this capability will be fully functional later in
tiscal year 2000.
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Future Directions

Opverall objectives of this facility are to support our current highly productive users and user
base and to expand our outreach and capabilities related to the developing areas associated
with EMSL science themes and grand challenges. We will take necessary actions to develop
capabilities that would be crucial to achieve these goals.

User Support

e Based on the number of users and their publications, our current user base is strong
and productive. One objective is to maintain that base and high level of user-produced
output.

e Considering our distinguished and prominent user base, we will strive to continue
receiving more than 330 proposals and realizing at least 115 journal publications each
year. Our long-term goal is to increase the number of peer-reviewed publications,
especially in high-profile journals. In addition, we will focus our best efforts to increase
the number of high-profile users.

New Research and Capability Development

e We will increase our contribution to the Biology and Biogeochemistry Grand
Challenges. As a result, we hope to increase the number of publications produced from
research in these areas. Along this line, we will fully implement the Cryo-TEM
capability, and we will work toward increasing the number of high-profile users in this
area. We have already made a strategic hire in this area, and we are in the process of
defining a strategic biological position that will make use of the electron microscopy
and scanning probe microscopy capabilities to develop new programs. This strategic
hire can use the microscopy capabilities (electron and scanning probe) and surface and
interface science capabilities to develop programs in biology.

e Both biological- and atmospheric-chemistry-related activities will be enhanced by a
new-generation TOF SIMS capability that allows better depth resolution and extraction
of information from environmentally unstable materials (i.e., biological and aerosol
samples). Advances in our ion-beam analysis capability will allow increased time
resolution for atmospheric chemical analysis. We have already made a strategic hire to
manage the SIMS capabilities and interact with scientists in the atmospheric chemistry
and biological areas.

e We will complete the following capability developments in fiscal years 2006 and 2007,
and will develop the user base for these capabilities:

— metal organic chemical vapor deposition
— heavy ion elastic recoil detection analysis
— Cryo-TEM

e  The UHV STM/AFM capability is almost operational. Although we need to complete
the non-contact AFM portion of the capability, we have already started working with
users in this instrumentation. We will continue to expand the user base during fiscal
year 2006. The instrument will be limited to five to six users per year. Currently, we
have four to five users, and we will increase this to a maximum of six.
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e  We will increase the user base for the new MOCVD capability. Here again, we cannot
have more than five to six users per year because of cross-contamination issues.
Currently, we have two users, and we will strive to increase the number of users to the
maximum of five to six in the next one to two years.

e The environmental TEM capability has been approved, and we are working with
external and internal users to establish specifications and develop the instrumentation

and capability. Our goal is to make this capability available for the users during fiscal
year 2007.
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Studies of Damage Accumulation in 4H Silicon Carbide
by lon-Channeling Techniques

Y Zhang,® F Gao,” W Jiang,” DE McCready,” and W] Weber®
(@) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland, Washington
(b) Pacific Northwest National Laboratory, Richland, Washington

The results of non-equilibrinm defects introduced by irradiation have a broad impact by providing an
understanding of equilibrium defect properties and materials performance for applications in environmental
restoration, energy production, and national security.

Silicon carbide (SiC) is a wide-gap semiconductor material with superior electrical, thermal,
and mechanical properties that can be used for high-power, high-frequency, and high-
temperature or heterostructure applications. Doping in SiC is quite a challenge, because the
thermal diffusion of dopants requires extremely high temperatures. Furthermore, epitaxial
growth processes do not allow planar selective area doping, which is essential to fabricating
devices. Ion implantation is a critical technique used to selectively introduce dopants when
producing SiC-based devices at low temperatures. However, ion implantation produces
defects and even amorphization of the crystalline lattice. Therefore, understanding defect
production, accumulation, and damage-annealing mechanisms, which are essential to
implementing implantation doping techniques in SiC-based electronic device fabrication, is
one of the critical issues for SiC device fabrication.

In this work, single-crystal 4H-SiC was irradiated with 2-MeV gold ions at 165 K.
Ion-induced defect configurations and damage accumulation were then studied by

ion-channeling techniques along the <0001>, < 4403 > ,and <2201> directions. The
Rutherford backscattering and nuclear analysis reaction spectra along the <0001> direction
shown in Figure 1 are representative for
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Figure 2. Relative silicon disorder along different
orientations under 2-MeV Au?* irradiation to a
fluence of 1.1 x 1013 cm™ at 165 K.

the relative disorder observed along the

<4403> and <2201> directions is much
higher than that along the <0001>
direction, as shown in Figure 3. The
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Figure 3. Relative disorder along the
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function of local dose at the damage peak.
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Mechanism of Heteroepitaxial Growth at Initial Stages
of Oxide Nanodot Formation: Cu,O on SrTiO;(100)

IV Lyubinetsky,® A El-Azab,™ AS Lea,” S Thevuthasan,” and DR Baer®™
(@) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland, Washington
(b) Pacific Northwest National Laboratory, Richland, Washington

Abn efficient way of making hydrogen is important for the hydrogen economy. The ability to synthesize Cu(l)
oxide guantum dots on strontium titanate surfaces is important for exploring applications related to
photocatalytic splitting of water into hydrogen and oxygen or reduction of organic matter using sunlight. This
work highlights the recent success of growth and characterization of Cu(l) oxide quantum dots.

The initial stages of island growth and interface formation N :
a Cu(l)-bulk

have been examined by x-ray photoelectron spectroscopy Cu 2p,,
growth in a step-by-step mode by temporarily interrupting

growth at a particular thickness and quenching the sample 7
to room temperature. A series of copper 2ps/2 spectra R
nanodot growth, a small spectral feature associated with !

taken at the very initial stages of the growth at 760 K are
presented in Figure 1(a). At the very initial stages of Cu2O

XPS Signal (a.u.)

(XPS). Spectra were acquired i situ at different stages of
the Cu(ll) state appeared at ~934.5 eV and disappeared at 027 = .\_;_
d > 0.8 nm. This observation indicates some additional 0.08 7|

interaction between deposited copper atoms and oxygen o3 o0
. Binding Energy (eV)
of the SfTiO; substrate.

100 [~ Vi B

The intensity of the copper 2p3/2 signal as a function of the
Cuz0 effective thickness at the very initial stages of

growth is shown in Figure 1(b) where there is an apparent « - -
deviation from linear rise of the signal. This finding Thickness (nm)

Intensity (a.u.)
.

/
-
50 . i
/e®®
(3

312

Cu 2p,
.

suggests an absence of the continuous (wetting) layer
Figure 1. (a) Sequence of the

copper 2ps, spectra, and (b)
copper 2p,, intensity evolution
for increasing effective thickness.

formation, which otherwise would exhibit a linear increase
during uniform growth of the first monolayer. Thus,
Cu20 on the SrTiO3(100) evidently grows via an island
formation mechanism, with the metal oxide clusters
starting to grow already at sub-monolayer coverages.

Atomic force microscope (AFM) images of surface morphologies, acquired ex sztu at
different stages of growth, are shown in Figure 2. At very initial stages shown in Figure 2(a),
AFM examination shows the formation of isolated square-based, truncated small nanodots
with widths and heights in the range of ~8-15 nm and of 0.8 to 2.0 nm, respectively. This is
consistent with results from XPS intensity analysis of the initial island formation at
submonolayer coverages, discussed above. Thus, the flat areas between nanodots are,
apparently, uncovered SrTiO3(100) surface. Both the shape and orientation of nanodots,
with edges mostly along the <011> direction, indicate a crystalline
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ordering and epitaxy. Further deposition results
in an increase of nanodot density, as Figure 2(b)
demonstrates for a 1.7-nm effective thickness.
Compatison of the magnified image patts [inset
of Figure 2(b)] reveals that lateral dimensions of
nanodots do not change significantly in the

process of initial quasi-planar growth. As a result,

a dense layer of small, low-aspect-ratio nanodots Figure 2. AFM images of the surface

forms at this stage of growth. In addition to the morphology evolution with thickness:

small nanodot layer, a sub-population of (@ d =0.3, (b)d =1.7 nm. Inset: part of
considerably larger rectangular- and hexagonal- the image magnified approximately three
based clusters, with average lateral and vertical times.

dimensions of 30 to 80 and 6 to 16 nm, respectively, also appear, as shown in Figure 2(b).
Large nanodot density increases when growth proceeds to a larger thickness. Itis
remarkable that these large dots start to form only when the small nanodots reach some
critical density of ~10'3 cm2, which occurs at d ~1.5 nm for a 760-K growth temperature.

In the studied system, the CuO nanodot dimensions only weakly increase at the initial stages
of growth, while continued deposition leads to an increase of dot density. A weak
dependence of nanodot size on coverage indicates an existence of the optimal island size at
initial stages of growth. The appearance of the larger-size dots beyond a certain density
cannot be explained by a conventional ripening mechanism or by preferential direct growth
of a subset of the small nanodots. If any of these mechanisms had been operable in the
studied system, some more general transition would be expected in the size distribution from
the small islands to the large ones. We propose that dot coalescence, driven by increasing
dot density, decreasing separation, and fluctuations in dot size and separation during the
growth/formation process, is the mechanism responsible for the sudden appearance of large
dots superimposed on the distribution of small ones. To test this hypothesis, we used the
kinetic model of the sutface morphological evolution. It is based on surface diffusion driven
by the elastic strain gradient and curvature of the surface, with or without interaction
between neighboring dots. Figure 3 shows three
snapshots of a distribution of dots, in which two
dots are placed at a separation small enough to
trigger interaction between the two dots. Itis

observed that when two dots are close enough,
stress and diffusion cause the two dots to Figure 3. Simulated snapshots of evolution
coalesce, leading to a larger dot that grows of the nanodot morphology.

rapidly and adjusts to a different shape.
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Cleanup of Environment Using Iron Nanoparticles

DR Baer,” EJ Bylaska, KH Pecher,” JE Amonette,”” BD Kay,” M Dupuis,”

JC Linelon,” DW Matson,® RL Penn,"”” MD Drissen,” PG Tratnyek, JT Nurmi,
V Sarathy, MH Engelhard,”® and C Wang®

(@) Pacific Northwest National Laboratory, Richland, Washington

(b) University of Minnesota, Minneapolis, Minnesota

(c) Oregon Health and Science University, Portland, Oregon
(d) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland, Washington

Work resulting from a collaboration involving Pacific Northwest National Laboratory (PNINL), the
Oregon Health and Science University, and the University of Minnesota bas shown that some types of iron
nanoparticles reduce carbon tetrachloride contamination in water in a more environmentally benign way than
larger iron 