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From the front cover and continuing on to the back, the images shown are, respectively:

Fig 1 - Pyrochlore and pyrochlore-related compounds occurring in the Bi2O3-ZnO-Nb2O5 system
are attractive candidates for capacitor and high-frequency filter applications in multilayer
structures co-fired with metal electrodes. Illustrated is the pyrochlore-type crystal
structure A2B2O7, where A (blue) represents a large cation and B represents a smaller
cation occupying octahedra (orange) formed by oxygen ions.  The structural formula is
often written as B2O6•A2O´, which emphasizes that the arrangement consists of two
interpenetrating networks of vertex-linked octahedra (B2O6), and a cuprite-like A2O´
tetrahedral net, represented here by the green (O´) and blue (A) spheres.  (See also the
highlight “Crystal Chemistry of Novel Wireless Dielectrics: Bi-Zn-Nb-O Pyrochlores.”)

Fig 2 - Plumes from the dual-beam, dual-target pulsed laser deposition facility. The yellow plume
is from a barium titanate target and the blue plume is from a strontium titanate target. A
compositonally-graded library film is grown on a substrate, positioned in front of the
targets, by this technique. (See also the project report “Combinatorial Tools for Materials
Science.”)

Fig 3 - Temperature (front) and heat flux distribution in a simulated zigzag pore microstructure,
such as would be produced by an electron-beam directed-vapor-deposition (EB-DVD)
process for depositing thermal barrier coatings. The thermal simulations were performed
with the NIST Object-Oriented Finite Element (OOF) analysis software by imposing a
100 ºC temperature gradient across the coating and computing the temperature profile and
heat flux. The simulated microstructure was produced using a kinetic Monte Carlo
method courtesy of Y. G. Yang and H. N. G. Wadley of the University of Virginia.  The
substrate was periodically inclined to a vapor flux with a modified cosine distribution to
produce the zigzag microstructure.

Fig 4 - Dielectric ceramic resonators, or “talking ceramics,” are used in cellular base stations to
store and transmit signals to handheld devices such as cell phones.  The discovery of this
class of ceramic materials, which exhibit high dielectric constants and temperature-stable
resonance frequencies, permitted the miniaturization of air-based systems to practical
sizes needed for commercially viable base stations. (See also the project report “Phase
Equilibria and Properties of Dielectric Ceramics.”)
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Executive Summary

Executive Summary

Ceramic materials — inorganic nonmetals — have
diverse functionality and chemical and mechanical
robustness that makes them attractive candidates for
integration in devices and components for high-end
applications including electronics, telecommunications,
and biotechnology.  Once used predominantly in
bulk, monolithic form, ceramic materials are now
increasingly used in microscale or even nanoscale
forms, such as multilayers, composites, particulates,
fibers, and tubes.  The NIST Ceramics Division in
the Materials Science and Engineering Laboratory
(MSEL) is increasingly focusing on the measurements,
standards, and data needs for advanced applications
of ceramics, particularly in the nanoscale realm.

This report of the Ceramics Division’s technical
activities in FY 2003 (October 1, 2002–September 30,
2003) contains brief synopses of our projects related
to six of the nine umbrella programs in MSEL —
Combinatorial Methods, Data and Data Delivery,
Materials for Micro- and Opto-Electronics, Materials
Property Measurements, Materials Structure
Characterization, and Nanocharacterization.
Six particularly significant accomplishments are
described in more detail in the Technical Highlights
section of this report.

The first highlight showcases our division’s
unique synchrotron radiation facilities at the Advanced
Photon Source, specifically, an ultra-small-angle x-ray
scattering (USAXS) imaging technique developed by
MSEL scientists.  Recent results demonstrate that
USAXS imaging is a powerful method for obtaining
three-dimensional microstructural information on
human and artificial tissues that cannot be obtained
by conventional x-ray imaging methods.

Critical evaluation of data and data delivery
continue to be a cornerstone of the division’s activities.
The next technical highlight describes the recently
published NIST Recommended Practice Guide,
Data Evaluation Theory and Practice for Materials
Properties, the first comprehensive treatise ever written
on this subject.  In this Guide, formal principles of data
evaluation are first established and then applied in an
extensive collection of examples drawn primarily from
work in the Ceramics Division.  Another technical
highlight in evaluated data concerns the Inorganic

Crystal Structure Database (ICSD), a compendium
of three-dimensional crystal structure information for
inorganic compounds that was jointly developed with
our partners in FIZ-Karlsruhe, Germany.  The first
release of the Windows-based product for the ICSD
earlier this year will greatly increase the accessibility
of the information to researchers and instrument
manufacturers for materials design, compound
identification, and property prediction.

The next two technical highlights focus on
research results relevant to the use of ceramic
materials for information technology systems.
The first of these highlights describes a detailed
analysis of the crystal chemistry and the structural
origin of the dielectric response in bismuth-based
pyrochlores, attractive candidate materials for
wireless consumer devices.  A new crystal–chemical
mechanism for the accommodation of small cations
in these compounds was established, and the new
principle was applied to pyrochlore structures in other
materials systems of interest for communications.
The other highlight focuses on metrology for local
residual stress determination in III-V multilayer thin
film systems for optoelectronics and microelectronics.
A novel approach, coupling Raman spectroscopy and
photoluminescence measurements, was successfully
used to simultaneously determine composition and
biaxial stress state in AlxGa1–xAs films.

The final highlight describes a novel master
calibration technique for determining the average
molecular thickness of a complex hydrocarbon
lubricant mixture on magnetic hard disks.  The
approach may be applied to a variety of engineered
surfaces protected by complex hydrocarbon films.

Those who wish to obtain further information
about our technical activities may refer to the list of
publications following our project synopses, or you
may contact the staff or guest researchers listed at
the back of this report.  Please contact me if you
are interested in postdoctoral research positions or
collaborative research opportunities.  Thank you
for your interest in the NIST Ceramics Division.

Debra L. Kaiser
Chief, Ceramics Division
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Technical Highlights

Technical Highlights

The Technical Highlights section of this Report
comprises six examples of the exciting outputs of the
Ceramics Division.  They are:

■ Ultra-Small-Angle X-ray Scattering (USAXS)
Imaging of Human and Artificial Tissues

■ Data Evaluation Theory and Practice

■ Inorganic Crystal Structure Database:  Accessibility
in Support of Materials Research and Design

■ Crystal Chemistry of Novel Wireless Dielectrics:
Bi-Zn-Nb-O Pyrochlores

■ Biaxial Stress Dependence of Raman and
Photoluminescence Lines in AlxGa1–xAs

■ Nanoscale Measurement of the Amount of Complex
Hydrocarbon Molecules on Magnetic Hard Disks
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Ultra-Small-Angle X-ray Scattering (USAXS) Imaging of
Human and Artificial Tissues

Just as three-dimensional (3D) imaging has
revolutionized clinical medicine, microscale
3D imaging of human and artificial tissues
will substantially improve our microstructural
understanding of these materials and potentially
enable us to develop useful man-made
biomaterials.  The ultimate goal of tissue
engineering is to coax cells into regenerating
missing or damaged tissue such as bones or
cartilage.  This research focuses on obtaining
high-contrast real-space images and statistical
measures of the microstructures of both of
these classes of materials.

Gabrielle G. Long and Lyle E. Levine

Ultra-small-angle x-ray scattering (USAXS) imaging
is a high-contrast x-ray technique –– developed by

MSEL scientists –– that provides three-dimensional
(3D) microstructural information that is unobtainable
using conventional x-ray imaging methods.  While the
intensity of small-angle scattering as a function of angle
provides a measure of the sizes, shapes, and number
distributions of the scattering objects, it does not tell
us how the scattering objects are arranged.  USAXS
imaging provides direct information on how the
scattering objects are distributed in space, and, thus,
can serve as a guide for selected-volume USAXS
measurements.  Together, USAXS imaging and USAXS
data analysis deliver complementary information
on the sizes, size distributions and morphology of the
microstructures, and how they are arranged in the
material.  The goal of this research is the nondestructive
observation of critical structures responsible for
the properties of natural and man-made tissues.
This Highlight describes our most recent results
from USAXS imaging and USAXS data analysis on
human ankle cartilage and man-made tissue scaffolds.

USAXS imaging greatly expands the usefulness
of conventional small-angle scattering in four ways.
First, it provides direct images of the shapes and 3D
arrangements of the scattering objects.  Second, the
local scattering intensity can be measured as a function
of scattering vector, q (where q = (4π/λ) sin θ, λ is
the x-ray wavelength, and 2θ is the angle of scatter),
by comparing images produced at different q values.
Third, USAXS imaging greatly extends the size
range over which spatial information is obtained.
Our USAXS instrument can explore real-space
structures from about 1 nm to over 1 µm in size.

USAXS imaging extends this range to mm-sized
structures.  Fourth, USAXS imaging can identify the
source of observed scattering.  Since the only x-rays
that contribute to the image are those produced by
small-angle scattering, the image is a direct map of
the origin of USAXS within the sample.

USAXS images are produced by angle-filtering
the x-rays scattered by density variations within a
sample, thus providing exceptionally high contrast.
While USAXS imaging can provide contrast in cases
where radiography and phase–contrast imaging are
unsuccessful, the images produced at different
scattering angles also may highlight different
microstructural features within the same volume,
thus providing additional capabilities for exploring
complex microstructures.

Our USAXS instrument is located on the UNICAT
Sector 33 insertion device beam line at the Advanced
Photon Source at Argonne National Laboratory.  A pair
of silicon {111} crystals selects the energy of the
x-rays impinging on the sample, and a pair of mirrors
removes higher-order harmonics.  Another pair of
silicon {111} crystals analyzes the scattered intensity.
While the instrument can measure intensities on both
sides of the diffraction peak as well as at the peak
itself, the USAXS data typically begins 2 to 6 decades
below the peak intensity of the transmitted beam and
often extends over 8 decades of intensity.

In USAXS imaging, the analyzer crystal pair is
rotated to a specific angle and the angle-filtered x-rays
form an image of the sample.  Since the image contrast
does not change during sample rotations about the
scattering vector (vertical axis in the lab), we produce
stereo USAXS images by combining images from two
such rotations.  In addition, we have measured 3D
rotation series in preparation for full tomographic
reconstruction.

USAXS imaging and USAXS scans were made of
human ankle cartilage mounted in a wet cell to forestall
dehydration.  The images that were taken with the
scattering vector parallel to the surface of the cartilage
showed few structures while images taken with the
scattering vector perpendicular to the surface showed
copious structures both near the surface (where the
collagen fibers are thought to be parallel to the surface)
and on the opposite side near the bone (where the
collagen fibers are expected to be perpendicular to the
bone).  The middle of the sample (where the collagen
is “disordered”) showed few distinct structures.
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Figure 2 shows USAXS images of a slow-cooled
tissue scaffold at q = 0 Å–1 and q = 0.0005 Å–1.  The
upper panel shows the overall pore structure with
absorption and phase both contributing to the contrast.
Since the scattering at q = 0.0005 Å–1 is dominated by
the crystallites, the image in the lower panel highlights
their distribution within the sample.  Comparison and
superposition of the two images allows us to determine
the locations of the crystallites relative to the pore
surfaces.  Analysis of the scattering curve enables us
to extract the crystallite size distribution.  The only
potential problem in extracting the size distribution
is uncertainty over whether double-Bragg diffraction
is contaminating the scattering curve.  Rotating the
sample at q = 0.0005 Å–1 about the scattering
vector shows that the crystallites do not fluctuate
in intensity.  This proves that the scattering curve is
not contaminated by double-Bragg diffraction, and
a size-distribution analysis can be made.

For More Information on this Topic

G. Long (Ceramics Division, NIST); C. Muehleman,
J. Li (Rush Medical College); T. Irving (Illinois Institute
of Technology); J. Dunkers (Polymers Division, NIST)

Figure 1:  USAXS data and analysis of the surface region
of the cartilage.

USAXS data and analysis of the surface region, for
the scattering vector perpendicular to the surface, are
shown in Figure 1.  The data were fitted by a broad
distribution of spheroids of aspect ratio equal to 5.
We find a distribution of sizes starting from the
smallest, with few structures above 1000 Å in size.

Analysis of the USAXS scans from the middle
region of the cartilage indicated the presence of a
bimodal size distribution with the 2nd peak around
1200 Å.  In addition, there was evidence of a low-angle
diffraction peak.  Data from the near-bone edge
contained a prominent low-angle diffraction peak at
the same position indicating the presence of 650 Å
spacings.  Interestingly, the microstructures derived
from the sample with the scattering vector parallel to
the surface, and that from the middle region of the
sample perpendicular to the scattering vector were
very similar.  This supports the model of “disorder”
in the middle region.

Polymer-based tissue engineering scaffolds were
produced from blended, co-extruded binary polymers
of polycaprolactone (PCL) and polyethylene oxide
(PEO).  After annealing, the PEO was dissolved in
water, leaving a porous structure of biocompatible PCL
with connected pores approximately 100 µm across.
This type of structure is ideal for growing tissues, but
the degree of crystallinity on the pore surfaces can
strongly affect the cell growth.  To explore this effect,
an additional annealing /cooling step was added to alter
the degree of crystallinity.  USAXS scans from the
tissue scaffolds contained a pronounced peak near
q = 0.035 Å–1 (180 Å) produced by the lamellar
structure of the polymer.  The density difference
between the amorphous phases leads to enhanced
scattering from the crystalline regions.

Figure 2:  USAXS images from a slow-cooled tissue
engineered scaffold acquired with q = 0 Å–1 (upper panel) and
q = 5 × 10–4 A–1 (lower panel).
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Data Evaluation Theory and Practice

The rapid pace of technological innovation and
the sometimes alarming rate of consumption of
natural resources create unprecedented demands
to use materials more wisely, more effectively, and
more strategically. The availability of reliable
data plays a fundamental role in attaining these
goals.  Ascertaining the credibility of data is the
function of data evaluation.

Ronald G. Munro

Credible data form the cornerstone of materials
technology.  Yet there are relatively few dedicated

and sustained efforts to compile and disseminate fully
evaluated materials property data.  The scope of such
an undertaking usually is too broad for commercial
enterprises and too diffuse for national programs.
Consequently, there is a timely and persistent need
for guidance on how to assess the reliability of data.
Based on more than a decade of research at NIST,
the Recommended Practice Guide, Data Evaluation
Theory and Practice for Materials Properties,
SP 960-11 (NIST, 2003), establishes a scientific
foundation for data evaluation and provides an extensive
range of real-world examples.  The Guide examines
keys to assessing data, pitfalls in applying certain types
of property data, and criteria for consistency among
related property values.

Data evaluation is the process by which
collections of data are assessed with respect to
reliability, completeness, and consistency.  As such,
data evaluation may be regarded both as a tool and
as a formal discipline that plays an intrinsic and an
increasingly significant role in advanced technology.
Both of these aspects of data evaluation are explored
thoroughly in the new NIST Recommended
Practice Guide.

Figure 1:  Data evaluation must account for the complexity of
polycrystalline materials and the resulting dependence of material
properties on chemical composition, physical microstructure,
and environmental conditions.

Figure 2:  Formal materials metrology encompasses both the
measurable quantities of conventional metrology and a formally
new class of quantities known as procedural material properties.

All design and analytical applications of property
data are predicated on the existence of significant
collections of property values.  Designers need to
have values that pertain to the materials that will be
used in their products.  Materials scientists need values
that can be used to distinguish the roles of underlying
independent variables and, further, to deduce relations
and correlations among properties.  Moreover, the
development of measurement standards requires data
of the highest attainable reliability.

Figure 3:  Measurement results for procedural quantities depend
intimately on the measurement details, such as the load applied to
the indentor in a hardness test.

6
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The Guide, therefore, is directed towards the
vast segment of technology whose scientists and
engineers must use materials property data, at least on
occasion, without the benefit of direct measurement
or other assessment experience.  The intent is to
provide a thoughtful and systematic approach towards
establishing confidence in assessing and using collections
of numeric materials property data.

To attain this goal, we must first recognize that
metrology, like all scientific endeavors, is a paradigm
built upon a foundation of concise definitions of basic
terms and rational relations.  This Guide takes the
further view that solutions to common issues that
may be encountered with diverse data sources derive
from a small number of underlying principles that may

be developed generically and applied systematically.
Consequently, two chapters of the Guide are
devoted to formal considerations:  one on materials
metrology in general, and one on data evaluation
per se.  Two additional chapters are used to develop
and illustrate the practical implementation of the
formal principles.

The discussions on the theoretical foundations of
data evaluation are followed by an extensive collection
of examples.  All the examples in the Guide are taken
from actual exercises in data evaluation, and they are
individually selected for the purpose of examining, in
succession, the issues of accessibility, reproducibility,
consistency, and predictability.  Distinctions are made
among definitive relations, correlations, derived and
semi-empirical relations, heuristic theories, and value
estimates.  Subtopics include the use of properties
as parameters in models, the interpretation of
ad hoc parameters, and the treatments of procedural
properties, response dependent properties, and
system dependent data.

For More Information on this Topic

R.G. Munro (Ceramics Division, NIST)

NIST Recommended Practice Guide, Data
Evaluation Theory and Practice for Materials
Properties, SP 960-11 (NIST, 2003).

However, it must be recognized that not all useful
applications of property data require values of the
highest quality.  There are relatively primitive, but highly
legitimate and abundant, applications of property data
that need little more than a rough estimate of a property
value.  Between the extremes of primitive applications,
needing only rough estimates, and advanced designs,
relying on fully refined uncertainty analyses, lie a
wealth of intermediate requirements that are suitable
for diverse purposes.  The formal attributes of data
evaluation provide the essential means of distinguishing
the suitability of data for a given purpose and can do
so in the context of the intended application of the data.

Figure 4:  Empirical correlations often are the first step towards
developing physical models or to assessing the limits of validity of
proposed mechanisms.

Figure 5:  Models are essential tools in data evaluation helping to
identify and understand underlying variables and the roles they
play in controlling material behavior.

7
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Inorganic Crystal Structure Database:
Accessibility in Support of Materials Research and Design

Access to reliable information on the 3-dimensional
structure of crystalline materials helps researchers
concentrate experimental work in areas that
optimize the discovery process.  Researchers and
instrument manufacturers have a critical need
for evaluated data and also domain specific
tools capable of identifying quality structures
and compatible data.  In cooperation with our
partners in the FIZ-Karlsruhe, Germany, NIST
has redefined the Inorganic Crystal Structure
Database (ICSD) infrastructure, provided expert
evaluation of the data, and developed scientific
software tools and products.  The status and
future development are outlined herein.

Vicky Lynn Karen and Alec Belsky

Access to crystal structure data can be a key step
 in solving research and applications problems

involving materials, as in the chemical (catalytic
materials), petroleum (zeolites), and electronics
(semiconductors) industries.  These data are of interest
to analysts in areas such as materials design, property
prediction, and compound identification.  To support
these efforts, the ICSD contains three-dimensional
crystal structure information for inorganic compounds
including ceramics and minerals.

Recent efforts have focused on modernizing and
evaluating the ICSD.  This has included a complete
redesign of the ICSD database structure, conversion
and loading of the data into a relational database
management system, designing graphical user
interfaces to access the data, and creating scientific
application modules to analyze the results of a database
search.  The database system and software design
philosophy, Figure 1, used for the ICSD is, in principle,

the same for all materials databases.  At the core is
a distributed database containing both archival and
derived data items.  The ICSD graphical user interface
represents the intermediate, domain-specific layer,
where research and scientific expertise are important.
Finally, there is an outer problem-solving layer that
cuts across disciplines and links various property
databases and theory.

Figure 1:  The idealized model for a distributed database system
in materials research and design is composed of 3 layers.

Figure 2:  The latest release of the Inorganic Crystal Structure
Database on CDROM.

The ICSD currently contains more than 65,000
entries.  In order to be included in the database, the
structure must be fully characterized, the atomic
coordinates determined, and the composition fully
specified.  A typical entry includes the chemical name,
formula, unit cell parameters, space group, complete
atomic coordinate parameters, site occupation, title,
authors, journal or source citation, and other numeric
data or metadata, as needed.  In addition to the
published data, many items are added through expert
evaluation and generated by computer programs,
such as Wyckoff sequence, molecular formula and
molar mass (a.k.a., molecular weight), ANX formula,
mineral groups, etc.

 Prior to their inclusion in the ICSD, data are
examined for completeness and various consistency
checks are performed.  Several types of evaluation are
performed, including examination of individual data for
consistency within a complete entry, and determination
of the relationship of an individual entry to the entire
database.

The first release of the Windows-based product
for the Inorganic Crystal Structure Database and
a demonstration CDROM was presented at the
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XIX Congress and General Assembly of the
International Union of Crystallography (Figure 2).
Since then, there have been two product updates,
adding about 3000 entries and revising the software in
response to customer input.  The software product is
tabular in design and allows for searching in five
general categories:  Chemistry, Crystal Data, Reduced
Cell, Symmetry, and Reference Data.  The software
includes enhanced features for the characterization of
materials based on lattice search and chemistry search
modules, and it provides three-dimensional visualization
and powder pattern simulation for inorganic structures
(Figure 3).  The ICSD can be searched in a hierarchy
or Boolean mode using NOT, AND, OR logic, and
multiple results sets can be generated.  The different
results sets can be combined and individual entries
selected by the user to customize the results for
this specific problem.  We have provided extensive
flexibility for exporting the results into user-defined
and standard formats for compatibility with outside
applications.

minerals.  Ultimately, our goal (Figure 4) is to combine
these data sets with the inorganic data to form a single,
comprehensive non-organic crystal database.  All entries
in the database include three-dimensional structural
information with about half having experimentally
refined coordinates.  It is easy to assume that, because
the databases are all crystallographic databases, the
process for transforming the Metals and Inorganic data
(Figure 4) would be the same.  However, this is not the
case as widely varying conventions, standards, and
formats have been employed throughout all three data
sets.  For example, expert evaluation is required in
order to define and transform even the most critical
fields such as chemistry, positions of the atoms,
notations for multiple site occupancies, unit cells,
and space groups.

In addition to offering one comprehensive source
for all non-organic crystalline materials, inorganics,
and metals, the interoperability of the ICSD with other
data sources is becoming increasingly important for
future development.  It is our aim that the development
strategies and implementations described herein for the
ICSD will be compatible with future demands from
the materials communities.  Planning for this future
technology is currently underway.

For More Information on this Topic

V.L. Karen (Ceramics Division, NIST)

NIST Standard Reference Database 84, FIZ/NIST
Inorganic Crystal Structure Database (ICSD),
http://www.nist.gov/srd/nist84.htm.

Figure 3:  The new PC graphical user interface for the ICSD is
based on a relational database structure.

The ICSD is directly licensed to private industry,
universities, and individual scientists; in addition, there
are numerous indirect applications through instrument
manufacturers, software vendors, and third party
distributors.

In a parallel effort, NIST has two separate data
sources containing crystallographic and atomic
positional information for metallic crystalline
substances, including alloys, intermetallics, and

Figure 4:   The development strategy for the ICSD is to establish
one comprehensive source of 3-dimensional structure data for
all non-organic crystalline materials.
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Crystal Chemistry of Novel Wireless Dielectrics:
Bi-Zn-Nb-O Pyrochlores

Bi1.5Zn0.92Nb1.5O6.92 ceramics exhibit a
low-temperature dielectric relaxation, which has been
attributed to a dipolar glass-like mechanism, while
no such behavior is observed for Bi2Zn2/3Nb4/3O7
in the same temperature range.

Figure 1:  Dielectric response of pyrochlore-type
Bi1.5Zn0.92Nb1.5O6.92 .  (Courtesy of C. Randall and J. Nino, PSU.)

Figure 2:  Illustrations of the pyrochlore structure.  Pyrochlores
are often described by the formula B2O6•A2O ,́ which emphasizes
that the structure is built of two interpenetrating networks:  [BO6]
octahedra sharing vertices form a three-dimensional network
based on a diamond net (left), which results in large cavities
occupied by the O´ and A atoms, themselves forming a second
cuprite-like A2O´ tetrahedral net (right).

The primary technology drivers for wireless
consumer devices include miniaturization,
reduction of component part count, and increased
functionality.  Multilayer ceramic integrated circuits
manufactured using low-temperature co-fired
ceramic technology provide a viable solution to
this challenge. Recently, bismuth-based pyrochlores
have been recognized as attractive candidates for
capacitor and high-frequency filter applications in
multilayer structures co-fired with metal electrodes.
However, understanding of the dielectric behavior
of these materials has been impeded by the absence
of detailed structural information.  In the present
study, we conducted a detailed analysis of the cubic
pyrochlore-type compound Bi1.5Zn0.92Nb1.5O6.92
to establish the details of its crystal chemistry
and the structural origin of its dielectric response.

Igor Levin

Ternary oxides in the Bi2O3-ZnO-Nb2O5 (BZN)
system exhibit (Figure 1) high dielectric

constants (ε), relatively low dielectric losses, and
compositionally tunable temperature coefficients of
capacitance (τc).  Such properties, combined with
sintering temperatures of less than 950 °C, render these
materials as attractive candidates for capacitor and filter
applications in multilayer structures co-fired with silver
electrodes.  This system features two structurally
distinct ternary compounds, Bi1.5Zn0.92Nb1.5O6.92
(ε ≈ 145, τc ≈ –400 × 10–6/°C) and Bi2Zn2/3Nb4/3O7
(ε ≈ 80, τc ≈ +200 × 10–6/°C), exhibiting very dissimilar
dielectric properties.  Since the two compounds
exhibit opposite signs of τc, their mixture yields
temperature-compensated ceramics.

Despite growing technological interest in these
ceramics, their crystal chemistry and the origin of
their dielectric behavior have remained uncertain.
The compound Bi1.5Zn0.92Nb1.5O6.92 was reported
to exhibit a cubic pyrochlore structure (Figure 2),
A2B2O7, implying that the Zn ions occupy both
A- and B-sites.  However, in the absence of detailed
structural/compositional data, the presence of rather
small Zn ions on the eight-fold coordinated A-sites
remained highly controversial because the ionic radius
of Zn falls outside the known limits of structural
stability for pyrochlores.  The other compound,
Bi2Zn2/3Nb4/3O7, according to our recent work,
was found to adopt a monoclinic zirconolite-like
arrangement.  The zirconolite structure, which, like
pyrochlore, can be described as an anion-deficient
fluorite-derivative, features a distinctly different type
of cation arrangement on the metal sites.  In the present
work, we conducted a detailed structural analysis of
the cubic pyrochlore Bi1.5Zn0.92Nb1.5O6.92 to elucidate
its crystal chemistry and the origin of the dielectric
relaxation.

Electron diffraction patterns from single grains
of Bi1.5Zn0.92Nb1.5O6.92 were consistent with both
a pyrochlore-type unit cell and symmetry.  However,
several reflections (e.g., 442) observed in the
experimental electron, x-ray, and neutron powder
diffraction patterns, although accountable by the
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Fd3m symmetry, violated special reflection conditions
for the 8b, 16c, 16d, and 48f sites occupied in the
ideal arrangement; these observations suggested that
some of the atoms are displaced to lower symmetry
positions.  Indeed, Rietveld refinements using neutron
data confirmed appreciable distortion of the A-site
environment that occurs to accommodate the
bonding requirements of the A-cations (Figure 3).
This distortion is realized through (i) displacements
of both A-cations and O´ anions from their ideal high
symmetry positions (16d-A, 8b-O´), and (ii) local tilting
of [BO6] octahedra.  A combination of the best fit and
most reasonable values of displacement parameters
were obtained by placing both A and O´ ions on the
96g (x,x,z) positions.  Similar positional parameters
were obtained at both 298 K and 12 K, suggesting that
the displacements are static in nature.  In the disordered
model, each A cation is randomly distributed over six
sites, which are displaced from the ideal 16c positions
approximately along the three <112> directions
perpendicular to the corresponding O´-A-O´ link.
The displacements of the A-cations are confined to the
{111} layers and result in shortening of three-out-of-six
A-O bonds.  The displacements of O´ ions occur
along all six <110> directions, so that each O´ ion is
statistically distributed over 12 sites.

Zn cations; in such configurations, the bonding
requirements of both Zn and Bi can be met.  Electron
diffraction patterns (Figure 4) revealed weak, yet well-
structured, diffuse scattering which can be attributed to
such short-range ordering of Bi and Zn on the A-sites.

Figure 3:  Nearest-neighbor environment indicated by the
refinement results for the A = (Bi/Zn) cations in the BZN
pyrochlore.  Yellow and green spheres represent O and O´ atoms,
respectively, while blue spheres correspond to the A-cations.
Left:  View along <111> direction with six-randomly occupied
A-cation positions indicated by blue spheres.  The O´ atoms are
shown in the ideal positions for clarity.  Right:  View along the
direction nearly perpendicular to the <111>.  The displaced
positions of both the A- and O´ atoms are indicated.

The bond strain about the A-sites is minimized
when both O´ ions in the O´-A-O´ link move toward
the corresponding {111} layer; these A-sites are
expected to be occupied by Zn.   Three other O´-A
bonds for the same O´ ion will be stretched so that
those A-sites are likely to be occupied by Bi.  Because
no superstructure reflections were observed, any such
structural correlation must be short-range in nature.
Crystal-chemical considerations suggest local ordering
in which each O´ ion is bonded to three Bi and one

Figure 4:  High-index zone axis electron diffraction pattern from the
pyrochlore Bi1.5Zn0.92Nb1.5O6.92 reveals well-structured diffuse
scattering likely associated with local ordering of Bi and Zn.

Studies of Bi1.5Zn0.92Nb1.5O6.92 using far-infrared
spectroscopy, conducted by S. Kamba at the Institute
of Physics in Prague, indicated that the lowest frequency
O´-A-O´ bending mode provides the strongest contribution
to the dielectric constant while the contribution of the
O-A-O bending is also significant.  Both types of
bending resemble those produced by the presently
identified static displacements of the A, O´ and O
atoms; therefore, these displacements are expected to
have a strong effect on the dielectric response of the
cubic pyrochlore-type compound.  Thus, the displacive
disorder in the A2O´ network most likely is the origin
of the “glass-like” dielectric behavior observed for
Bi1.5Zn0.92Nb1.5O6.92.

These studies of cubic pyrochlore-type
Bi1.5Zn0.92Nb1.5O6.92 have established a new crystal–
chemical mechanism for the accommodation of small
cations such as Zn on the A-sites of the pyrochlore.
This new principle has been applied to interpret the
structural behavior of other new pyrochlore compounds
in the Ca-Ti-Nb-O and Ca-Ti-Ta-O systems.  These
phases were found to contain a mixture of Ca and Ti
on the A-sites, disordered displacements of Ti and O´
atoms, and, also, dielectric relaxation similar to that
observed for the cubic Bi-Zn-Nb-O pyrochlore.

For More Information on this Topic

Igor Levin (Ceramics Division, NIST)
I. Levin, T.J. Amos, J.C. Nino, T.A. Vanderah,

C.A. Randall, and M.E. Lanagan.  “Structural Study of
an Unusual Cubic Pyrochlore Bi1.5Zn0.92Nb1.5O6.92.”
J. Solid State Chem., 168 [1], 69–75 (2002).

I. Levin, T.J. Amos, J.C. Nino, T.A. Vanderah,
C.A. Randall, M.E. Lanagan, and I.M. Reaney.
“Crystal Structure of Compound Bi2Zn2/3Nb4/3O3.”
J. Mater. Res., 17 (6), 1406–1411 (2002).
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Biaxial Stress Dependence of Raman and Photoluminescence
Lines in AlxGa1–xAs

Device manufacturers in the optoelectronics and
microelectronics industries have expressed the
need for a measurement technique to evaluate
local residual stresses in thin film systems.  In
response, this project seeks to calibrate biaxial
stress-induced peak shifts in the first order Raman
and photoluminescence (PL) lines of AlxGa1–xAs
as functions of both stress and composition (x)
to provide a set of tools that can simultaneously
determine composition and biaxial stress state.
While the calibrations are specific to AlxGa1–xAs,
the approach is expected to be generally
applicable to other semiconductor systems.

Grady S. White and Albert J. Paul

Layered structures of ternary semiconductor
compounds, e.g., AlxGa1–xAs, are routinely used

in optoelectronics as light sources and detectors.
The wavelengths at which these devices perform,
as well as their mechanical and electronic stability,
are functions of the stress (strain) under which they
operate.  Similar semiconductor ternary compounds are
used in the microelectronics industry and are subject to
the same stress-driven effects.  The stresses, generated
during processing, are inherent in the devices and are
normally predicted by design models.  However, there
is currently no way for the accuracy of the models to
be confirmed experimentally.  The goal of this project
is to develop a suite of tools, consistent with those
used in industry, that can measure local stresses for
model verification.

Photoluminescence (PL) is widely used in the
U.S. optoelectronic and microelectronic industries to
monitor thin film composition in multilayer devices.
Because the same instrumentation can be used for
both PL and Raman measurements and because
Raman peak positions are known to be stress sensitive,
these two techniques were chosen as developmental
probes for simultaneously monitoring film stress
and composition.  The critical question addressed
is whether a combination of the two techniques
allows separation of stress-induced peak shifts from
composition-induced peak shifts, thereby allowing
simultaneous evaluation of both stress and composition.

For this study, AlxGa1–xAs films with x = 0.2, 0.5,
0.8, and 0.9 were deposited by molecular beam epitaxy
on commercial 655 µm thick, 75 µm diameter undoped

GaAs substrates.  The deposition temperature was
600 ± 5 ºC and the film thickness, in each case, was
nominally 3 µm.  Bulk x = 0 specimens were cleaved
from a polished, undoped, GaAs substrate, 500 µm
in thickness and 50 mm in diameter.  All specimens
were oriented with the (100) direction normal to the
plane formed by the specimen surface.  Squares
11 mm x 11 mm were cleaved from the wafers and
placed into a biaxial loading rig in the optical path of
a commercial micro-Raman system.

Figure 1:  Unstressed Raman peak positions of GaAs-like (lower)
and AlAs-like (upper) peaks as function of x.  Triangles and
“+” symbols represent two sets of specimens.

First order Raman spectra of AlxGa1–xAs (0 < x < 1)
consist of both a GaAs-like line and an AlAs-like line.
Figure 1 shows the peak position as a function of
x for both of these lines in the absence of stress.
The GaAs-like line is linear across the entire
composition range, whereas the AlAs-like line is
clearly nonlinear and is well described by a quadratic
expression (R2 > 0.99).

Data in Figure 2 were obtained from the GaAs-like
line of two x = 0.5 specimens.  The behavior shown in
Figure 2 is typical of the behavior at all compositions
for both the GaAs-like and the AlAs-like peaks.  Peak
shifts are linear with stress, and the peak position
decreases with increasing stress.  Error bars in all of
the figures represent the 95 % Confidence Level.

Technical Highlights
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Figure 2:  Peak shift of GaAs-like peak; x = 0.5.  The upward
and downward triangles represent data taken from two different
specimens.

Figure 3:  Slopes (i.e., peak position /stress) of Raman lines as
a function of composition:  GaAs-like peak (top) and AlAs-like
peak (bottom).

Figure 3 shows the change in peak position/stress
for both Raman lines as a function of composition.
Within the precision of the Raman measurements, the
stress sensitivity of both lines is independent of x.
However, the AlAs-like line shifts almost 50 % more
for a given stress than the GaAs-like line.  Figures 2
and 3 show that while the phonon energy of both the
GaAs-like and the AlAs-like peaks depend strongly
upon the relative amounts of Ga and Al in the unit cells,
the change in energy with the application of stress
is essentially independent of the Ga/Al ratio.

of the multiple peaks composing the PL at those
compositions.  However, none of the individual peaks
deviates substantially from the average values shown in
Figure 4.  At x = 0.5, the PL is also indirect.  However,
at that composition, the PL spectrum consists of
several peaks that are essentially independent of stress
(upper point in Figure 4) and one peak that is stress
dependent (lower point in Figure 4).

Figure 4:  Slopes (i.e., peak position/stress) of PL lines as a
function of composition.  In the left side of the figure, PL results
from direct transition; in the right side, PL results from indirect
transition.

In contrast to the Raman lines, the PL peak shift
with stress (Figure 4) shows strong composition
dependence for the direct electron transition (x < 0.5).
For x = 0.8 and 0.9, the PL spectra are more
complicated and result from indirect transitions.
The peak positions in this region, while still dependent
on x, are essentially independent of stress.  The values
shown in Figure 4 for x = 0.8 and 0.9 are averages

Because both the Raman and PL spectra are
functions of stress and composition, the combination
of measurements can be used to solve for composition
and biaxial stress state simultaneously.  Even for
x > 0.5, where the PL is independent of stress, the
measured composition dependence of the PL lines
coupled with the stress and composition dependence
of the Raman lines permits both composition and stress
to be determined.  Because both the GaAs-like and the
AlAs-like Raman line positions have been calibrated
for both stress and composition, there are three, rather
than two, peaks that provide information regarding
stress and composition.  The existence of the third
peak provides a tool for self-consistency checks
on the values obtained.

A manuscript, Biaxial Stress Dependence of the
GaAs-Like and AlAs-Like Raman Lines in AlxGa1–x As,
by G.S. White, A.J. Paul, K.A. Bertness, and A. Roshko
that describes the Raman measurements in detail, has
been submitted for publication.

For More Information on this Topic

G.S. White, A.J. Paul (Ceramics Division, NIST);
K.A. Bertness, A. Roshko (Optoelectronics Division,
NIST)
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Nanoscale Measurement of the Amount of Complex
Hydrocarbon Molecules on Magnetic Hard Disks

The requirement for protection in the head-disk
interface is rising.  In order to reach 1 Terabit/in2

areal density and double the data transfer rate,
the spacing between the head and disk is shrinking
to 3.5 nm at a flying speed approaching 40 m/s.
Occasional contacts will test the shear strength
of the molecular layer on top of the carbon
overcoat.  Current lubricant molecules are alcohol-
functionalized perfluoropolyether which are inert
and oxidatively resistant but lack solubility and
surface bonding strength.  Alternative molecules
such as multiply alkylated cyclopentanes are being
considered to improve protection.  In order for
any alternate molecules to be used, the average
molecular thickness on a hard disk surface needs
to be measured accurately at 10Å ± 1Å.  We have
developed a unique master calibration technique
that, for the first time, is able to accurately determine
the average molecular thickness of a complex
hydrocarbon mixture on magnetic hard disks.

Richard Gates, Charles Ying, and Stephen Hsu

The Information Storage Industry Consortium
(INSIC) has set a goal of reaching 1Tbit/in2 areal

density by 2006 with a concurrent increase in data
transfer rate approaching 100 Gbit/s.  This translates
to an extraordinarily ambitious technical goal of a
10-fold increase in capacity in four years.  To reach
that goal, the flight height and the carbon overcoat
thickness need to be reduced to 3.5 nm and 1 nm
respectively.  Since the disk is protected by the
thickness of the carbon overcoat and 10Å of lubricant
molecules, alternative carbons and lubricant molecules
are needed to provide the same degree of protection
with one-fifth the amount of lubricant and overcoat.

Under the proposed new design, head-disk interface
contacts are inevitable due to reduced flight height,
waviness of the disk, and rotational wobble.  One of
the key characteristics that has been identified for
protective molecules is the adhesive strength to resist
high shearing action.  A typical solution in this case
would be to add strongly surface-bonding molecules to
the lubricant as additives.  The current disk lubricant, a
functionalized perfluoroalkyl ether, has limited solubility.
Therefore, hydrocarbon molecules with extremely low
volatility characteristics are needed.  Multiply alkylated
cyclopentane is one such molecule.

Current industrial practice of measuring the thickness
of perfluoroalkyl ether on a hard disk surface (tip to valley
distance from 15 Å to 25 Å) relies on a cross calibration

between fourier transform infrared spectroscopy (FTIR)
and x-ray photoelectron spectroscopy (XPS) on CF2
bonds which is symmetrical and sharp.  For complex
hydrocarbons, there are multiple peaks interrelated at
different frequencies, and there is no established technique
for such measurement.

The measurement of “average film thickness” needs
to be defined.  The lubricant molecules are a complex
mixture of isomers with different molecular weights.
The surface is atomically rough, and the coverage is
below the full “monolayer” level.  Nano- and microscale
aggregations undoubtedly take place, and the distribution
of molecules across the surface hills and valleys is not
known.  Recent data from UC Davis tend to support
this observation.  High-frequency modulation atomic
force microscopy (AFM) was used to image the
surface, and from these data, elasticity information can
be extracted.  Figure 1 relates the topographic image
with elasticity of a hydrocarbon covered hard disk
surface.  The bottoms of the valleys show higher
hardness suggesting that the hydrocarbon molecules
do not reside at the bottom of the valleys.

Figure 1:  AFM topographic images and elasticity data.

Detection and measurement of a one nanometer
thick complex molecular layer on a rough surface taxes
the detection limits of analytical instrumentation.  We first
used FTIR and a modified XPS technique.  The modified
XPS technique scanned the surface twice:  once without
lubricant coverage and once with lubricant coverage.
The decrease of x-ray photoelectron signal intensity
from the molecule coverage was used to estimate
film thickness.  Unfortunately, the carbon overcoat
thickness was found to vary along the radial direction
of the disk.  Depending on the specific batch of disks
tested, the variation could be as much as 5 % –10 % from
the inside radius to the outer edge of the disk.  Hence,
this measurement technique is insufficient to measure
the “molecular thickness” as required by industry to
control the process.
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We tried various techniques such as AFM
scratching, ellipsometry, and x-ray reflectivity (XRR).
The latter technique has difficulty with surface
roughness and the fact that the average film thickness
is below the peak-to-valley distance.  For AFM, the
molecules wet the tip.  Ellipsometry data at this range
have large scatter.  So the conclusion is there is no
acceptable technique to measure such “film thickness”
of a complex hydrocarbon molecular mixture to the
industrial specification of 10 Å ± 1 Å.

To develop a solution to this industrially important
issue, we created a master calibration sample approach.
Basically we deposit a known (gravimetrically) solution
on a disk with a barrier film surrounding a known area
and allow the solvent to evaporate under controlled
conditions.  The resulting “film thickness” can then be
used to calibrate various instruments.  The challenges
are uniform distribution of molecules across the area,
containment of fluid, meniscus forces, and evaporation
rate control.

Figure 2:  Confined lubricant solution on a hard disk.

Figure 3:  Calibration curve relating FTIR signal to known
hydrocarbon film thickness determined gravimetrically.  Error
bars are one standard deviation.

Figure 4:  XPS signal calibration for known hydrocarbon film
thickness.  Error bars are one standard deviation.

A calibration method for nanometer-scale complex
hydrocarbon films on an engineering surface has been
developed.  The method is based on gravimetric solution
preparations and utilizes a novel freeze-evaporation
technique to extract the carrier solvent while leaving a
uniform film of complex hydrocarbon on the surface.
The method can be applied to a variety of surfaces
and offers the potential for calibrating many different
analytical techniques for their ability to measure
thickness of complex hydrocarbons.

For More Information on this Topic

S. Hsu (Ceramics Division, NIST)

Initially, this approach was attempted with liquid–phase
samples; however, under these conditions, evaporation
and meniscus forces lead to uncontrolled lubricant film
uniformity.  This was solved by evaporating the solvent
from the mixture while it is in the solid state.  The solution
is placed within the barrier (Figure 2) and rapidly frozen
using liquid nitrogen.  Then the solvent is slowly removed
by evaporation into an inert gas at –10 °C.

By controlled slow evaporation of solvent directly
from a solid frozen state, we avoid the meniscus and
surface tension forces which tend to create non-uniformity
of the liquid mass.  A pseudo “sublimation” process is
created.  In this way, uniform signal detection by FTIR
confirms that the distribution of molecules across the area
is less than 5 % at less than full monolayer coverage.
Using this new technique, a series of “film thickness
calibration standards” was created (see Figure 3).

A series of three master calibration samples
was prepared and submitted for XPS photoelectron
attenuation analysis.  The very small variation of XPS
intensity across the disk surface indicated that film
uniformity was quite good, varying by less than 5 %.
A correlation plot of XPS estimated thickness versus
master calibration target thickness (Figure 4) yielded a

straight line, but the slope was not 1.0 (referenced in
red).  This indicates that the XPS attenuation technique
has an inherent bias due to inaccurate assumptions in
the model used in the analysis.  The observation that the
slope of the XPS versus target thickness correlation is
0.6 indicates that the initial XPS attenuation technique
was underestimating the hydrocarbon film thickness
by about 40 %.  The effect has been attributed to the
difference in density between the hydrocarbon and
carbon overcoat.  Utilizing this information, the model
was refined to accommodate this effect.

Technical Highlights
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Combinatorial Methods

and online at www.nist.gov/combi.  Within the
Materials Science and Engineering Laboratory (MSEL),
novel methods for combinatorial library preparation are
designed to encompass variations of diverse physical
and chemical properties, such as composition, film
thickness, processing temperature, surface energy,
chemical functionality, UV-exposure, and topographic
patterning of organic and inorganic materials ranging
from polymers to nanocomposites to ceramics to
metals.  New instrumentation and techniques have
been developed that enable the high-throughput
measurements of adhesion, mechanical properties,
failure mechanisms, film thicknesses, and refractive
index, among others.  The combinatorial effort
extends to multiphase, electronic, optoelectronic,
and magnetic materials, including biomaterials
assays.  On-line data analysis tools, process control
methodology, and data archival methods are also
being developed as part of the Program’s
informatics effort.

The extensive outreach activity in the Combinatorial
Methods Program is designed to facilitate technology
transfer with institutions interested in acquiring
combinatorial capabilities.  The centerpiece of this effort
is the NIST Combinatorial Methods Center (NCMC),
an industry–university–government consortium organized
by MSEL that became operational on January 23, 2002
via a kick-off meeting in San Diego.  The recognized
importance of NCMC activities is readily apparent, as
15 industrial partners, the Air Force Research Lab, and
the University of Southern Mississippi are participating
in the NCMC membership program.  The membership
continues to grow and 80 % of the members from last
fiscal year have already renewed for this fiscal year.
The NCMC facilitates direct interaction between NIST
staff and these industrial partners, and it provides a
conduit by which Combinatorial Methods Program
research products, best practices and protocols,
instrument schematics and specifications, and other
combinatorial-related information can be effectively
disseminated.  This outreach is mediated in large
part by a series of semi-annual workshops for
NCMC members.  Indeed, since its inception,
four NCMC workshops have been held at NIST.
Further information on the NCMC can be found
on the website at www.nist.gov/combi.

Contact:  Peter K. Schenck

The Combinatorial Methods Program develops
novel high-throughput measurement techniques and
combinatorial experimental strategies specifically
geared towards materials research.  These tools
enable the industrial and research communities to
rapidly acquire and analyze physical and chemical data,
thereby accelerating the pace of materials discovery
and knowledge generation.  By providing measurement
infrastructure, standards, and protocols, and by
expanding existing capabilities relevant to combinatorial
approaches, the Combinatorial Methods Program
lowers barriers to the widespread industrial
implementation of this new R&D paradigm.

The Combinatorial Methods Program has adopted a
two-pronged strategy for accelerating the development
and implementation of combinatorial approaches:
an active intramural R&D program and an ambitious
outreach activity.  The intramural R&D program is
designed to better tailor combinatorial methods for the
materials sciences and extend the state-of-the-art in
combinatorial techniques.  Measurement tools and
techniques are developed to prepare and characterize
combinatorial materials libraries, often by utilizing
miniaturization, parallel experimentation, and a high
degree of automation.  A key concern in this effort is
the validation of these new approaches with respect
to traditional “one at a time” experimental strategies.
Accordingly, demonstrations of the applicability of
combinatorial methods to materials research problems
provide the scientific credibility needed to engender
wider acceptance of these techniques in the industrial
and academic sectors.  The successful adoption of the
combinatorial approach also requires a highly developed
“workflow” scheme.  All aspects of combinatorial
research, from sample “library” design and library
preparation to high-throughput assay and analysis,
must be integrated through an informatics framework,
which enables iterative refinement of measurements and
experimental aims.  Combinatorial Methods Program
research projects give illustrations of how combinatorial
methodology is implemented effectively in a research
setting.

NIST-wide research collaborations, facilitated by
the Combinatorial Methods Program, have produced
a wide range of new proficiencies in combinatorial
techniques, which are detailed in a brochure,
“Combinatorial Methods at NIST” (NISTIR 6730),

Program Overview
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Combinatorial Methods

Combinatorial Tools for Materials Science

Combinatorial methods are increasingly used
by industry for the discovery and optimization
of materials for use in electronic, optical, and
magnetic applications as well as for designing
chemical and biological sensors and for creating
molecular patterns. We have developed tools
for the fabrication of thin film libraries and
characterization of thickness and optical
properties. We introduce combinatorial near
edge x-ray absorption fine structure as a new
tool for the rapid, non-destructive determination
of the chemistry (including bond concentration)
and molecular orientation of chemically
heterogeneous surfaces.

Peter K. Schenck and Daniel A. Fischer

We have developed combinatorial tools that can be
applied to a broad range of materials:  a pulsed

laser deposition (PLD) system for thin film library
fabrication; a rapid throughput, spatially-resolved
spectroscopic reflectometer for mapping thickness
and refractive index; and a combinatorial near edge
x-ray absorption fine structure (NEXAFS) tool.

PLD is a versatile, rapid method for growing thin
films that has the following advantages:  complex target
compositions are possible; congruent vaporization
leads to stoichiometric material transfer; high energy
process; low substrate temperatures; and high deposition
rates.  Our deposition chamber utilizes a dual-beam,
dual-target configuration designed for the fabrication
of compositionally graded films.  Thickness and optical

Combinatorial NEXAFS is used to simultaneously
determine molecular orientation and bond chemistry
of planar, chemically heterogeneous surfaces.
Information on the chemistry and molecular
organization of chemical groups on surfaces is
needed, for example, to shed light on the behavior of
monomolecular templates and surface modifiers and
to characterize new classes of catalysts.  We illustrate
the power of the combinatorial NEXAFS method by
simultaneously probing the concentration and molecular
orientation of semifluorinated F(CF2)8(CH2)2SiCl3
(F8H2) molecules in self-assembled monolayer (SAM)
gradients on flat silica substrates as shown in Figure 2.

Notable Outputs:  Invited paper in Chemistry in
Britain, May 2003 (pgs. 45–47), “Blazing a Trail.”
Cover of Applied Physics Letters, January 13, 2003
(pgs. 266–268) and press release, January 17, 2003,
Brookhaven National Laboratory, “Scientists Develop
Technique to Determine Molecular Structure of
Heterogeneous Surfaces.”

Contributors and Collaborators

M. Vaudin, J. Kim, J. Blendell (Ceramics Division,
NIST); A. Davydov (Metallurgy Division, NIST);
E. Bretschneider (Uniroyal Optoelectronics); J. Genzer,
K. Efimenko (North Carolina State University)

Figure 1:  Reflectivity (450–500 nm, relative to sapphire) of
Ni-Au interconnects on GaN after heating to 400 oC.

Figure 2:  Fraction of F8H2 in the SAM (fF8H2) (closed circles)
and the molecular orientation (open circles).

property assays are performed on the film libraries using
a semi-automated spectroscopic reflectometry apparatus.

BaTiO3-SrTiO3, Au-Ni, and Au-NiO film libraries have
been deposited and characterized using these tools.  In
addition, combinatorial library films of Ni-Au interconnects
(88 compositions) on GaN have been characterized before
and after annealing (as shown in Figure 1).



18

Program Overview

Data and Data Delivery

The economic importance of technical data has
grown steadily over the past three decades.  NBS/NIST
took an important lead early in the effort to emphasize
the pervasive use and increase the impact of reliable
materials property data.  As early as 1985, former NBS
Director E. Ambler noted that the need for property
data had become a “national priority,” while the
National Research Council repeatedly observed that
there is a persistent “critical national need” for
materials property data.

The NIST Materials Science and Engineering
Laboratory (MSEL) has been a prominent leader in
responding to this national need.  By design, the scope
of the MSEL effort is evolutionary and responds to the
ever-increasing advances in technology.  Currently,
MSEL has six project areas in the Data and Data
Delivery program.

■ Crystallographic and Phase Equilibria Databases
[Project Leader — V. Karen]:  This project
encompasses the two most venerable efforts in
MSEL, each of which recently has had a major new
release.  In collaboration with Fachinformationszentrum
Karlsruhe (FIZ, Germany), a CDROM version of
the FIZ/NIST Inorganic Crystal Structure Database
(ICSD) has been released providing the full structural
data, i.e., lattice parameters and atomic coordinates,
for approximately 60,000 compounds.  The
long-standing collaboration between NIST and the
American Ceramic Society (ACerS) has continued
with the completion of a new topical volume in the
NIST/ACerS Phase Equilibria Diagrams series, the
first of two planned volumes on electronic ceramics.

■ Phase Equilibria and Properties of Dielectric
Ceramics [Project Leader — T. Vanderah]:
An integrated theoretical and experimental effort is
underway to predict and measure phase equilibria
and electronic behavior in dielectric oxide systems.
This work includes relaxor ferroelectrics, dielectrics
for cellular infrastructure and hand-held devices, and
dielectrics for low temperature co-fired ceramics for
applications in multilayer ceramic integrated circuit
technology.  The impact of this work was evident in
Dr. Vanderah’s invited perspective article, “Talking
Ceramics,” which appeared in the journal Science.
The timeliness of this work was emphasized further
by its subsequent feature in the science section of
the New York Times.

■ Phase Relationships in High Temperature
Superconductors [Project Leader — W. Wong-Ng]:
MSEL’s meticulous effort to provide phase information
critical to the development of practical superconductors
is currently directed towards two important systems:
Ba2RCu3O7–x, where R is yttrium or a lanthanide,

and MgB2.  For Ba2RCu3O7–x, work has focused on
the phase relations in BaF2-BaO-Y2O3-CuOx-H2O and
the interactions of Ba2RCu3O6+x with buffer layers,
both of which are important for advances in the
“BaF2 ex situ” process and the “liquid-phase-epitaxy”
process.  For MgB2, the enthalpy of formation,
vapor pressure, and sources of variability have
been determined.

■ Reaction Path Analysis in Multicomponent Systems
[Project Leader — C. Campbell]:  Many industrial
processes rely on multicomponent diffusion to
control the formation and dissolution of precipitate
phases.  MSEL is developing a multicomponent
diffusion mobility database for Ni-base superalloys
that will be used, for example, to predict the
formation of the γ ′ (ordered FCC) phase during the
solidification of superalloys.  A workshop, “High
Throughput Analysis of Multicomponent Multiphase
Diffusion Data,” was held in March 2003 to focus
on the development of methods to extract diffusion
data from multicomponent diffusion couples. 

■ Evaluated Materials Property Data [Project
Leader — R. Munro]:  Engineering designs utilizing
advanced materials require reliable data.  Elasticity,
strength, toughness, hardness, creep, thermal
expansion, conductivity, diffusivity, and durability
are prominent among the data categories needed and
desired for materials applications and development.
This project is directed both towards the development
of evaluated databases of these properties for
structural and superconducting ceramics and towards
the establishment of the evaluation methodologies that
form the foundation of reliable materials property
data systems.  A significant achievement in this
effort is “Data Evaluation Theory and Practice for
Materials Properties,” SP960-11, the eleventh NIST
Recommended Practice Guide produced by MSEL.

■ Informatics and Visualization in Materials
Data Delivery [Project Leader — C. Beauchamp]:
The internet, and the World Wide Web in particular,
has become a dominant resource medium for
technical information.  MSEL has undertaken a
major commitment to make its extensive data
collections available via this medium.  New efforts,
now underway, will provide web access to the MSEL
lead-free solder materials property database and
the diffusion data archive that is important for the
processing of metal alloys.  Additionally, the internet
will be used increasingly as a means of disseminating
MSEL’s prodigious technical publications in the form
of electronic manuscripts.

Contact:  Ronald G. Munro
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Crystallographic and Phase Equilibria Databases

Crystallographic data models are used on a
daily basis to visualize, explain and predict the
behavior of chemicals and materials, as well
as to establish the identity of unknown phases in
crystalline materials.  Phase diagrams are used
throughout the ceramics industry to understand
and control the complex phenomena which
increasingly underlie advanced industrial
material production and materials performance.
Literally tens of thousands of structures and
phase diagrams have been reported in the
literature, all with varying degrees of reliability
and completeness.  This project develops,
maintains, and disseminates comprehensive,
critically-evaluated data in printed and modern
computerized formats, along with scientific
software to exploit the content of these databases.

Vicky Lynn Karen, Terrell A. Vanderah,
and Peter K. Schenck

The Inorganic Crystal Structure Database (ICSD) is
a comprehensive collection of crystal structures

covering the literature from 1915.  The ICSD database
system now includes chemical and 3-dimensional
structure information for more than 65 000 inorganic
materials. The data and scientific software are licensed
to instrument manufacturers, software vendors, and
other third-party distributors as well as to individual
researchers in industry and academia.  Additional
information about the ICSD can be found in the
Technical Highlights section of this report.

To service the need for reliable phase diagram
data, the NIST Phase Equilibria Data Center and the
American Ceramic Society (ACerS) jointly publish
a series of critically evaluated collections of phase
diagrams. The series “Phase Equilibria Diagrams,”
originally published under the title “Phase Diagrams
for Ceramists” (1964–1992), provides current,
evaluated data on the phase equilibria of ceramics
and related materials.  These publications also provide
bibliographic data, graphical representations, and
analytical capabilities so that researchers have access to
reliable, up-to-date data for use in designing, applying,
analyzing, and selecting materials.  The published
portion of the database includes about 16 000 entries
with 26 000 phase diagrams contained in nineteen
books and a CD-ROM — over 53 000 units have been
sold world-wide.  Approximately 1000 new entries are
collected from the primary literature each year.

Currently underway is a complete modernization to
replace the outdated 1980’s system with an integrated
production facility using a relational structure that will
facilitate electronic publishing in a variety of formats,
including a web-based version.  Much of this year’s
effort has involved assisting and working with on-site
ACerS staff to design and build the new system, which
must incorporate all of the scientific data relationships
embodied in the original database.

The latest database products completed this year
include the topical volume, Phase Diagrams for
Electronic Ceramics I:  Dielectric Ti, Nb, and Ta
Oxide Systems, edited by R.S. Roth (see Figure 1).
This is the first volume of a new collection of phase
diagrams focused on the increasingly important field
of electronic ceramics.  More than 1100 diagrams
are presented along with commentaries written by
knowledgeable associate editors.  Also completed
this year was an updated Cumulative Index 2003
which provides comprehensive indexing of published
equilibria data sorted by chemical system and author.
In preparation is “Volume XIV — Oxides” (2004)
which will contain a wide variety of metal, non-metal,
and semi-metal oxide systems — more than 900 entries
with 1300 diagrams are already available for inclusion.

Contributors and Collaborators

R.S. Roth, H. Ondik, M.A. Harne (Ceramics Division,
NIST); H.F. McMurdie, C. Cedeno, J. You, X. Wang,
N. Swanson, E. Farabaugh, M. Mecklenborg (The
American Ceramic Society); Fachinformationszentrum
Karlsruhe, Germany; D. Watson (Cambridge
Crystallographic Data Centre, UK); A. Belsky,
S. Young (Measurement Services Division, NIST)

Figure 1:  The latest volume in the series “Phase Equilibria
Diagrams” features systems of major interest to the fields of
dielectric, ferroelectric, and piezoelectric ceramics.

Data and Data Delivery
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Evaluated Materials Property Data

Reliable data form the cornerstone of materials
research and advanced engineering designs.
Capturing and assessing materials property data
from multiple sources is a key effort in responding
to this critical national priority.

Ronald G. Munro

The concurrence of two rapidly advancing
technologies, materials science and internet

communications, has created the potential for a
crisis in the reliability of available materials property
information.  Once, researchers and designers relied
on handbooks and data compilations that were carefully
and thoughtfully produced through dedicated and
deliberately organized efforts.  The magnitude of the
effort, the expense, and the time consumed from design
to production combined to form an effective quality
filter on the results.  Efforts not undertaken with a
serious and sober intent were strongly deterred by
the inevitable costs and commitments.

Now, researchers and designers increasingly turn to
the internet for instant access to whatever information
is required.  The ready accessibility of the internet,
however, is as much a weakness as it is a strength.
The internet provides a broad open forum where ideas
and results can be exchanged and disseminated with
remarkable ease, relatively little financial burden, and
scarcely any delay between the realization of an idea
or result and its expression.  Unfortunately, the facility
with which information can be conveyed on the internet
lacks the inherent process filter that once served as a
useful safeguard on the quality of the information
content.

The success of the internet in allowing more
individuals to communicate more directly and effectively
ironically may also cause older information sources to
become relatively inaccessible.  The materials information
populating the internet’s information forums represent
current efforts.  Older information sources, such as
handbooks, that have not been adapted to the internet
may soon be overlooked or abandoned.

NIST is responding to the full range of challenges
presented by these circumstances.  The key to reliable
data, whether in handbooks or on the internet, is data
evaluation.  NIST has accepted the responsibility of
providing evaluated data on the internet and has taken
the lead in educating data users about the methods and
significance of data evaluation.  Most notably, more
than a decade of development and experience in
evaluation methodology has been summarized in a

new NIST Recommended Practice Guide, SP960-11.
(For more information about this Guide, see Data
Evaluation Theory and Practice in the Technical
Highlights section of this report.)

Efforts in the Ceramics Division to provide
evaluated data on the internet are focused on the
sustained development of the Ceramics WebBook.
Currently, three data systems are maintained:
Standard Reference Database Number 30, the
Structural Ceramics Database (SCD); Standard
Reference Database Number 62, High Temperature
Superconductors (HTS); and a collection of topical
compilations called Property Data Summaries (PDS).

Figure 1:  The elastic (Young’s) modulus at room temperature
for polycrystalline specimens of the high temperature
superconductor Y:123.

In FY 2003, two additions were made to the
Ceramics WebBook.  The compilation, Elastic Moduli
Data for Polycrystalline Ceramics, NISTIR 6853,
consisting of approximately 4000 data points, was
added to the PDS collection.  This collection exhibits
the dependence of the elastic moduli (E, G, B, ν ) on
temperature and porosity for approximately 50 ceramic
compositions (e.g., Figure 1).  A data update was
also completed for the Structural Ceramics Database.
This update increased the number of citations in the
SCD by 100, bringing the total to 834 citations and
approximately 38000 data points.

Contributors and Collaborators

C. Sturrock, J. Harris (Ceramics Division, NIST)

Data and Data Delivery
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Phase Equilibria and Properties of Dielectric Ceramics

Ceramic compounds with exploitable dielectric
properties are widely used in technical applications
such as actuators, transducers, capacitors, and
resonators or filters for microwave communications.
The commercial competitiveness of next-generation
devices depends on new ceramics with improved
properties and/or reduced processing costs.  Phase
equilibria determination integrated with systematic
experimental / theoretical chemistry–structure–
property studies contributes toward the fundamental
understanding and rational design of these
technologically important materials.

Experimental studies of microwave ceramics include
structural analyses (by x-ray and neutron powder
diffraction) combined with dielectric property correlations
of the technically important Ba3M2+M5+

2O9 (M2+ = Mg,
Zn, Ni; M5+ = Nb, Ta) systems.  In these systems, the
M5+ cations tend to undergo a second-order Jahn–Teller
distortion and hence shift from the centers of the [MO6]
octahedra — this effect occurs simultaneously with 2:1
B-site cation ordering.  Both phenomena influence dielectric
response.  Modeling of the crystal structures using bond
valence methods is in progress to understand the interplay
between the distortion and dielectric behavior.

Figure 1:  Subsolidus phase relations in the La2O3–MgO–TiO2
system (air, ≈≈≈≈≈ 1450 °C), sign of the temperature coefficient of
resonant frequency (τ f ; in parentheses), and approximate
locations of two regions of temperature-stable (τ f  = 0) equilibrium
mixtures (dotted lines).

Subsolidus phase equilibria, crystal chemistry, and
dielectric behavior were studied for the La2O3–MgO–
TiO2 system and for the ternary sections LaMg1/2Ti1/2
O3–CaTiO3–La2O3 and LaMg1/2Ti1/2O3–CaTiO3–La2/3
TiO3.  Six phases form in the La2O3–MgO–TiO2 system,
and extensive perovskite-type solid solutions form in both
ternary sections (see Figure 1).  By mapping dielectric
properties (relative permittivity and temperature coefficient
of resonant frequency, τ f ; 5–10 GHz) onto the phase
diagrams, the compositions of temperature-stable
(τ f = 0) compounds and mixtures were predicted.
From these studies, it was determined that the quaternary
La2O3–CaO–MgO–TiO2 system contains an extensive
single-phase, perovskite-type volume through which
passes a surface of temperature-stable compositions
with relative permittivities in the range of 40 to 50.

Contributors and Collaborators
W. Wong-Ng, R.S. Roth (Ceramics Division, NIST);

J.E. Maslar (Process Measurements Division, NIST);
R. Geyer (Radio Frequency Technology Division, NIST);
S. Bell (TRAK Ceramics, Inc.); K. Leung (Sandia);
L. Bellaiche (University of Arkansas); U. Waghmare
(JNCASR, India); S. Prosandeev (Rostov State University)
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Benjamin Burton, Eric Cockayne, Lawrence Cook,
Igor Levin, Michael Lufaso, and Terrell Vanderah

Next-generation ceramic packaging requires
fabrication of multilayered structures that include

embedded functional dielectric ceramics.  Technical
challenges include understanding and control of
deleterious reactions at interfaces during firing.
A detailed study of the system Ag-Bi2O3-Nb2O5-O2
is in progress to develop a model of interfacial
interactions applicable to other co-fired metal–ceramic
systems.  A partial phase diagram of the system has
been determined, and includes a new compound,
Bi5AgNb4O18, which is also observed as a product in
Ag/BiNb5O15 reaction couples.  Surface diffusion was
found to dominate mass transport of Ag at the reaction
interface — this phenomenon could be important
for co-firing metals with porous ceramics.  Further
modelling will incorporate kinetic aspects of interfacial
reactions using equilibrium thermodynamics as a basis.

Important transducer/actuator materials include
Pb-containing perovskite-type relaxor ferroelectrics.
First-principles (FP) methods were successfully used
to calculate the phonon frequencies for the prototype
relaxor PbMg1/3Nb2/3O3.  In FP studies of PbTiO3,
the dipole moment generated by a nearest-neighbor Pb-O
vacancy pair was calculated; the results demonstrate
that local electric fields generated by defects strongly
affect physical properties.  Calculations were also
performed for a Pb-free relaxor, K1–xLixTaO3.  For
small x, Li ions are displaced from centrosymmetric
positions.  The dominant mechanisms for Li hopping
between off-centered positions and the resulting effects
on the dielectric response were determined.

First-principles methods were also applied to the
microwave dielectric system (1–x)CaAl1/2Nb1/2O3–
xCaTiO3.  The resulting model yields a dielectric
constant that increases with increasing disorder, and
increases nonlinearly with increasing x, in agreement
with experiment.
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Phase Relationships in High Temperature Superconductors

Phase diagrams serve as “blue prints” for
improved processing of high Tc superconductor
materials. Of current interest are the
Ba2RCu3O6+x (R = lanthanides and yttrium)
superconductors.  The construction of phase
diagrams of these systems and the role of phase
equilibria and kinetics in the formation of the
Ba2YCu3O6+x phase using barium fluoride
amorphous precursor films are important for
rapid advancement of the RABiTS/IBAD coated
conductor technology. By providing the phase
equilibria data for optimal processing, high Tc
technology will be advanced through reductions
in cost and improvements in performance.

Winnie Wong-Ng, Lawrence P. Cook, and
Igor Levin

In 2003, NIST materials research has continued
 to provide critical information pertinent to the

development of practical superconductors.  This project
is an integral part of the Department of Energy intensive
research program focused on high Tc wires and cables
for high-impact commercial applications.  Our effort
included two principal groups of superconductors:
(1) Ba2RCu3O7 (Y-213 and R-213, R = lanthanide)
coated conductors produced by rolling assisted biaxially
textured substrate/ion beam assisted deposition
(RABiTS/IBAD); and (2) MgB2.

Part of our effort has been focused on the
dependence of BaO-R2O3-CuOx phase relations (under
carbonate-free conditions to match the processing
conditions of RABiTS/IBAD conductors) on both
oxygen pressure, pO2, and choice of lanthanides. This
year, we have completed the study of three systems,
with R = Gd, Eu and Ho.  The trends of phase formation
and tie-line relationships with respect to lanthanide size
that were found previously for R = Nd, Sm, Eu, Gd, Ho,
Y, and Er, were observed in the present work.  Near the
BaO-rich region, phase formation was very different
from what was found previously for samples prepared
in the presence of carbonate.

By mixing the smaller lanthanides R′ with the larger
R in the Ba2–x(R1+x–yR′y)Cu3O6+z superconductor,
both flux-pinning and melting properties can be tailored
and optimized.  A trend of the extent of solid solution
formation with respect to the size of R was observed
in Ba2–x(Nd1+x–yR′y)Cu3O6+z (R′ = Gd, Y and Yb) and
in Ba2–x(R1+x–yYy)Cu3Oz (R = Eu and Gd).  There is
considerable improvement of critical current density,
Jc(H), for samples with partial Y-substitution at high

fields at 77 K as compared with that of Nd-213 and
Y-213. This improvement is likely due to the increased
flux pinning as a result of doping of Nd3+ in the
Ba2+ site.

The “BaF2 ex-situ” process is a promising
method for producing long-length, high-quality
Y-213 superconducting tapes.  Previously, using a
controlled-atmosphere differential thermal analysis
system, we detected the presence of low temperature
liquids in the multicomponent reciprocal Ba-Y-Cu//O,F
system, which can be modeled in compositional
space as a trigonal prism.  This year, we initiated
a study to understand the details of complex phase
relations in selected Ba-Y-Cu//O,F subsystems:
BaO-Y2O3-CuOx-BaF2, BaF2-YF3-CuF2-CuOx,
BaF2-Y2O3-CuOx-YF3, BaF2-CuO, and BaF2-Cu2O.
Our results explained the presence of low temperature
melts, and confirmed the importance of pO2 in
oxyfluoride melting reactions.

To control film properties, it is important to
understand the details of Y-213 phase evolution
from amorphous “BaF2” films.  High temperature
x-ray diffraction has been successfully applied to
a number of films deposited on SrTiO3 model
substrates (provided by Oak Ridge National Laboratory,
ORNL).  The phase formation sequences in the binary
(BaF2-Y2O3, BaF2-CuOx and Y2O3-CuOx) and ternary
(BaF2-Y2O3-CuOx) systems have been determined.
Further studies of phase evolution of these films on
both SrTiO3 and RABiTS substrates will be conducted.

Understanding the interfacial reactions of Y-213 with
buffer layers in RABiTS/IBAD films is critical to the
development of coated conductor tapes.  Since phase
diagrams can provide information on how to avoid or
control the formation of second phases, we have
initiated a study of the BaO-Y2O3-CeO2-CuOx system
(interaction of Y-213 with the CeO2 buffer layer).

Efforts have continued on the measurement of
enthalpy of formation and vapor pressure of MgB2.
Sources of the variability in these properties have also
been determined.

Contributors and Collaborators

M. Vaudin (Ceramics Division, NIST); Q. Huang
(NIST Center for Neutron Research); R. Shull
(Metallurgy Division,  NIST); R. Klein (Biotechnology
Division, NIST); R. Feenstra (ORNL); T. Holesinger
(Los Alamos National Laboratory); M. Rupich
(American Superconductor Corp.); J. Kaduk (BP-Amoco);
T. Haugan (U.S. Air Force); P. Canfield (Iowa State)
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Materials for Micro- and Opto-Electronics

U.S. microelectronics and related industries
are in fierce international competition to design and
produce smaller, lighter, faster, more functional,
and more reliable electronics products more quickly and
economically than ever before.  At the same time, there
has been a revolution in recent years in new materials
used in all aspects of microelectronics fabrication.

Since 1994, the NIST Materials Science and
Engineering Laboratory (MSEL) has worked closely
with the U.S. semiconductor, component, packaging,
and assembly industries.  These efforts led to the
development of an interdivisional MSEL program
committed to addressing industry’s most pressing
materials measurement and standards issues central
to the development and utilization of advanced
materials and material processes.  The vision that
accompanies this program — to be the key resource
within the Federal Government for materials metrology
development for commercial microelectronics
manufacturing — may be realized through the
following objectives:

■ Develop and deliver standard measurements and data;
■ Develop and apply in situ measurements on materials

and material assemblies having micrometer- and
submicrometer-scale dimensions;

■ Quantify and document the divergence of material
properties from their bulk values as dimensions
are reduced and interfaces contribute strongly
to properties;

■ Develop models of small, complex structures to
substitute for or provide guidance for experimental
measurement techniques; and

■ Develop fundamental understanding of materials
needed in future micro- and opto-electronics.

With these objectives in mind, the program
presently consists of projects led by the Metallurgy,
Polymers, Materials Reliability, and Ceramics
Divisions that examine and inform industry on key
materials-related issues.  These projects are conducted
in concert with partners from industrial consortia,
individual companies, academia, and other government
agencies.  The program is strongly coupled with
other microelectronics programs within government
and industry, including the National Semiconductor
Metrology Program (NSMP) at NIST.  Materials
metrology needs are also identified through industry
groups and roadmaps, including the International
Technology Roadmap for Semiconductors (ITRS),
the IPC Lead-free Solder Roadmap, the National

Electronics Manufacturing Initiative (NEMI)
Roadmap, the Optoelectronics Industry Development
Association (OIDA) roadmaps, and the National
[Magnetic Data] Storage Industry Consortium (NSIC).

Although there is increasing integration
within various branches of microelectronics and
optoelectronics, the field can be considered in three
main areas.  The first, microelectronics, includes
needs ranging from integrated circuit fabrication to
component packaging to final assembly.  MSEL
programs address materials metrology needs in
each of these areas, including lithographic polymers
and electrodeposition of interconnects, electrical,
mechanical, and physical property measurement
of dielectrics (interlevel, packaging, and wireless
applications), and packaging and assembly processes
(lead-free solders, solder interconnect design, thermal
stress analysis, and co-fired ceramics).

The second major area is optoelectronics, which
includes work which often crosses over into electronic
and wireless applications.  Projects currently address
residual stress measurement in optoelectronic films,
optical and structural characterization of wide bandgap
semiconductors, and standards development for
III–V compound semiconductors.  Cross-laboratory
collaborations with EEEL figure prominently in
this work.

The third area is magnetic data storage, where
the market potential is vast and growing and the
technical challenges extreme.  NSIC plans to
demonstrate a recording density of 1 terabit per
square inch — 40 times today’s level — by 2006.
To reach these goals, new materials are needed that
have smaller grain structures, can be produced as thin
films, and can be deposited uniformly and economically.
New lubricants are needed to prevent wear as spacing
between the disk and head becomes smaller than the
mean free path of air molecules.  Some measurements
require calibration of magnetometers using certified
magnetic standards in several different shapes and
magnetic strengths, and with a wide range in magnetic
character.  MSEL is working with the magnetic
recording industry to develop measurement tools,
modeling software, and standards to help achieve
these goals, with MSEL, the Electronics and Electrical
Engineering Laboratory, the Physics Laboratory,
the Information Technology Laboratory, and the
Manufacturing Engineering Laboratory working as
partners in this effort.

Contact:  Grady White

Program Overview



24

Nano- and Micro-Electronic Materials Characterization

As the scale of electronic devices is reduced,
tools for characterizing materials properties
and behavior at the nano- and micro-scale are
required.  We are developing and characterizing
techniques to measure local properties, e.g.,
texture, strain, chemical homogeneity, and
phase evolution, in materials used in nano-
and micro-electronic systems.

John E. Blendell and Mark D. Vaudin

The characterization of nano- and micro-electronic
 materials requires different techniques than those

used for bulk electronic materials.  For example,
optimizing the properties of multilayer systems
requires knowledge of the structure and composition
of interfaces at nearly atomic resolution.  In ferroelectric
thin films for ferroelectric random access memory
(FRAM), local texture is known to have a significant
effect on fatigue and imprint.  The origin of strains
at phase interfaces that cause microcracking can be
determined from the structure of the surface near
the crack.  Examples of our research addressing
these issues are highlighted below.

order of 0.05°.  The width of the strain field varied
from 2 µm to 15 µm in different specimens.

The presence of impurities or an intergranular liquid
phase can significantly alter properties by affecting the
motion of grain boundaries and transport or conductivity
between grains.  We have studied the influence of boundary
misorientation and chemistry on the velocity of interfaces
in SrTiO3 single crystals of varying orientations.  Crystals
were bonded to dense textured polycrystalline SrTiO3
ceramics; upon heating, the interface migrates into the
ceramic.  This experiment allows the isolation of key
variables including crystallographic misorientation,
impurity content, curvature, and boundary energy, leading
to control over the nature of the grain boundaries, and
the potential for improved properties.

Piezo-force microscopy (PFM) is used for
characterizing individual domain orientations and the
piezoelectric coefficient of ferroelectric thin films.
Interpretation of results is complicated by highly
localized, short-range interactions acting at the tip, as
well as long-range interactions acting along the lever.
The resulting distributed loads change the load applied
at the tip by a factor of ≈ 3/8.  Of greater importance
is the impact of distributed loading on the angle along
the lever.  PFM measurements of piezoactuation can
differ substantially from the true piezoactuation under
conditions that have been modeled.  Model calculations
are supported by AFM measurements performed
with interferometric lever detection and by PFM
measurements on lead zirconate titanate thin films
and triglycine sulfate crystals.

Silicon oxide-nitride-oxide multilayers are potential
materials for charge storage structures in non-volatile
memory devices; individual layers are 5 nm to 10 nm
thick.  Thorough microscopic examination of
multilayers using electron energy loss spectroscopy,
secondary ion mass spectrometry, and x-ray absorption
spectroscopy revealed numerous details of the interface
structure as a function of processing.  There is a
broadening of the nitrogen distribution across the
nitride/oxide interfaces and reduction of the hydrogen
content with increasing thermal budget in processing
the top oxide.  Also, radial-distribution functions are
similar for differently processed silicon oxide layers.

Contributors and Collaborators

I. Levin, B. Huey, A. Scotch, D. Yoder (Ceramics
Division, NIST); A. Davydov (Metallurgy Division,
NIST); R. Leapman (National Institutes of Health, NIH);
M. Kovler (Tower Semiconductor, Ltd.); W. Dawson,
E. Sabolsky (NexTech Materials, Ltd.)

Figure 1:  Average tilt angle of lattice planes of AlxGa1–xN thin
films versus distance from a crack.

A road block in the application of AlxGa1–xN as
light sources and detectors is the development of
cracks during deposition of the films.  Electron
back-scatter diffraction (EBSD) was used to
characterize the misorientation around individual
cracks in 0.25 µm – 1.2 µm thick AlGaN films on (111)
silicon substrates.  EBSD showed that the orientation
of the AlGaN in the vicinity of each crack changed so
that lattice planes in the film tilted away from the crack
causing uplift of the specimen surface, which was also
seen by atomic force microscopy (AFM).  The basal
plane orientation change across the cracks was typically
0.6° (Figure 1) with a measurement accuracy of the

Materials for Micro- and Opto-Electronics
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Wide Band Gap/Optoelectronic Materials

The Optoelectronics Industry Development
Association roadmaps cite the need for standard
reference materials (SRMs) and measurement
methods to calibrate deposition processes and
evaluate material properties.  This project
addresses those needs in the following areas:
photoluminescence measurements of AlxGa1–xAs
films for SRMs; photoreflectance measurements
of band gap in InGaAsN; cathodoluminescence
measurements to assess film quality in AlGaN;
and Raman and photoluminescence measurements
to evaluate stress and composition in AlxGa1–xAs.

Albert Paul, Lawrence Robins, and Grady White

The NIST program to produce AlxGa1–xAs standard
reference materials (SRMs) for the optoelectronics

industry is nearing completion.  Photoluminescence
(PL) determined compositions of AlxGa1–xAs/Ge films
and AlGaAs lift-off films have been compared with
results of inductively-coupled-plasma optical-emission
spectroscopy (ICP–OES) measurements made in the
Analytical Chemistry Division at NIST.  Although Ge
substrates eliminated biasing the ICP–OES results with
Ga or As from GaAs substrates, there was concern
that the Ge substrates would alter the AlxGa1–xAs
band gaps.  However, PL measurements confirmed
that band gap energies for AlGaAs/Ge agreed with
AlGaAs/GaAs.  Al.20Ga.80As SRMs are to be released
in September 2003.

A paper, “Refractive Index Study of AlxGa1–xN
Films Grown on Sapphire Substrates,” has been
accepted by the Journal of Applied Physics.

Raman and PL spectra of AlxGa1–xAs  have been
calibrated in terms of stress and composition.  Details are
given in the Technical Highlights section of this report.

Contributors and Collaborators

Y.-S. Kang, M.D. Vaudin (Ceramics Division, NIST);
T.A. Butler, G.C. Turk (Analytical Chemistry Division,
NIST); A.V. Davydov, W.J. Boettinger, A.J. Shapiro
(Metallurgy Division, NIST); K.A. Bertness, T.E. Harvey,
N.A. Sanford (Optoelectronics Division, NIST);
A.G. Birdwell (Semiconductor Electronics, NIST);
D. Bryson, M. Fahmi, S.N. Mohammad (Howard
University); S. Keller, U.K. Mishra, S.P. DenBaars
(University of California, Santa Barbara); D.V. Tsvetkov,
V.A. Soukoveev, A.V. Dmitriev (Technologies and
Devices International, Inc.)

Figure 1:  PR of InGaAs films.

Figure 2:  CL of AlGaN films

Photoreflectance (PR) is a useful probe of the
electronic structure of InGaAsN films, a new class of
infrared optoelectronic materials.  Figure 1 shows PR
spectra of films with 8 % In, 0.4 % N, and varying
silicon dopant and free carrier (“n”) concentrations.
The lines broaden and critical point energies shift
upward with increasing “n”.  Arrows indicate the fitted

band gap (lowest direct transition) energies.  Higher-lying
transitions (not labeled) are ascribed to splitting of
both the valence and conduction bands in these alloys.

As part of a study of compositional, structural,
and optical properties of AlGaN films, grown by either
metalorganic chemical vapor deposition (MOCVD)
or hydride vapor phase epitaxy (HVPE) on (0001)
sapphire, the near-band-edge optical properties of the
samples were probed by cathodoluminescence (CL)
spectroscopy.  Figure 2 compares low-temperature CL
of films produced by different deposition processes.
The near-band-edge CL lineshape is sensitive to
compositional fluctuations and defect levels.  The
results suggest that recent HVPE grown films have
improved homogeneity and crystalline quality.

Materials for Micro- and Opto-Electronics
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Materials Property Measurements

This program responds both to the Materials
Science and Engineering Laboratory (MSEL) customer
requests and to the Department of Commerce 2005
Strategic Goal of “providing the information and
framework to enable the economy to operate efficiently
and equitably.”  For example, manufacturers and their
suppliers need to agree on how material properties
should be measured.  Equally important, engineering
design depends on accurate property data for the
materials that are used.

The MSEL Materials Property Measurement
Program works toward solutions to measurement
problems on scales ranging from the macro to
the nano, in four of the Laboratory’s Divisions
(Ceramics, Materials Reliability, Metallurgy, and
Polymers).  The scope of its activities ranges from
the development and innovative use of state-of-the-art
measurement systems, to leadership in the development
of standardized test procedures and traceability
protocols, to the development and certification of
Standard Reference Materials (SRMs).  A wide range
of materials is being studied, including polymers,
ceramics, metals, and thin films (whose physical
and mechanical properties differ widely from the
handbook values for their bulk properties).

Projects are directed toward innovative new
measurement techniques.  These include:

■ Measurement of the elastic, electric, magnetic, and
thermal properties of thin films and nanostructures
(Materials Reliability Division);

■ Alternative strength test methods for ceramics,
including cylindrical flexure strength and diametral
compression (Ceramics Division); and

The MSEL Materials Property Measurement
Program is also contributing to the development of
test method standards through committee leadership

roles in standards development organizations such as
the American Society for Testing of Materials (ASTM)
and the International Standards Organization (ISO).
In many cases, industry also depends on measurements
that can be traced to NIST Standard Reference Materials
(SRMs). This program generates the following SRMs
for several quite different types of measurements:

■ Charpy impact machine verification (Materials
Reliability Division);

■ Hardness standardization of metallic materials
(Metallurgy Division); and

■ Hardness standardization and fracture toughness
of ceramic materials (Ceramics Division).

Supporting the Materials Property Measurements
Program is a modeling and simulation effort to connect
microstructure with properties.  The Object-Oriented
Finite-Element (OOF) software developed at NIST is
being used widely in diverse communities for material
microstructural design and property analysis at the
microstructural level.

In addition to the activities above, all four
divisions provide assistance to various government
agencies on homeland security and infrastructure
issues.  Projects include assessing the performance
of structural steels as part of the NIST World
Trade Center Investigation, advising the Bureau of
Reclamation on metallurgical issues involving pipelines
and dams, advising the Department of the Interior
on the structural integrity of the U.S.S. Arizona
Memorial, advising the U.S. Customs Service on
materials specifications for ceramics, and advising
the Architect of the Capitol on repair procedures for
cracks in the outer skin of the Capitol Dome.

Contact:  George Quinn
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Mechanics of Materials

The reliability of brittle materials may be
improved through study of their microstructure,
mechanical properties, and failure mechanisms.
Fractography, computational modeling tools, and
transmission electron microscopy are being used
to study the effects of structure, particularly the
role of flaws and defects, on the strength and
reliability of ceramic components.

George Quinn, Edwin Fuller, Jr., and
Bernard Hockey

Ceramic materials, by virtue of their light weight,
good, high-temperature performance, and

broad-ranging electronic and optical properties,
offer many highly desirable qualities to the designers
of devices and components.  However, problems
can arise when high-fracture toughness or accurate
lifetime prediction are required because of the inherent
brittleness of most ceramics and their propensity to
fail from small flaws or defects.  We study the effects
of microstructure on the mechanical properties of
brittle materials, including microstructural features
that result from such manufacturing processes as
coating deposition or surface grinding or machining.

The strength of a brittle material is very often
determined by the size of the largest flaw in a test
specimen; large flaws concentrate stress and lower
strength.  In the case of ceramic parts that are brought
to their final shape by an abrasive grinding process,
the largest flaws can be those created at the surface by
the machining process.  Sometimes small changes in
that process can have a dramatic effect on the strength
of the part.  An intensive study of damage in ground
ceramic surfaces has been completed and important
trends documented in NIST Special Publication 996.
The telltale signs of machining cracks were identified,
and schematic illustrations and simple techniques to
detect these features were added as a major revision
to the fractography standard ASTM C 1322.  The size
and severity of cracks were correlated to grinding
conditions.  Wheel grit size and grinding direction were
reconfirmed to be dominant factors, and the effect was
quantified for the first time.  Grinding damage maps
for silicon nitride were determined; an example is
shown in Figure 1.

Another area of work concerns the structure
and mechanical properties of alumina and zirconia
thermal barrier coatings (TBCs).  Transmission electron
microscopy examination of plasma spray coatings made
with submicron-sized powders revealed that the coating
microstructures were very non-uniform and showed

improved hardness and wear resistance relative to
conventional plasma sprayed coatings.  Controlled
indentation flaws were also used to characterize
interfacial fracture toughness in TBC systems.

Microstructure-based finite-element simulations,
based on the NIST object oriented finite element (OOF)
code, were used to elucidate crack–microstructure
interactions.  Experimental studies and corroborative
OOF simulations on particulate-reinforced ceramic
matrix composites showed strong crack path variations
with changes in the loading/unloading rate and
microstructure.  OOF simulations were used to
elucidate the influence of grain orientation texture on
bulk physical properties (e.g., coefficients of thermal
expansion) and on physical behavior (e.g., residual
stresses and microcracking propensity).  Misorientation
distribution functions were shown to have a profound
influence on the residual stress networks that were
observed in both real and simulated microstructures.

Contributors and Collaborators

D. Saylor, L. Ives (Ceramics Division, NIST);
W. Luecke (Metallurgy Division, NIST); M. Bartsch,
B. Baufeld (German Aerospace Research Laboratory,
Germany); S. Wu, B. Palted (University of Alabama);
A. Wereszczak, M. Ferber (Oak Ridge National Lab);
S. Lee (Sun Moon University, Korea)

Figure 1:  Grinding damage map for silicon nitride.

Materials Property Measurements
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Materials Structure Characterization

Fundamental to the field of materials science and
engineering is the study of the relationships between
processing, structure, properties, and performance
of materials.  Therefore, tools and techniques for
the characterization of materials structure is a
cornerstone of the field.  The NIST Materials Science
and Engineering Laboratory (MSEL) has a long tradition
of supporting and developing measurement methods
and facilities for materials structure characterization.
Facilities within MSEL include optical and electron
microscopy, optical and electron scattering and
diffraction, a state-of-the-art x-ray diffractometer, the
NIST Center for Neutron Research, and experimental
stations at the National Synchrotron Light Source
(NSLS) at Brookhaven Laboratory and at the Advanced
Photon Source (APS) at Argonne National Laboratory.
At the NSLS, NIST operates a soft x-ray station in
partnership with Dow and Brookhaven National
Laboratory.  At the APS, NIST is a partner with the
University of Illinois at Urbana/Champaign, Oak Ridge
National Laboratory, and UOP in a collaboration called
UNICAT.  At both facilities, NIST scientists and
researchers from industry, universities, and government
laboratories perform state-of-the-art measurements on
a wide range of advanced materials.  NIST scientists
have consistently advanced the limits of these facilities
in order to improve spatial resolution and sensitivity
needed, for example, to interrogate the microstructure
of both highly anisotropic and/or gradient materials
such as advanced thermal coatings and fuel cell
systems.  Studies currently underway at these facilities
include:  in situ measurements of nanoparticle
production; structure and dispersion of carbon
nanotubes; three-dimensional imaging of natural and
artificial tissues; surface and subsurface damage in
UV lithography optics; strain-induced ferroelectric
transitions in thin films; and determination of molecular
orientation and bond concentration on chemically
heterogeneous surfaces.

The materials characterization program has
a strong emphasis on electron microscopy.  The MSEL
Electron Microscopy Facility provides structure and
compositional characterization of a wide range of
materials.  The facility consists of two transmission
electron microscopes (TEMs), three scanning electron
microscopes (SEMs), a specimen preparation laboratory,
and an image analysis/computational laboratory.
The JEM3010 TEM resolves the atomic structure and
employs an energy selecting imaging filter and x-ray
detector (EDS) for analytical characterization of thin
foil specimens.  The JSM6400 SEM employs electron
backscattered diffraction /phase identification and EDS
systems to characterize the texture and composition

of materials.  Highlights from the facility for FY2003
include:  the computer domain is now active, providing
streamlined user access and network file storage;
a research collaboration with the NIST Semiconductor
Electronics Division is underway to characterize
quantum effects in confined Si devices; the size and
shape of III–V quantum dots are characterized with
the NIST Optoelectronics Division; and composition
maps of electrodeposited nanowires with tunable
magnetic properties are generated in collaboration
with Johns Hopkins University.

This MSEL program also incorporates standards
activities.  A state-of-the-art x-ray diffractometer has
been developed to study the metrology of powder
diffraction in order to develop the next generation of
diffraction standard reference materials.  A variety of
standard reference materials (SRMs) needed by the
U.S. polymers industry, research laboratories, and
other federal agencies have recently been developed:
polyethylene of narrow mass distribution; nonlinear
fluids for rheological measurements; melt flow
standards; and the first reference biomaterial, an
orthopedic grade ultra-high molecular weight
polyethylene.

Recent program activities utilize matrix-assisted laser
desorption /ionization time-of-flight mass spectrometry
(MS) to address the need for improved characterization
of the molecular structure of polyolefins, a dominant
commercial polymer.  This work has extended the
upper mass limit detectable by MS to 15,000 g/mol
and, by observing individual oligomeric species by
mass, has revealed details of the molecular structure.

A major cross-cutting activity within this program
is the multi-scale, multi-modal imaging and visualization
project.  The goal of this project is to combine disparate
sets of 3-D imaging data that contain complementary
information on overlapping length scales to produce
an interactive visualization scheme for multivariate
data sets.  This year focused on further improvements
and additions to the suite of imaging tools for tissue
engineering metrology.  Osteoblasts cultured in a
poly (ε-caprolactone) scaffold have been imaged,
demonstrating the advantages of optical coherence
and confocal fluorescence microscopies over
conventional laser scanning confocal microscopy.
This instrument was upgraded by completely rebuilding
the image acquisition software, hardware, and optical
train.  These improvements enabled an increase in
image acquisition speed (2X) and accuracy
(from 5 µm to 360 nm).

Contact:  David R. Black
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Diffraction Metrology and Standards

Both powder and high-resolution diffraction can
provide a wealth of information with a relatively
simple scan.  However, the data are beset by a
complex error function.  It is the characterization
of this function, critical to the accuracy of the
technique, that is one of the prime functions of
NIST diffraction Standard Reference Materials
(SRMs).  In order to be traceable to Systeme
Internationale (SI) based units, certification
measurements must be performed on equipment
that features goniometers that are self-calibrating,
i.e., equipped with stable, high-resolution
encoders that have been calibrated using the
circle closure method.

James P. Cline and Donald A. Windover

This project establishes the traceability of NIST
diffraction SRMs certified with respect to lattice

parameter or layer spacing.  From Bragg’s Law,
λ = 2d sinθ, we see that traceability in spacing, d,
requires both traceabilty in wavelength, λ, and angle, θ.
The linkage of wavelength to the SI has been developed,
and follows the first four levels in the traceability
diagram shown in Figure 1.  Here we devise a rigorous
approach for the calibration of the goniometers in
the Ceramics Division parallel beam diffractometer,
establishing the traceabilty of angle measurement in
future SRM certification.

We utilize a goniometer assembly with two axes of
interest and a third stage for rotation of optical faces.
This approach provides a matrix of encoder errors.
Matrix inversion yields the calibration curves, shown
in Figure 2, for the ω and 2θ goniometers.

Contributors and Collaborators

Albert Henins (Ceramics Division, NIST)Figure 1:  Measurement chain of NIST certified diffraction SRMs.

Figure 2:  Encoder error corrections from circle closure.

To be useful in a metrological context, a goniometer
must have a stable, accurate and precise optical encoder.
However, the encoder will exhibit an error function that
must be characterized.  The term “self-calibrating” refers
to the ability of the goniometer to measure angles in a
metrologically credible manner without relying on an
external artifact and is realizable through the method of
circle closure.   A caveat to the method is that encoder
errors must only be long range in nature, i.e., caused by
mounting misalignment, eccentricity, etc.  In order to
realize a conceptual understanding of the circle closure
method, assume the goniometer of interest is equipped
with a second, coaxially mounted rotation stage.  This
second stage rotates two optical faces, mounted parallel
to the rotation axis and exhibiting a 30° dihedral angle.
A scanning autocollimator is used to generate a feature
associated with the angle of each face.  The fitting of
this feature results in a measurement precision of the
angle between the faces that is much greater than that
offered by the encoder itself.  After each measurement,
the second stage is rotated 30°, and the process repeated
to yield a series of data points through 360°.  Circle closure
asserts that the sum of the angle measurements for one
complete axis rotation must be 360°, and therefore, all
errors sum to zero.  Thus, the average of the measured
dihedral angles provides the true angle, and deviations
from this angle map the encoder correction curve.

Materials Structure Characterization
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Small-Angle Scattering and Imaging
Microstructure (or nanostructure) control is the
key to property and performance optimization
for many materials that provide critical functions
in advanced technological systems.  Achieving
this control requires quantitative characterization
of microstructure over a contiguous size range
from the nanoscale to the mesoscale.  This project
addresses this need by combining small-angle
x-ray and neutron scattering methods with x-ray
imaging capabilities to provide a microstructure-
characterization-based metrology that links
materials processing to performance.

Andrew Allen, Jan Ilavsky, and Gabrielle Long

New technological materials, such as those for
 fuel cells or thermal barrier coatings, present

increasingly difficult microstructure characterization
challenges.  At the Advanced Photon Source (APS),
as part of UNICAT (university/national laboratory/
industry collaborative access team), we have made
significant advances in the development of x-ray
micro-tomography (XMT) and in the application of
small-angle x-ray scattering (SAXS) to meet these
challenges.  The unique capability of the NIST
ultra-SAXS (USAXS) instrument to measure absolute
intensity now makes it a reference for several SAXS
instruments at the APS and positions us for possible
development of a SAXS standard reference material.
In a continuing effort to more rapidly develop and to
expand our suite of synchrotron-radiation-based x-ray
characterization tools, we have developed a partnership
with the X-ray Operations and Research (XOR)
Division at the APS.  The XMT capability at XOR
serves as a proving ground for the development of
nanoscale resolution XMT at UNICAT, and their
capability for high-energy SAXS (HESAXS) provides
increased sample penetration and spatial resolution
that complement the NIST USAXS capability.  Several
examples of our research efforts are highlighted below.

A multi-component anisotropic-void model for
USAXS analyses was used to quantify the complex
microstructure of electron beam physical vapor
deposited (EBPVD) thermal barrier coatings.  These
coatings are used in advanced gas turbine engines
and are of particular interest to companies such as
GE and Siemens–Westinghouse.  Measurements of
coatings before and after heat treatment reveal that,
due to thermal expansion mismatch, a 2 % by volume
population of cracks oriented normal to the substrate
forms.  When combined with thermal and mechanical
property measurements performed by collaborators at

SUNY Stony Brook, new insight has been gained into
coating failure modes.

Electron-beam directed vapor deposited (EB-DVD)
coatings are proposed as an alternative to conventional
electron beam physical vapor-deposited coatings
for high temperature thermal barrier applications.
In collaboration with the University of Virginia,
HESAXS has been combined with wide-angle x-ray
diffraction to study EB-DVD coatings.  The same
sample volume was measured with both techniques at
a spatial resolution of 20 µm.  The measurements show
that preferred crystallographic growth axes dominate
near the top of the coating while void anisotropy,
which plays a key role in coating durability and
performance, varies throughout the thickness.

In collaboration with the University of Utah, the
structure of solid oxide fuel cell (SOFC) materials has
been investigated.  Measurements of pore structure
and phase content have been made within each layer
using USAXS, HESAXS (at 5 µm spatial resolution)
and XMT.  At a spatial resolution of 1.35 µm, XMT
shows in 3D, for the first time, both the pore and
segregated-phase size and interconnectivity actually
present in the membrane layers (see Figure 1).
Use of different x-ray energies allows the image
contrast for different features to be optimized.
This research supports current efforts to join major
Department of Energy initiatives in fuel cell research.

Contributors and Collaborators

T.A. Dobbins, D.R. Black (Ceramics Division,
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Figure 1:  XMT single-slice images through a SOFC anode layer
at (a) 17 keV and (b) 27 keV x-ray energy.  The 27 keV image
exhibits a strong contrast between the Ni and yttria-stabilized
zirconia components.
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Synchrotron Beam Line Operation and Development
The synchrotron radiation project is focused on
the operation and continued development of unique
experimental facilities at the Advanced Photon
Source (APS) at Argonne National Laboratory
and at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory
(BNL).  The emphasis is on the development and
application of microstructural characterization
tools and techniques that allow researchers from
industry, universities and government laboratories
to perform leading edge measurements on
technologically advanced materials.

David R. Black

At the APS, the Ceramics Division, through UNICAT
  (a NIST/University of Illinois/Oak Ridge National

Laboratory/UOP collaboration), supports activities in
ultra-small-angle x-ray scattering (USAXS) and USAXS
imaging on the insertion device line and x-ray absorption
fine structure (XAFS) and diffraction topography on
the bending magnet line.  A hard x-ray microscope is
under development.  As in previous years, the USAXS
instrument received the highest demand of any UNICAT
instrument, with nearly 50 % of the available beam time
being used for USAXS experiments. The USAXS
instrument has been upgraded with an overconstrained
weak-link rotational stage, which has significantly
improved stability and reproducibility. The software for
data reduction has been completed and the first version
of software for data analysis is available on the Web.
Examples of research supported by this facility include:
in-situ production of nanoparticles in a flame; fuel cell
microstructure; fillers for human medical implant glues;
and imaging of human and artificial tissues.

Research from this facility was featured on
the cover of the January 13, 2003 issue of Applied
Physics Letters, as shown in Figure 2, “Combinatorial
near-edge x-ray absorption fine structure:  simultaneous
determination of molecular orientation and bond
concentration on chemically heterogeneous surfaces.”
This year, a larger and more versatile main experimental
chamber was commissioned, enabling all of our unique
fluorescence and electron detection capabilities to be
installed simultaneously.

Contributors and Collaborators
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On the bending magnet beamline, NIST researchers
have used XAFS and diffraction to study SrTiO3
single-crystals and thin films grown on Si (100)
surfaces.  Figure 1 shows the Ti-K near-edge XAFS
for a series of thin films of differing thickness.
The increase in the intensity of the pre-edge peak for
films thinner than about 80 Å indicates hybridization
of the Ti 3d and 4p states.  This hybridization occurs
because inversion symmetry is broken due to strain
from the substrate. This “clamping effect” leads to a
local ferroelectric transition in the films.

At the NSLS, the NIST/Dow beamline (U7A) is
recognized as a leading materials science experimental
facility on the UV ring.  For the last reporting period from
the NSLS, beamline U7A accounted for over 1/3 of the
total number of publications reported for the UV ring.

Figure 1:  XAFS data for SrTiO3 thin films.

Figure 2:  Cover of
Applied Physics Letters.
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Program Overview

Nanocharacterization

The emphasis on nanotechnology around the world
and the successful implementation of the National
Nanotechnology Initiative in the U.S. are accelerating
the development of science and technology at the
nanoscale.  Nanotechnology is expected to play a key
role within the next 10 years in a wide spectrum of
industry sectors including manufacturing, information
technology, electronics, and healthcare.  Novel devices
at the micro- and nanoscale will become increasingly
important in all of these industries.  The ability to
measure dimensions, characterize materials, and
elucidate structures of new and novel materials at
the nanoscale will be critical to the advancement of
nanotechnology.  In addition, one of the exciting
prospects of nanotechnology lies in the ability of
molecules or particles, under specific conditions, to
self-assemble to form new materials with unusual
properties.  Successful development of these new
materials will require the ability to monitor such
processes at the nanoscale in real time.  Metrology,
the science of measurement, is therefore the foundation
of nanotechnology.  Standards and reference materials
will also provide essential infrastructural support to
this emerging technology.

The objective of the program in the NIST Materials
Science and Engineering Laboratory (MSEL) is to
develop basic measurement metrology at the nanoscale
for the determination of bulk and surface material
properties and for process monitoring.  Measurement
methods are being developed for use in conjunction
with new instrumentation and calibration artifacts.

The scope of the program encompasses metals,
ceramics, and polymers in various forms — particles,
thin films, nanotubes, and self-assembled structures
— and also includes studies of nanocomposites
and liquid-state properties for microfluidics-based
fabrication and measurement techniques.  Physical
properties such as mechanical strength, elastic moduli,
friction, stiction, adhesion, and fatigue strength
are measured, as well as the size of nanoparticles
and the structure and dispersion behavior of
nanoparticulate systems.  Other properties such
as electrical conductivity, thermal conductivity,
magnetic properties, electronic properties, and
optical properties are also examined.  While the

program focuses on developing measurement
techniques at the nanoscale, proper data interpretation
requires fundamental studies in nanomechanics,
scaling laws, and imaging techniques.

There are currently ten projects under the program:

■ Bridging Length Scales in Theory and Modeling;
■ Electrochemical Processing of Nanoscale Materials;
■ Metrology for Nanoscale Properties;
■ Nanofiller Processing;
■ Nanoindentation;
■ Nanomechanics and Standards;
■ Nanoscale Manufacturing;
■ Nanotribology and Surface Properties;
■ Particle Metrology and Standards; and
■ Physical Properties of Thin Films and Nanostructures.

In many of these individual projects, objectives
are directed toward the study of a particular class of
materials or material properties, but the underlying
theme of the program as a whole is to develop
reliable, accurate measurement techniques for a
broad range of materials and material properties at the
nanoscale.  As just one example, four methods for the
determination of the elastic properties of thin films —
atomic force acoustic microscopy, surface acoustic
wave spectroscopy, Brillouin light scattering, and
nanoindentation — are being compared using common
sets of specimens.  This study will lead to a better
understanding of the complementary nature of these
techniques for measuring nanostructured materials
and their combined use to determine supplementary
properties such as film thickness or density.  Standard
reference materials are being developed in collaboration
with other National Measurement Institutes around the
world for use in the verification of the performance
of these instruments.

Contact:  Stephen M. Hsu
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Nanocharacterization

Nanomechanics and Standards

Reliability Divisions at NIST are working with the
Bundesanstalt für Materialforschung und–prüfung
(BAM) in Germany to develop joint thin-film SRMs
(CRMs, or Certified Reference Materials, in Europe)
for use in IIT machine verification.  This effort involves
the comparison of IIT results to measurements done in
the Materials Reliability Division using surface acoustic
wave spectroscopy.  Results on SiO2 and TiO2 coatings
show the techniques to be in good agreement.

Other intercomparisons of thin-film mechanical
test methods are underway in Technical Working
Area (TWA) 22 of VAMAS (Versailles Project on
Advanced Materials and Standards, www.vamas.org).
Here, international round robin testing for hardness,
elastic properties, and adhesion is being conducted to
determine the reproducibility of the results between
different laboratories using different commercial
testing equipment.

In electronic and optoelectronic multilayer
structures, delamination driven by residual stress can
lead to device failure.  In collaboration with the NIST
Optoelectronics Division, we characterize composition
and structure in III–V optoelectronic materials and are
developing Raman and photoluminescence techniques
for measuring residual stress in films as thin as 30 nm.
Three-dimensional finite-element simulations are being
used to elucidate the influence of film properties and
geometry on the residual stress tensor.

In many mechanical test methods, a force is applied
to a specimen, and some displacement is measured.
Traceable displacement measurement by interferometry
is well established.  Force measurement is more
problematic because the Standard International (SI)
unit for force is still based on an artifact kilogram mass.
The Microforce Competence Program at NIST is
developing a primary realization of force, traceable to
electronic and length SI units, for force calibration in
the range 1 mN to 1 nN.  Transfer force cells are being
developed that will allow force calibration, traceable to
NIST, for commercial nanomechanical test equipment
such as nanoindentation machines and atomic force
microscopes.
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Although much of the focus in nanotechnology
is on the electronic and magnetic properties of
nanoscale devices, there are many applications
where device performance depends on the
mechanical properties of the materials used.
Stress and interfacial adhesion affect the
reliability of multilayer electronic structures.
Devices with micro- and nano-scale moving
parts, such as cantilevers, gears and micro-mirror
arrays, suffer mechanical fatigue and premature
failure for reasons that are often not well
understood.  We develop test methods and
standards for measuring mechanical properties
at the nanoscale.

Douglas T. Smith

In the world of macroscopic mechanical testing,
 many well-characterized, standardized test methods

are available to measure elastic modulus, hardness,
strength, fracture toughness, adhesion, residual stress
and a host of other properties critical to the successful
design of reliable macroscopic structures.  Often,
knowledge of these same properties is just as critical to
the design of micro- and nano-scale devices, but in this
realm, accurate, reliable test methods for determining
mechanical properties are rare.  We are working on
developing and evaluating techniques for mechanical
property measurement, helping to draft standard test
methods and developing Standard Reference Materials
(SRMs) and force calibration methodology for
low-force (mN down to nN) mechanical testing.

One of the most commonly used techniques for
determining hardness and elastic modulus of small
volumes of materials is instrumented indentation testing
(IIT), often referred to as nanoindentation, in which a
diamond indenter is pushed into a specimen surface and
the force on, and displacement into, the surface are
recorded, and those data are analyzed.  The technique
is capable of providing information on the elastic and
plastic deformation of a specimen for indentations as
shallow as 10 nm to 20 nm, and it is routinely used
to measure the mechanical properties of thin films.
However, until now there have been no accepted test
methods that would allow IIT to be used as part of a
thin-film or coating product specification.  We are
working with both the American Society for Testing
of Materials, ASTM (E28.06.11), and the International
Standards Organization, ISO (TC 164/SC 3), on draft
standards for IIT; an ISO document for the technique
is now at the level of Final Draft International Standard
(FDIS 14577).  In addition, the Ceramics and Materials
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Nanotribology and Surface Properties

Accurate adhesion / friction measurements at the
nanoscale are needed in microelectromechanical
systems (MEMS) and nanoelectromechanical
systems (NEMS) devices.  Lubrication by
molecular assemblies at nanometer dimension
is required to control the surface properties
of device components and ensure durability.
The magnetic storage industry also needs control
of friction via lubrication in the push towards
1 Terabit /in2 areal density and a fast data
transfer rate. The head-disk interface space is
shrinking to 3.5 nm, with a head speed of 40 m/s.
Occasional contacts between the head and
disk will test the strength and robustness of the
carbon overcoat and lubricant layers which
are continuously being reduced in thickness.

Stephen Hsu

Significant progress has been achieved in two areas:
 measurements for adhesion, friction, and lubrication

at the nanoscale and establishing test methods relevant
to magnetic hard disk performance (with input from
the National Storage Industry Consortium.)

The nanofriction measurement activity aims
to develop a constitutive equation for nanofriction
to include surface force components and material
characteristics.  We set up a novel, multiscale friction
apparatus, developed jointly with Hysitron, allowing
friction measurements across nm to mm scales.
Figure 1 shows friction data from a diamond tip sliding
on silica for different tip sizes (tip radius).  The coefficient
of friction values show significant dependence on tip size.
Future work in nanofriction comparing results among
different scales will provide an understanding of how
the scale affects frictional forces.

We continue to work with our external academic
partners (UC Berkeley, UC Davis, and Ohio State) under
the NIST Nanotechnology Extramural Initiative.  This

collaboration focuses on the development of friction
measurement by three approaches:  MEMS devices,
AFM-based methods, and a novel ultra-high vacuum
method.  Results thus far have revealed that meniscus
forces and electrostatic forces exert a significant effect
on nanofriction. We are now quantifying these effects.

Significant progress has been made in establishing
test methods for assessing the performance of the
carbon overcoat and lubricant layers in magnetic head/
disk interfaces. A high speed impact test was developed
to simulate the occasional high-speed impacts that
occur between the head and the disk media under the
ramp-load and unload operating conditions.  As the
magnetic spacing continues to shrink, this type of
contact could lead to data loss. In our test, a 1000 nm
ridge is artificially created on a disk, and a ruby ball is
used to collide with the ridge at 20 m/s.  The impact
force and the deformation are measured using an
acoustic sensor.  Recent improvements in the impact
height control were achieved by installing capacitance
probes to control the location and positioning of the
ruby ball in the z direction.  Crater imaging was also
improved by using a new dual white light interferometer
microscope.  (See Figure 2.)  Results show that the
performance ranking of lubricants and overcoats agrees
with field experience.

Figure 1:  Effect of tip sizes on friction.

Figure 2:  Microscopic image of impact craters.

A finite element model was developed last year
to describe the stress distribution in the carbon
overcoat/lubricant multilayer films.  Recently, the
model was improved by incorporating brittle fracture
criteria for the carbon overcoat.  This refinement
allows the determination of the threshold stress level
where data loss may occur.
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Particle Metrology and Standards

As technology migrates toward smaller physical
dimensions, new analytical approaches are
required to characterize material properties
and to investigate scientifically important issues.
In particle technology, these needs become
critical in the nanosize regime.  Industrial
processes involving nanoparticle technology
include advanced device manufacture and
the development and production of functional
materials for microelectronic, pharmaceutical,
and biotechnology applications.  Our goal
is to improve existing metrology and develop
new methods and standards for measuring the
physical and interfacial properties of nanosize
and nanostructured particle systems.

Vincent A. Hackley and James Kelly

Standard reference materials (SRMs) are critical
 for calibrating instruments used for nanoparticle

characterization.  Primary customers for nanoparticle
SRMs are quality control laboratories in the ceramic and
pharmaceutical industries.  This year, we have initiated
the production of a 100 nm to 500 nm particle size
distribution (PSD) SRM, the first of its kind (inorganic
material system with a broad size distribution), to fulfill
a pressing need in the sub-micrometer size range.
Interest in this TiO2-based standard has been
expressed from a wide range of industries.  The SRM
will be certified for PSD using electron microscopy
and by X-ray disc centrifuge methods.  Additionally,
certification of SRM 1021 was completed.  This
SRM is intended for the evaluation and calibration of
equipment used to measure PSDs in the 2 µm to 12 µm
diameter range. The size range of this SRM follows
that of the coarser beads of existing SRM 1003c.

Another activity involves ultra-small angle x-ray
scattering (USAXS) of nanoparticle suspensions and
partially-gelled systems. Objectives are to develop

sensitive metrological techniques for characterizing
metastable and unstable nanoparticle suspensions and
to gain new insights into mechanisms influencing their
agglomeration and stabilization.  Systems of interest
include SiO2, TiO2, and ZrO2, studied after stabilization
at pH values representing states close to and far from
the isoelectric point.  For example, Figure 1 shows
discrete particle doublets (right-hand peak) in SiO2
suspensions that form only at the isoelectric pH.
USAXS allows such phenomena to be quantified to
an unprecedented level.  A flow cell for in situ,
real-time USAXS studies of unstable suspensions
is under development.

This year, a new activity was initiated on interfacial
property measurements of nanostructured particulates.
The goal is to develop the measurement methodology
to obtain reliable data to establish a clear relationship
between charge development and particle size,
crystallinity and interparticle structure.  Metal oxides
exposed to an aqueous phase develop charge via
protonation of surface hydroxyl sites.  Surface charge
and surface site reactivity play key roles in dissolution,
precipitation and growth, corrosion, aggregation, and
sorption processes.  As particle size shrinks into the
low nano-regime (< 10 nm), charge development
and reactivity are predicted to exhibit size dependent
behavior.  Preliminary results indicate some potentially
important findings.
■ A systematic decrease in the isoelectric point of

TiO2 with decreasing crystallite size was observed;
data will be incorporated into modeling efforts by
NSF-funded researchers to account for proton-induced
charge formation as a function of crystal size.

■ Zeta potential measurements indicate that adducts
formed between nanocrystalline MgO and molecular
halogen species are more stable in an aqueous medium
than had been previously predicted; this has important
implications for their use as microbial biocides.

■ Small-angle neutron scattering experiments suggest
MgO may be capable of localized expansion around
individual crystallites in response to an aqueous
intrusion, without fully disrupting the assembly
structure; this would represent a unique attribute
not typically associated with inorganic particles.

Contributors and Collaborators
A. Allen, A. Jillavenkatesa, L. Lum (Ceramics

Division, NIST); L. Sung, C. Ferraris (Materials &
Construction Research Division, NIST); D. Ho (Center
for Neutron Research, NIST); K. Klabunde (Kansas State
University); U. Paik (Hanyang University); M. Ridley
(Texas Tech University); M. Machesky (Illinois State
Water Survey); P. Jemian (University of Illinois)Figure 1:  Volume fraction PSD for SiO2 at the isoelectric point.
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Ceramics Division Databases and Standards

Databases:
NIST Standard Reference Database 15:

NIST/Sandia/International Centre for Diffraction
Data (ICDD) Electron Diffraction Database.  Chemical,
physical, and crystallographic information for more
than 81,500 materials, including minerals, metals,
intermetallics, and general inorganic compounds;
the database and associated software enable highly
selective identification procedures for microscopic
and macroscopic crystalline materials.  (NIST
Contact:  V.L. Karen.)  Available for purchase at
http://www.nist.gov/srd/nist15.htm.

NIST Standard Reference Database 30:
Structural Ceramics Database.  Physical, mechanical,
and thermal properties; more than 38,000 numeric
values.  (NIST contact:  R.G. Munro.)  Available online
at http://www.ceramics.nist.gov/srd/scd/scdquery.htm.

NIST Standard Reference Database 31:
NIST/ACerS Phase Equilibria Diagrams.  Produced
jointly by NIST and the American Ceramic Society;
thirteen regular book volumes, five topical volumes,
and a computerized database on CD ROM; more than
53,000 units have been sold; the current CD contains
approximately 26,000 critically evaluated diagrams
and 15,000 expert commentaries.  (NIST Contact:
T.A. Vanderah.)  Available for purchase at
http://www.nist.gov/srd/nist31.htm.

NIST Standard Reference Database 62:
High Temperature Superconductors.  Physical,
mechanical, thermal, and superconducting
properties; more than 30,000 numeric values.
(NIST contact:  R.G. Munro.)  Available online at
http://www.ceramics.nist.gov/srd/hts/htsquery.htm.

NIST Standard Reference Database 83:  NIST
Structural Database.  Crystallographic and atomic
position information for metallic crystalline substances,
including alloys, intermetallics and minerals; the
database is distributed in an ASCII format, convenient
for reading into a variety of database management
systems or processing by independent software
routines.  (NIST Contact: V.L. Karen.)  Available for
purchase at http://www.nist.gov/srd/nist83.htm.

NIST Standard Reference Database 84:
FIZ/NIST Inorganic Crystal Structure Database,
Release 2003/1 (August 2003); produced cooperatively
by the Fachinformationszentrum Karlsruhe (FIZ)
and NIST; a comprehensive collection of full
structural crystal data of inorganic compounds;
contains more than 60,000 entries.  (NIST contact:
V.L. Karen.)  Available for purchase at
http://www.nist.gov/srd/nist84.htm.

NIST Property Data Summaries:  Focused studies
with comprehensive property sets for specific materials
and topical studies focused on one property for a wide
range of materials.  (NIST contact:  R.G. Munro.)
Available as follows:

Alumina, http://www.ceramics.nist.gov/srd/
summary/scdaos.htm

Silicon Carbide, http://www.ceramics.nist.gov/srd/
summary/scdscs.htm

Titanium Diboride, http://www.ceramics.nist.gov/
srd/summary/scdtib2.htm

Yttrium Barium Copper Oxide, http://
www.ceramics.nist.gov/srd/summary/htsy123.htm

Elastic Moduli Data, http://www.ceramics.nist.gov/
srd/summary/emodox00.htm

Fracture Toughness Data, http://
www.ceramics.nist.gov/srd/summary/ftmain.htm

Fracture Data for Oxide Glasses, http://
www.ceramics.nist.gov/srd/summary/glsmain.htm

Standard Reference Materials:

Available for purchase at http://ts.nist.gov/ts/
htdocs/230/232/232.htm:

Standard Reference Material 1021:  Glass Beads
– Particle Size Distribution, a particle size standard for
size range 2 µm to 12 µm.  (NIST contact:  J. Kelly.)

Standard Reference Material 1003c:  Glass Beads
– Particle Size Distribution, a particle size standard for
size range 20 µm to 50 µm.  (NIST contact:  J. Kelly.)

Standard Reference Material 1018b:  Glass Beads
– Particle Size Distribution, a particle size standard
for size range 220 µm to 750 µm.  (NIST contact:
J. Kelly.)

Standard Reference Material 1019b:  Glass Beads
– Particle Size Distribution, a particle size standard
for size range 750 µm to 2450 µm.  (NIST contact:
J. Kelly.)

Standard Reference Material 659:  Particle Size
Distribution for Sedigraph Calibration, a particle size
standard for size range  0.2 µm to 10 µm.  (NIST
contact:  J. Kelly.)
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Standard Reference Material 8010:  Sand for
Sieve Analysis.  (NIST contact:  J. Kelly.)

Standard Reference Material 1982:  Zirconia
Thermal Spray Powder – Particle Size Distribution, a
particle size standard for size range 10 µm to 150 µm.
(NIST contact:  J. Kelly.)

Standard Reference Material 1984:  Thermal
Spray Powder – Particle Size Distribution, Tungsten
Carbide/Cobalt (Acicular), a particle size standard for
size range 9 µm to 30 µm.  (NIST contact:  J. Kelly.)

Standard Reference Material 1985:  Thermal
Spray Powder – Particle Size Distribution, Tungsten
Carbide/Cobalt (Spheroidal), a particle size standard
for size range 18 µm to 55 µm.  (NIST contact:
J. Kelly.)

Standard Reference Material 2831:  Vickers
Hardness of Ceramics and Metals, a tungsten carbide
Vickers hardness block with nominal Vickers Hardness
of 15.0 GPa (1530 kgf /mm2) for use at a testing force
of 9.8 N (1.0 kgf).  (NIST contact:  G. Quinn.)

Measurement Standards:
ASTM C 1161, (2002):  Standard Test Method for

Flexural Strength of Advanced Ceramics at Ambient
Temperature.  (NIST contact:  G. Quinn.)

ASTM C 1322, (2002):  Standard Practice for
Fractography and Characterization of  Fracture Origins
in Advanced Ceramics.  (NIST contact:  G. Quinn.)

ASTM F 2094, (2001):  Standard Specification for
Silicon Nitride Bearing Balls.  (NIST contact:  G. Quinn.)

ASTM C 1211, (2002):  Standard Test Method for
Flexural Strength of Advanced Ceramics at Ambient
Temperature.  (NIST contact:  G. Quinn.)

ISO Standard 17565, (2001):  Fine Ceramics
(Advanced Ceramics, Advanced Technical Ceramics) —
Test Method for Flexural Strength of Monolithic Ceramics
at Elevated Temperature.  (NIST contact:  G. Quinn.)

ISO 18756, (2002):  Fine Ceramics (Advanced
Ceramics, Advanced Technical Ceramics) —
Determination of Fracture Toughness of Monolithic
Ceramics at Room Temperature by the Surface Crack
in Flexure (SCF) Method.  (NIST contact:  G.  Quinn.)

Ceramics Division Databases and Standards
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