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X-ray diffraction techniques using synchrotron
radiation play a vital role in the understanding
of structural behavior for a wide range of
materials important in microelectronics. The
extremely high flux of X-rays produced by
synchrotron storage rings makes it possible
to probe layers and interfaces in complicated
stacked structures, characterize low-atomic-
weight materials such as polymers, and study
in situ phase transformations, to name only a
few applications. In this paper, following an
introduction to synchrotron radiation, we
describe the capabilities of the IBM/MIT X-ray
beamlines at the National Synchrotron Light
Source (NSLS), Brookhaven National
Laboratory (BNL). A range of techniques are
introduced, and examples of their applicability
to the study of microelectronics-related
materials phenomena are described.

Introduction

® A short history
Synchrotron radiation, arising from the loss of energy by
relativistic electrons through radiation, was first observed

in 1947 [1, 2]. It was considered to be an unfortunate and
annoying side effect of accelerators that were developed
for high-energy physics experiments. As charged particles
pass between the poles of magnets that are designed to
“bend” them into a circular orbit around an evacuated
synchrotron ring, the magnetic field causes them to
accelerate (change direction) and emit electromagnetic
radiation in a direction tangential to their path.
Synchrotron radiation energy is usually distributed

in a black-body curve having a critical energy that is
determined by the energy of the orbiting electrons or
positrons. By the late 1950s, synchrotron radiation itself
was being used for experiments, but until the 1970s work
was carried out in a “parasitic” mode with respect to
high-energy physics experiments. These first-generation
synchrotron rings, such as SPEAR at the Stanford
Synchrotron Radiation Laboratory (SSRL), CESR at the
Cornell High Energy Synchrotron Source (CHESS), and
DORIS at the Hamburger Synchrotronstrahlungslabor
(HASYLAB), were not optimized for the production of
synchrotron radiation, yet provided experimenters with
photon densities (brightnesses) around five orders of
magnitude higher than conventional laboratory X-ray
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Increase since 1955 in X-ray source brightness (blue) and growth
in leading-edge computing speed (red). Adapted from [5], with
permission, and updated courtesy of A. E. Brenner, Institute for
Defense Analysis.

sources [1]. They also produced a continuous spectrum
of X-ray energies.

In the late 1970s to early 1980s, dedicated second-
generation storage rings were developed using a special
“Chasman-Green” lattice of dipole, quadrupole, and
sextupole magnets that produced a brightness increase of
two orders of magnitude. The National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory (BNL)
on Long Island, New York, and Photon Factory (KEK) in
Japan are examples of second-generation facilities.

The next improvement came with the demonstration of
“insertion devices” at SSRL in 1979-1980 [3]. Insertion
devices consist of linear arrays of dipole magnets
alternating in orientation and having a variable “gap”
between the poles through which the electrons or
positrons travel. When inserted into a straight section
of the storage ring (between the bending magnets), they
cause the electron or positron beam to follow a sinusoidal
path and produce approximately » times more photon flux,
where n is the number of dipoles. “Wigglers” have a large
amplitude for the sinusoidal electron path and produce a
relatively wide fan of incoherent light, while low-amplitude
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“undulators” produce extremely well-collimated coherent
beams of light. Second-generation synchrotrons have been
upgraded with insertion devices where possible, and are
testing grounds for new designs. Currently, second-
generation rings produce a maximum brightness of

~10" photons/s/0.1%bw/mm’/mrad’. (Brightness is a
combination of flux, source size, and beam divergence.

It is given in units of number of photons per second

in a certain energy bandwidth, divided by source area

and by the solid angle of the radiation cone.)

Recently, third-generation storage rings have been
designed specifically to take advantage of insertion
devices, primarily undulators. Rings such as the European
Synchrotron Radiation Facility (ESRF) in Grenoble, the
Advanced Photon Source (APS) at Argonne National
Laboratory, and Super Photon ring-8 GeV (SPring-8)
in Japan have relatively long straight sections (to
incorporate the largest number of dipoles) and
“low-emittance” lattices [1]. These X-ray rings have
been commissioned in just the last few years and are
the giants of the synchrotron radiation community
in terms of size (~1100-1400-m circumference),
brightness (~10"*~10" photons/s/0.1%bw/mm’/mrad’), and
potential number of users (several thousand per year).

The future looks even brighter. Workshops are being
held on the design of fourth-generation light sources [4].
Although these are unlikely to be rings, since the size and
cost would be prohibitive, it is possible to build linear-
accelerator-driven “free-electron lasers” that could
reach a brightness of 10”. Figure 1 is a plot showing the
growth in brightness of X-ray sources since 1955' [5]. For
comparison, the phenomenal growth in top-end computing
speed follows a much shallower slope! The synchrotron
research community has grown to the point where it has
two dedicated journals [6] with contributions from more
than 29 facilities located around the world. All of this
immense activity serves important scientific and
technological needs of industry, academia, and
government laboratories.

® Properties of synchrotron radiation

We have already seen how synchrotron radiation is
orders of magnitude brighter than X-rays produced by a
laboratory source. This brightness has opened up new
fields of research and allowed for the investigation of
previously unmeasurable samples. More photons produce
higher signals, which make it possible to measure a sample
more rapidly or examine smaller, thinner, and lower-
density samples. Three basic approaches can be used:
diffraction, which yields crystallographic structural
information; spectroscopy, which can be used to probe
electronic structure and bonding; and imaging or
microscopy, which can be used to measure the spatial

L' A. E. Brenner, private communication.
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variation of a chosen characteristic across a sample. Since
the electrons or positrons circulating around the evacuated
storage ring are grouped in “bunches,” the emitted
photons have a pulsed time structure, and thus pump-
probe experiments can be performed on a time scale of
nanoseconds.

Because the energy distribution of photons in
synchrotron radiation follows a black-body curve which
has a characteristic “critical” energy, storage rings are
designed to take advantage of specific segments of the
electromagnetic spectrum. “Soft” X-ray rings, such as
the Advanced Light Source (ALS) at Berkeley and the
Vacuum Ultraviolet (VUV) ring at the NSLS, are
used primarily for photoelectron spectroscopy studies,
photochemistry, imaging at absorption edges of light
elements, and magnetic and standard circular dichroism.
Applications for the microelectronics industry include
projection lithography [7] and shadow-mask (proximity)
lithography (8] for producing submicron features on chips.
Several spectral curves showing brightness as a function of
energy for dipole (bending magnet) and insertion device
sources at the NSLS are shown in Figure 2. The soft-
X-ray regime is below ~1500 eV (wavelengths greater
than ~8 A). Soft-X-ray rings typically run at relativistic
electron energies of 0.8 to 2.0 giga-electron volts (GeV).

“Hard” X-rays are produced by electrons or positrons
accelerated to higher energies, from 2.6 to 8 GeV. At
these facilities, diffraction and extended X-ray adsorption
fine structure (EXAFS) spectroscopy are the primary
techniques used. Topography, tomography, and medical
imaging are other important techniques that make use of
hard X-rays. Curves of photon brightness vs. energy for
the NSLS X-ray Ring bending magnets and insertion
devices are also shown in Figure 2. The techniques and
experiments described in this paper demonstrate various
ways of using X-ray diffraction at a bending magnet
beamline at the NSLS X-ray Ring to study materials
of importance in microelectronics. An application for
microelectronics using hard X-rays that is not discussed
here is total external reflection X-ray fluorescence
(TXRF), which is used for detection of trace impurities
on the surfaces of semiconductor wafers [9].

® The National Synchrotron Light Source and the IBM
Research Division

One of the unique features of the NSLS is the presence of
two storage rings that make available an extremely wide
range of photon energies.” The VUV Ring is 51 meters in
circumference, operates at 0.8 GeV, and has maximum
stored current of 1000 milliamperes (mA). It is optimized
to deliver radiation at energies between 10 eV and 1 keV.

2 Descriptions of the facility and beamlines can be found on the NSLS home page:
http://www.nsls.bnl.gov/Intro/nslsdesc.htm.
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Spectral brightness curves for VUV bending magnet source
(VUVBM), X-ray bending magnet source (XRBM), and insertion
devices at the NSLS for 800 mA at 750 MeV (VUV Ring) and
438 mA at 2.58 GeV (X-ray Ring). X17, X21, and X25 are
wiggler insertion devices. X1 is an undulator, and PSGU is the
Prototype Small-Gap Undulator. USU and U13U are undulators on
the VUV ring. Port X20 uses an XRBM as its source. Courtesy of
S. Hulbert, Brookhaven National Laboratory.

There are 17 beam ports—two at essentially every vertex
in the ring where dipole magnets emit fans of synchrotron
radiation, and two insertion devices. Each port can be
subdivided to deliver smaller fans of radiation down
evacuated beampipes to individual experiments. These
subdivisions are called beamlines and usually are designed
for a particular type of experimental technique. Along
with standard photoelectron spectroscopy, lithography,
spin-polarized photoemission, and circular dichroism
beamlines, a specialty of the VUV Ring is the production
of infrared radiation, which is used at five of its 25
beamlines [10].

The X-ray Ring has a circumference of 170 meters,
operates at 2.58 or 2.8 GeV, and has a maximum stored
current of 250-400 mA. There are 60 beamlines on 30 ports,
including five insertion devices. It is optimized to deliver
photons in the energy range of ~1-20 keV; however,
specialized beamlines also produce >100-keV X-rays and
200-400-MeV gamma rays. Techniques used at the X-ray
Ring include many types of diffraction, inelastic scattering,
EXAFS, topography, computed tomography, absorption
contrast imaging, small-angle scattering, fluorescence,
atomic spectroscopy, microscopy, and radiography.

The NSLS hosts more than 2200 experimenters each
year from three basic categories: NSLS staff, general users
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Schematic showing constructive interference of X-ray plane waves
under conditions of Bragg diffraction.

(visiting scientists not affiliated with BNL or any of the
“owners” of beamlines), and beamline owners (scientists
who work for industry, government laboratories, or
universities who have put resources into beamlines). These
last workers make up the participating research teams
(PRTs) that have designed, built, and run beamlines at
the NSLS, in exchange for photons provided by the U.S.
Department of Energy. These PRTs also make at least
25% of their beam time available to, and provide support
for, general users. The NSLS staff also builds and
operates some of the beamlines.

The IBM Research Division has been involved with the
National Synchrotron Light Source since its commissioning
in 1982. Originally, the Physical Sciences Department at
the Division’s Thomas J. Watson Research Center at
Yorktown Heights, New York, operated two photoelectron
spectroscopy beamlines (commissioned by Franz Himpsel,
Read McFeely, and John Morar) and a beamline for zone-
plate optics development and reflectivity measurements
(commissioned by Eberhardt Spiller) at Port US. Scientists
from the Silicon Technology Department also developed
soft-X-ray lithography at Port U6 on the VUV ring [8, 11].
As X-ray lithography at U6 was demonstrated in 1988
to produce fully integrated circuits having features down
to 0.5 wm, an additional port at U2 was dedicated
to industrializing that effort and was operated by engineers
from the IBM Microelectronics facility in Hopewell
Junction, New York. When the Advanced Lithography
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Facility (ALF) was built in Hopewell Junction, the IBM
soft-X-ray lithography effort was moved there.

As the X-ray Ring was being commissioned in the mid-
1980s, Paul Horn (currently Director of the IBM Research
Division) and Robert Birgeneau (Professor of Physics
at MIT) combined forces (joined later by G. Brian
Stephenson) and developed two beamlines designed
for diffraction at Port X20. In 1989 a third beamline
was developed at the same port. Originally the X-ray
beamlines at that port were used for nonapplied studies,
such as two-dimensional phase transitions of noble
gases on graphite substrates, and the detailed structure of
quasi-crystals. In the early 1990s, as the Research Division
focused on studying processes and materials having a
greater impact on technology, the efforts at Port X20
followed suit.

Described next are several different X-ray scattering
techniques used in IBM studies at the beamlines of Port
X20. Examples are given of the application of each
technique to address an important materials issue. Our
intention is to provide the reader with an appreciation of
the wide range of materials, structures, and characteristics
that can be measured using synchrotron X-rays, and to
demonstrate their impact on microelectronics technology.
Four categories of diffraction techniques and their
applications are presented: 1) triple-axis diffraction, for
measuring strain relaxation in SiGe structures; 2) grazing-
incidence diffraction, for determining near-surface
ordering in the polymers used for flat-panel displays;

3) time-resolved, in situ diffraction, to study phase
transformations in metal silicide contacts; and 4)
microdiffraction, to measure strain fields produced
in silicon by evaporated Ni metal features. First,
the subject of diffraction is introduced and the
beamline instrumentation described.

Diffraction and associated instrumentation
X-ray diffraction is used to measure the atomic plane
spacings in crystalline materials [12]. According to Bragg’s
law, illustrated in Figure 3, a plane wave of X-rays having
a wavelength A scatters from atoms in a set of lattice
planes of spacing d with constructive interference when

nA = 2d sin 0;

0 is the diffraction “Bragg” angle, and n is the order

of the reflection. Thus, with monochromatic radiation,

one can determine the d-spacings of sets of planes in
crystalline materials by knowing the wavelength and
measuring the angles at which the X-rays diffract.
Diffraction peaks are measured by orienting the sample
angles (w, x, and ¢) and detector angle (260) with respect
to the incident (fixed) beam so that an intensity maximum
is intercepted by the detector. From the d-spacing values,
unit cell parameters can be calculated using equations that
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relate the symmetry of the unit cell to d-spacings. Other
information, such as film thickness, grain size, mosaicity,
and lattice distortions, is contained in diffraction peak
shapes, widths, and intensities, and can be obtained by
various types of diffractometer scans. Figure 4 shows the
four-circle diffractometer geometry for orienting a sample
and detector. Most of the studies performed at Port X20
involve measurements of 1) lattice spacing changes due
to applied stress or epitaxial strain; 2) changes in peak
positions due to phase transformations in crystalline
material; or 3) orientation and texture in polycrystalline
films. Reflectivity is a nondiffraction X-ray technique
that also is used at Port X20, to measure interfacial and
surface roughnesses and layer thicknesses for single and
stacked thin films.

Three X-ray diffraction beamlines are available at Port

X20, designated as “A,” “B,” and “C.” A simple schematic

and specifications are shown in Figure 5. The beamline

hardware consists of evacuated stainless steel pipe which is

joined to the X-ray ring but separated from its vacuum by
a thin beryllium window. At intervals along this pipe are
placed a variety of optical components, slits, viewing
screens, and chambers for measuring photon flux. The
specific design of optical components varies between
beamlines so that each has some properties that are
unique to it.

The optical configurations of beamlines A and C are
similar. At a distance of half the beamline length, each
has a 600-mm-long cylindrically shaped mirror that is
vertically bent to approximate an ellipsoidal reflecting
surface. The mirrors are single-crystal silicon, cut from
boules, ground and polished, and coated with platinum to
provide total external reflection of X-rays up to ~12 keV
at an incidence angle of ~0.4°. At a 1:1 focusing position,

they intercept a 4-mrad horizontal fan of X-rays and focus

the beam to a spot size of 0.5 to 1.0 mm vertical and

0.8 mm horizontal full width at half maximum (FWHM)
at the sample positions, which are 21.6 and 25.6 m from
the X-ray (dipole magnet) source. The two beamlines
also have double-crystal monochromators downstream

of the mirrors. At beamline A, there are two Ge(111)
flat crystals arranged in a nondispersive configuration.
Beamline C can be configured for either two Si(111)
crystals or two wide-bandpass synthetic multilayers.

Two crystals are used because the distance between

them can be adjusted so that the position of the exiting
monochromatic beam is invariant with changes in X-ray
energy. The Ge(111) and Si(111) crystals have an energy
bandpass, AE/E, of ~0.01%. With these monochromator
crystals, typical beam intensities are ~5 X 10" photons/s
at 8 keV. Increased intensity can be achieved at beamline
C by replacing the monochromator crystals with synthetic
multilayers, which consist of alternating layers of silicon
and tungsten having a bilayer spacing of ~22 A. Their
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Illustration of the four-circle diffractometer geometry and relevant
angles.

Bending
magnet

Focusing
Double ot
Bent-flag
monochromator
monochromator
Flux @ 8 kV FWHM
E range at 300 mA spot size
Beamline | Monochromator (kV) (ph/s) (mm)
X20A Si or Ge(111) 5.5-12 5% 10! 0.8HX 1.1V
X20B Si(111) 17.43 2 x 10" 0.63HX6V
X20C Si(111) 7-11 5% 10 08H X 0.5V
X20C Multilayers 4-11 2% 1013 08HX 1.0V

Schematic of optical configurations of the A, B, and C beamlines
of Port X20, and relevant specifications.

energy bandpass is ~1%, providing two orders of
magnitude more flux. Multilayers are used when high
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intensity is needed, although at a cost in resolution. Two
examples are given of cases in which these are used:

in time-resolved studies [13] and for grazing-incidence
measurements of thin, poorly diffracting films [14].

Two other examples, using triple-axis diffraction and
microdiffraction, require high-energy resolution; therefore,
Si(111) or Ge(111) monochromator crystals must be used.

Beamline B is a fixed-energy beamline. A 2-mrad fan of
radiation is diffracted and focused horizontally by a bent
Si(111) pennant-shaped crystal. The fixed diffraction angle
of 13° selects an X-ray energy of 17.4 keV. The spot size
at the sample is ~5.5 mm vertical X 0.7 mm horizontal
FWHM, and the flux is ~2 X 10" photons/s.

Experiments at each beamline are performed using
instrumentation housed inside an interlocked steel hutch
to protect the experimenter from incident and scattered
radiation. All diffractometer maneuvering and beamline
component adjustments are done by means of computer-
controlled stepping motors. Each beamline has about
thirty of these motors, and some experiments, such as
microdiffraction, require even more. Alignment,
diffractometer movements, and data collection are
performed by use of a UNIX-** and C-based program
called spec.’ The motor drivers and counting electronics
are controlled via a GPIB interface by RS/6000*
computers running AIX.* The beamlines were deliberately
designed to be very flexible. Hutch instrumentation and
monochromator crystals can be changed, and many types
of diffraction geometries can be used. Thus, although
there can be significant setup and alignment time involved,
special techniques can be used and difficult setups can be
put into place and shared by a number of groups having
common instrumentation needs. For example, time-
resolved and microbeam setups can be retained in a hutch
for several months at a time. Two standard six-circle
Huber diffractometers are available at X20 to all users.
The IBM group also uses an instrument dedicated
to microdiffraction, and the MIT group uses a
superconducting cryomagnet/diffraction instrument
for the study of magnetic materials.

Triple-axis diffraction: strain relaxation in
Si,_,Ge,_ structures

A strained Si,_ Ge_layer is used as the base region in
high-speed SiGe heterojunction bipolar transistors
currently manufactured by IBM [15]. Relaxed Si,_ Ge,
buffer layers are also being investigated as substrates for
high-mobility field-effect transistors (FETs) that have
strained-layer channels resulting in carrier mobilities
five to ten times those of conventional Si FETs [16]. A
suitable substrate for strained-layer FETs must have the

3 Certified Scientific Software, P.O. Box 390640, Cambridge, MA;
http:/jwww.certif.com.
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correct in-plane lattice spacing to provide the desired
lattice-mismatch strain in the thin pseudomorphic Si,

Ge, or Si,_ Ge_ carrier channel layers. It also must be
thermally stable, have a flat surface, and have a low defect
density. For cubic materials, the lattice mismatch strain in
a pseudomorphic film is ¢ = (a, — a_)/a_, where a, is the
bulk lattice parameter of the layer material and a_ is the
lattice parameter of the substrate. Relaxed (strain-free)
Si,,Ge,, has the desired lattice parameter to serve as a
substrate for FETs having strained Si or Si ,Ge , quantum
wells as active carrier channels, but is not commercially
available in bulk wafer form in sizes suitable for circuit
fabrication.

Good substrates have been achieved by careful control
of the growth of a series of Si,_ Ge_ layers of increasing
Ge concentration on Si(001) wafers using ultrahigh-
vacuum chemical-vapor deposition [16]. For lattice
mismatch strain <0.02, the strain is relieved by the
introduction of 60° misfit dislocations. These defects have
misfit segments running parallel to the growth interface
that relieve the strain and terminate with threading arms
running up to the surface. When a Si;_ Ge_layer exceeds
a “critical thickness” [17], relaxation occurs through two
different mechanisms. If a Si,_ Ge_ layer is grown on
Si(001) at higher temperatures and has a higher mismatch
strain, it relaxes by roughening and subsequent formation
of 60° misfit dislocations in regions of high strain [16, 18].
In this case, the misfit segments lie at the Si;_ Ge /Si
interface, and there is a high density of threading arms
(threading dislocations) terminating at the surface. If the
layer is grown at a lower temperature and has a lower
mismatch strain, the surface remains smooth, and the 60°
misfit dislocations are formed primarily by a Frank-Read
multiplication mechanism [16, 19]. This mechanism results
in pile-ups of dislocations on the (111) glide planes
extending several microns below the Si,_ Ge /Si interface
and also in a relatively defect-free surface [19]. Grading
the alloy composition continuously or stepwise from pure
Si up to Si,Ge,, results in a high-quality relaxed buffer
layer having defect densities in the range of 5 X 10°-

5 x 107 defects/cm’, depending on the grading rate [16].
Triple-axis diffraction has verified that strain relaxation
occurs continuously during growth of the step-graded
buffer layer and thus that dislocation nucleation always
occurs at low mismatch strain in these structures, as is
necessary for Frank-Read multiplication [20].

When a crystal has a significant mosaic structure, for
example due to the distortion or bending of the lattice
planes by the strain field of the dislocations, many
diffracted rays may enter through the detector slit during
an w or w-26 scan and broaden the diffraction peaks. For
a sample consisting of several layers that have only slightly
different unit cell dimensions, the mosaic broadening
makes the individual diffraction peaks indistinguishable.

IBM J. RES. DEVELOP. VOL. 44 NO. 4 JULY 2000



In such a case, the addition of a third diffraction “axis,”
in the form of an analyzing crystal that greatly reduces the
angular and energy acceptance of the detector, can greatly
enhance the resolution of these peaks [21]. (The first axis
is the monochromator, and the second is the sample.)
The highest resolution in terms of q, the scattering
vector having a magnitude of (4srsin 0)/A, is obtained
in a nondispersive configuration where each diffraction
“bounce” off an axis changes the vertical direction sign of
the beam (i.e., the incident beam is reflected down, then
up, then down). P. M. Mooney and collaborators have
used a Ge(111) monochromator and Si(111) analyzer on
beamline A to measure small d-spacing shifts due to strain
relaxation in compositionally graded Si,_ Ge_ structures
[16, 20, 22, 23]. Figure 6 shows the advantage of using
triple-axis diffraction to resolve peaks from the various
layers in a SiGe/Si structure step-graded up to SijGe,,.
The use of a synchrotron source improves both the signal-
to-noise and data collection times by orders of magnitude.
Figure 7(a) shows the Ge mole fraction growth profile
observed for a series of step-graded structures grown on
Si(001), each sample having an additional layer (i.e.,
sample 3 had layers 1, 2, and 3; sample 4 had layers 1, 2,
3, and 4; etc.) [20]. Figure 7(b) shows the (004) radial
(w-20) scans for samples 3 through 7. Distinct peaks can
be seen not only for the Si substrate, but also for the
~0.25-um-thick step-graded layers. Increasing the Bragg
angle, 0, corresponds to decreasing the lattice spacing in
the growth (z or [001]) direction. In order to calculate the
layer composition (Ge mole fraction) and strain, one must
determine the lattice parameters both in the growth
direction and parallel to it (a, and a)). This is achieved
by measuring diffraction peaks from two sets of lattice
planes that are not equivalent or parallel. A commercial
simulation program* was used to determine the alloy
composition and strain for each layer from its (004) and
(044) reflections. Reciprocal space maps of the (044)
region were made by taking a mesh of radial scans (w-26
scans) at intervals of Aw. Figure 8 shows the log-scale
intensity maps (displayed in g-vector notation for clarity)
obtained for samples 3, 4, and 5. The component ¢q_ is
normal to the sample surface (parallel to the growth
direction), and g, is parallel to the surface. The peak
position for a fully relaxed layer would lie upon the 45°
dashed line (g, = g,). A fully strained layer peak would
have the same g, value as that of the layer directly below
it. Figure 8(a) shows that layer 3 was fully strained; the
mismatch strain was 0.0052. Figure 8(b) shows that both
layer 3 and layer 4 were fully strained; however, the
increased broadening of peaks 3 and 4 indicated that the
layers had a significant amount of mosaicity, even though
only a few misfit dislocations had formed. As the fifth

4 RADS, Bede Scientific Inc., Englewood, CO 80112.
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(a) Ge concentration profile for an eight-layer step-graded SiGe/Si
structure graded up to Si, (Ge, 5,. (b) Series of (004) diffraction
scans of the structure, where 60 is the Bragg angle. Two-axis
geometry, full detector aperture, taken with a sealed-tube X-ray
source (red); triple-axis geometry, Ge(222) channel-cut analyzer,
using the same X-ray source (blue). The six thickest layers (and Si
substrate) could be distinguished in the triple-axis case; the scan
time was ~24 hrs. (c) Radial scan of same sample taken at beamline
A with scan time of 15 min. Adapted from [22], with permission.

layer is deposited, the critical thickness is exceeded, and
the layers start to relax. Figure 8(c) shows that layers 3, 4,
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samples. The number of the diffraction peak corresponds to the
layer number in (a). Adapted from [20], with permission.

and 5 were all partially relaxed. The mismatch strains at
the start of the growth of layers 4 and 5 were found to be
0.0069 and 0.0083, respectively. Subsequent layers show
mismatch strains at the start of their growth averaging
around 0.006. Thus, once the layers start to relax, the
mismatch strain always remains low and essentially
constant. These strains are well within the range for

the dislocation multiplication mechanism.

A number of other studies have been published using
triple-axis diffraction at Port X20 on Si,_ Ge_structures.
The nucleation activation energy for the introduction of
misfit dislocations was determined from the tilt angles
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samples 3, 4, and 5. The iso-intensity contour lines are plotted on a
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plane lattice parameter. The peak numbers correspond to the layer
numbers in Figure 7(a). Reprinted from [16], with permission.
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Schematic of the geometric aspects of grazing-incidence dif-
fraction. The grazing-incidence angle is « and the grazing exit
angle is 3. The scattering vector q is the difference between the
scattered and incident X-ray wave-vectors (k' and Kk, respectively)
and has a magnitude of (4/X) sin 6, where A is the X-ray wave-
length and 6 is one half of the scattering angle 26. The surface
normal is n, and ¢ is the rotation angle about the surface normal.

between various SiGe layers and a miscut Si(001)
substrate [24]. A unique signature for the long misfit
dislocations in very thin (=360 A) multiplication-relaxed
films has been discovered using grazing-incidence
reciprocal-space mapping [25]. The quality of Si,_ Ge /Si
heterostructures on sapphire substrates for application as
p-channel FETs has been assessed [26]. Measurements
also have been performed to evaluate several SiGe buffer-
layer growth profiles for high-mobility FET devices [27].

Grazing-incidence diffraction: Near-surface
ordering in polymers for flat-panel displays

In cases where one is interested in the structure of very
thin films, standard diffraction methods may not yield
useful data because of low signal strength or inaccurate
determination of diffraction peak locations because of
thickness broadening. Thickness broadening appears
when only a limited number of unit cells are scattering
coherently. For a small number of diffracting unit cells in
the film thickness direction, z, scattering normal to the
film surface is diffuse and broad. In grazing-incidence
X-ray scattering (GIXS), the incident beam strikes the
surface of the sample at a grazing angle, «, which is close
to the critical angle, «_ (angle of total external reflection),
for the material being measured. Diffracted rays are
detected at a combination of an in-plane angle 26 and an
exit grazing angle B. Figure 9 illustrates the geometric
aspects of GIXS. This technique is useful for measuring
in-plane unit cell parameters and can be applied

to adsorbed or freestanding films, crystal surfaces
(reconstruction, roughening, or melting), depth profiling,
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X-ray scattering intensity for a rubbed 200-nm-thick BPDA-PDA
film imidized at 300°C. Curve A: Bulk-sensitive scan (a > ) for
q parallel to the rubbing direction. The bulk-sensitive scan (> «,)
for q perpendicular to the rubbing direction is identical. Curve B:
Surface-sensitive scan (a = 0.25 a) for q parallel to the rubbing
direction. Curve C: Surface-sensitive scan (e = 0.25«,) for q
perpendicular to the rubbing direction. The data have been offset
for clarity. The inset is a schematic representation of the structural
ordering in BPDA-PDA. The dashed lines indicate the periodicity
along the chain axis. Reprinted from [14], with permission.

etc. [28]. For the study described below, use was made of
the multilayer monochromator on beamline C. High flux
was needed to obtain reasonable diffraction intensities
from a thin polymer film composed of the light elements
C, H, O, and N.

GIXS has been used by M. F. Toney, T. P. Russell, and
collaborators to obtain direct information on the near-
surface structure of the polyimide films used to control
the alignment of liquid crystals in flat-panel displays [14].
Buffing the polymer substrate films with a cloth produces
liquid crystal alignment in the rubbing direction. Several
possible explanations for this template effect have been
postulated, including the generation of microgrooves or
scratches and/or alignment of the polymer chains near
the surface. Figure 10 shows three diffraction scans for a
rubbed 200-nm-thick BPDA-PDA film spun onto a Si(001)
wafer and imidized at 300°C. The top scan was taken at an
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Intensity of the rubbed BPDA-PDA film (004) peak as a function
of the angle ¢ with respect to the rubbing direction. The data were
recorded with the detector at a fixed 26 while rotating ¢. Reprinted
from [14], with permission.

incident angle a > «,, where X-rays penetrate the entire
film. Scans taken with the scattering vector q both parallel
and perpendicular to the rubbing direction were identical,
and matched scans taken of unrubbed films. Thus, it
was concluded that the bulk of the polyimide film was
isotropic. The two lower scans were taken at grazing
incidence (a = 0.25a,), so that just the top ~5 nm of the
sample was being probed. The scans for q, vs. q, were
distinctly different. The sharp Bragg peaks arising from
the periodicity along the BPDA-PDA molecular axes
[labeled (004), (0010), (0014), and (0016)] were
significantly more intense for g, than for q,. The broad
reflections at q ~ 13 and 30 nm ™' were much stronger for
q, than for q,. These arise primarily from intermolecular
packing normal to the polymer chain axis. By comparing
the (004) peak intensities, GIXS indicated that
approximately twice as many chains in the surface region
(~ top 50 A) are aligned parallel to the rubbing direction
than are aligned perpendicular to it. These results show
that the oriented polyimide chains act as a molecular
template for liquid crystal alignment in flat-panel displays.
Scans taken of a 6-nm-thick rubbed film showed
essentially complete alignment of chains along the rubbing
direction. The angular spread of the aligned chains in the
surface plane was determined by rotating the sample
about an axis normal to the surface (¢-scan) while
measuring the (004) peak intensity (Figure 11). Nearly
all of the intensity occurred within £10° of the buffing
direction. The difference in amount of surface-region
alignment between the 200-nm and 6-nm films indicated
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that either Tg or the yield stress of the thinner film is
lower than that of the near-surface region of the thicker
film. This may be due to a lower “entanglement density,”
which would make the thin-film polymer chains more mobile.

Time-resolved diffraction: Phase
transformations in titanium silicide contacts
Beamline C was designed as a high-flux beamline for the
purpose of carrying out time-resolved X-ray diffraction
studies [13]. One important component for such
experiments is the monochromator. Using W-Si synthetic
multilayers with a d-spacing of ~22 A, two orders of
magnitude more flux can pass through the monochromator
than with S(111) or Ge(111). For a given energy of
X-rays, as the d-spacing of diffracting planes increases,
the Bragg angle decreases. If the Bragg angle is low
enough, the reflected X-ray amplitude from each plane is
significant, and extinction-limited diffraction occurs. The
monochromator bandpass is inversely proportional to

the number of planes that scatter coherently, similar

to the situation of finite-thickness broadening. The
energy spread of the multilayer monochromator used is
AE/E ~ 1.2 X 1072,

The second important component of a time-resolved
diffraction instrument is the ability to collect the
diffracted intensities on the appropriately rapid time scale.
Two detectors are in current use: a linear diode array
which is an inch in length and intercepts ~10° A26 over
1024 pixels,” and a CCD area detector which is 1 X 1 inch
and has 1152 X 1242 pixels.® The maximum speed of the
linear detector is limited by the digitization rate; a 1024-
point scattering pattern can be taken every 17 ms and
a grouped-pixel 64-point pattern requires 3 ms. This
instrumentation was first developed to study the kinetics
of phase separation and ordering in binary alloys such as
the Al-Zn system and Cu,Au [13, 29]. It also has proven
to be extremely valuable for studying a number of
materials systems important to the CMOS and DRAM
processes used by IBM. Knowledge and control of the
behavior of materials as they undergo processing steps
in the manufacture of chips is vital to the success of
each new generation of device. On beamline C, phase
transformations, intermixing of materials, and texture
evolution can be studied in situ and in real time during
rapid thermal annealing (RTA).

The third vital component for these time-resolved
studies is precise control of sample temperature over the
time resolution desired. A unique chamber and “furnace”
have been designed that can ramp small samples up in
temperature to 1200°C at a rate of =35°C/s in vacuum
or an inert atmosphere [30]. Samples can be quickly

5 Princeton Instruments XPDA-1024 detector head and ST-1000 controller.
6 Princeton Instruments LCX-TE/CCD-1242EHR detector head and ST-138
controller.
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Schematic of the three-probe configuration at beamline C for time-resolved diffraction from metal silicides.

quenched to room temperature in order to freeze in an
interesting phase for more detailed ex situ analysis. In
addition to X-ray diffraction, the chamber also is
equipped to provide, in real time, four-point resistance
measurements of a sample and optical-wavelength elastic
light scattering from the surface of the sample [31]. A
HeNe laser provides light which passes through fiber optic
cables into the chamber and strikes the sample at a = 25°.
Light scattered at —21° and 52° with respect to the surface
normal is collected by a fiber optics system and sent to
photodiodes. Scattered light from the two angles is
sensitive to surface morphologies on lateral length scales
of ~0.5 um and ~5.0 wm, respectively. A schematic of
beamline C configured for three-probe time-resolved
studies is shown in Figure 12.

Metal silicides are used as contacts on sources, gates,
and drains of MOSFETs and for interconnections in logic
and memory devices. TiSi, has been the material of choice
for past and current generations of CMOS circuits because
of its low resistivity and good thermal stability [32].
Unfortunately, it exhibits a bimodal contact resistance when
formed on small features, behavior that wreaks havoc
on the timing structure of signals in a circuit [33]. In the
SAlicide (Self-Aligned salicidation) process (Figure 13),
Ti is deposited onto a wafer and reacts with exposed
silicon on gates, sources, and drains during a formation
anneal at ~700°C for 20 s. A base-centered orthorhombic
phase of TiSi, is formed (C49) that has a high resistivity
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Schematic of the SAlicide process for producing titanium disilicide
contacts on MOSFET source, gate, and drain regions.

of ~60-90 uQ-cm. After unreacted Ti is etched away
from SiO, and Si;N, spacer regions, a transformation
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Schematic of the test sites used for time-resolved diffraction studies of metal silicides.

anneal above 800°C converts the C49 TiSi, to a face-
centered polymorph called C54, which has a resistivity of
~12-20 pQ-cm. It is untransformed C49 that causes the
bimodal behavior, and the transformation from C49 to
C54 TiSi, requires more heat as the widths of narrow
silicide lines decrease [34]. This requirement for higher
temperatures or longer heating times is detrimental

to the narrow processing window required for ULSI.

The behavior of TiSi, formation as a function of RTA
ramp rates, endpoint temperatures, substrate type and
doping, contact area, and aspect ratio has been studied
extensively at beamline C by members of J. M. E.
Harper’s group and their collaborators. There are several
advantages to using time-resolved, in situ diffraction for
these studies, rather than the more conventional electrical
testing or postannealing X-ray diffraction [30]. It is
extremely efficient. A sample can be mounted and
measured, and data collected and processed for the entire
temperature range in about 15 minutes. Hundreds of
samples can be measured during an experimental run.

J. L. JORDAN-SWEET

Thus, the effect of variations in many parameters can be
studied exhaustively. In ex situ electrical testing only one
feature is measured at a time, and the large contact
probes have been shown to affect the results of the
measurement [35]. However, the diffraction measurements
are statistically meaningful and free from this and other
artifacts because the X-ray beam probes a sample
containing hundreds of thousands of isolated, identical
features. The transformation can be followed continuously
in real time, so that the exact temperature of
transformation is always obtained, and interesting phases
can be noted and “frozen in” by thermal quenching for
subsequent ex sifu analysis [30]. Samples consist of either
blanket films or test sites that simulate gates, or sources,
drains, and interconnects. Figure 14 shows a schematic of
these test sites and two types of experimental structures.
Each sample was ~4 mm X 7 mm in area and contained
an array of identical line or segmented line structures.
The linewidths varied from 0.1 wm to 1.0 um and the
areas varied from 1 pm’ to 25 pum’.
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Diffracted X-ray intensity contours for A10°26 measured by a linear diode array detector as a function of sample temperature. The samples
were ramped from 100 to 1020°C at 3°C/s. The top contour map is for an array of 2-um? contact areas, 0.5 um wide. The lower contour
map is for an array of 2-um? contact areas, 0.35 wm wide. One can see indications of untransformed C49 in the lower sample.

intensity. Red and blue represent high and low intensity,
respectively. The top sample consisted of arrays of 0.50-
wm-wide gate contact structures, 2 um’ in area, formed by
deposition of a 32-nm Ti film on a polysilicon substrate
doped with a boron dose of 4 X 10"/cm” at 40 keV. The
patterned samples were typically annealed to form the
C49-TiSi, and etched before the time-resolved analysis.
The maximum increase in slope for the integrated
intensity over the C54-TiSi,(040) region of interest yields

For the study of TiSi, phase transformations, an X-ray
energy of 6.9 keV was used, and the center pixel of the
linear diode array was set at 26 = 45°. Over an angular
spread of 10° A26, diffracted intensity from the Ti(002),
C49-TiSi,(131), C54-TiSi,(311), and C54-TiSi,(040)
reflections was collected. Series of 26 traces were taken
every 0.5 s for samples ramped from 600°C to 1020°C at a
rate of 3°C/s under a nitrogen atmosphere. Two series are
shown in Figure 15 as contour maps of diffracted X-ray
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Isothermal transformation curves taken at 720°C for a 32-nm Ti
blanket film on Si(001), and for 2.0-um-wide lines and 0.7-pwm-
wide lines of the same film. The fraction of C49 converted to
C54(311) is plotted vs. time. The black lines are fits to the data,
and 7 is the value of the Avrami exponent for each curve.

the transformation temperature. The lower sample was an
array of narrower, 0.35-um-wide structures, 2 ;uum2 in area,
and doped with 3 X 10”/cm” As at 35 keV. It is clear that
the narrower-linewidth structures do not fully transform
to C54 TiSi,, even up to 1020°C. The fraction of C49
transformed into C54 at a given temperature is

[ICSA(OAU) + IC54(311)]/[IC4‘)(131) + IC54(040) + IC54(311)]’ where

I is the integrated area under the designated diffraction
peak at that temperature. Transformation temperatures
and fractions transformed were measured for a series of
samples of constant area (2 wm”), ranging in linewidth from
0.1 to 0.35 um (see footnote 7). Each sample had about
half a million identical gate structures probed by the
X-ray beam. For arsenic-doped (3 X 10"/cm” at 35 keV)
structures, the transformation temperature increased from
855°C to 904°C with decreasing linewidth. For boron-
doped (4 X 10"/ecm” at 40 keV) structures, the
transformation temperature increased from 879°C to
949°C. For both types of dopant, the fraction transformed
by 1025°C ranged from 50% down to 38% with decreasing
linewidth. None of these small-area structure samples
underwent complete transformation to the C54 polymorph.
Another set of samples having constant linewidth (0.2 pm)
and areas varying from 25 pm’ down to 1 um’ was
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also measured.” Arsenic-doped samples displayed
transformation temperatures that increased from 822°C

to 1010°C with decreasing area. Boron-doped sample
temperatures increased from 820°C to 960°C. The fraction
transformed to C54 was strongly dependent upon area,
independent of dopant. Areas of 12 um” and higher
underwent complete transformation. Below 12 um’, the
fraction transformed decreased rapidly, down to ~25%
for 0.1-um” structures.

Kinetic studies have been carried out by maintaining
samples at an elevated temperature and recording the
evolution of C54 peaks over time.” The resultant sigmoidal
curves showed typical incubation, rapid growth, and
saturation, and were fit using Johnson-Mehl-Avrami
analysis [36]. Three of these “isothermal” curves are
shown in Figure 16. As can be seen, the blanket film
transformed much more rapidly than the 2-um- or 0.7-pum-
wide lines; the narrower lines must be elevated to higher
temperatures to obtain complete transformation. From the
analysis, the Avrami exponent and activation energy were
obtained [36] for the C54 nucleation, which usually occurs
at C49 triple-grain boundaries [37]. From the Avrami
exponent one can derive information about nucleation
and growth, as well as about the dimensionality of the
transformation. For blanket films and lines (independent
of width), the activation energy for the nucleation of
C54 has been found to be ~4 eV (see footnote 8).

The behavior of these structures can be explained
qualitatively by a model in which, for small-area features,
the nucleation site density is small enough that not all
features contain a site. Those features then would not
undergo transformation.” In narrow lines, the growth is
one-dimensional because of the boundary constraints of
the sides of the lines. A crossover from 1D to 2D growth
occurs at a critical linewidth, which depends upon C54
nucleation site density [30]. For samples studied, the
nucleation density was <0.3/um” (see footnote 8),
and the crossover width was below 1 um.

The ion implantation of a small dose of Mo into the
silicon before deposition of Ti lowers the transformation
temperature by 100-150°C and makes the complete
transformation less dependent upon structure geometry
[38]. The addition of an intermediate Mo layer between
the Ti and Si has the same effect [39]. A series of
experiments were performed by C. Cabral, Jr., and
coworkers to test the transformation behavior and contact
quality of a series of Ti alloys of varying concentration
[40]. The lowest resistivities and transformation
temperatures down to 715°C were obtained for blanket

films with less than 10 at.% Ta or Nb. For isolated
7 L. A. Clevenger, C. Cabral, Jr., C. Lavoie, R. A. Roy, V. Svilan, R. Vaswanathan,
K. L. Saenger, A. Pomerene, J. Jordan-Sweet, G. Morales, and K. L. Ludwig, Jr.,

unpublished work.
8 G. B. Stephenson and L. A. Clevenger, unpublished work.
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submicron Ti(Ta) alloy structures on Si(001) and
polysilicon, the temperature at which the C49-C54 phase
transformation takes place was reduced to less than
900°C. Figure 17 shows the effect of Ti(Ta) alloys on the
transformation temperatures and fraction transformed for
submicron gate structures (polysilicon) as a function of
linewidth. This improvement allows for C54 formation
before the onset of thermal degradation. It has been
postulated that all of these improvements arise because
of an increase in the nucleation-site density through the
formation of smaller C49 grains [38]. Cabral et al. also
discovered the appearance of a Ti(alloy)Si, C40 phase (in
agreement with other Mo interlayer studies [41]). MoSi,,
TaSi,, and NbSi, all have C40 “CrSi,”-type structures
which are similar enough to C54 to possibly provide a
template effect for the nucleation of C54 grains [40].

Some of these improvements have been incorporated
into device-processing technology at IBM. The time-
resolved instrumentation at X20C has been used for a
number of other applications, including CoSi, formation
[42], NiSi formation, intermetallic mixing and phase
formation, and diffusion barrier studies.

Microdiffraction: Strain fields in Ni/Si
structures

Recently a special-purpose instrument was commissioned
by I. C. Noyan and coworkers [43-45] involving the use
of micron-sized X-ray beams to investigate technological
issues related to structure and strain in small features.
Some of these issues include thermally and electrically
induced failure in thin metal lines [46], defect fields in
heteroepitaxial films [47], and interfacial strain in small
metal features deposited on silicon due to thermal
expansion mismatch [43-45, 48]. Problems such as these
require high-brightness X-rays in order to obtain enough
signal from the region of interest and to avoid unwanted
signals from surrounding areas.

The microdiffraction apparatus used consists of a
microfocusing tapered glass capillary and 0.5-um-resolution
x, y, and z sample-scanning stages mounted on a standard
two-circle Huber diffractometer with partial y and ¢
arcs. The capillary accepts the incident X-ray beam
and condenses it into a spot several microns in diameter
just in front of the sample. A photograph of the capillary
(thin glass tube at the center of the photograph) and
sample stage is shown in Figure 18. The y and ¢ arcs are
mounted on translators so that all of the diffractometer
circles can be adjusted carefully to bring them into
concentricity. Despite this, the “sphere of confusion”
of the diffractometer cannot be reduced mechanically
to less than tens of microns. Accordingly, a protocol for
measuring and compensating for the w, x, and ¢ radii of
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Photograph of capillary (center) and sample stage of micro-
diffraction system. The capillary is directed toward a Si wafer
mounted on the sample stage.

confusion has been developed [49]. This is essential in
cases where several diffraction peaks are to be measured
at a specific location on the sample.

The capillaries used are fabricated in-house’ and have
inner surfaces tapered to approximate a parabola so that
X-rays undergo several total external reflections off the
inside walls and converge at a critical angle of ~0.3°.
Precise alignment is crucial, and the capillary used is
mounted in a gimbal having two rotational and three
translational degrees of freedom. The focus of the X-ray
beam is extremely close to the tip of the capillary. The
divergence and spot size have been measured by knife-
edge scans to be ~0.35° and from 2 to 20 um in diameter,
respectively. The FWHM of the X-ray beam from our
“best” capillary, at a typical sample distance of 1.4 mm
from the tip, is ~3 um, and the flux at 8.5 keV is
~1.5 x 10° cts/s. The actual footprint of the beam on
the sample increases as sin w, where usually w = 26/2
for the diffraction peak being measured.

The instrument has three modes of operation. One is
diffraction imaging (microtopography), in which the
detector is moved to a reflection of interest, and the
diffracted intensity is collected as the sample is rastered
in the beam. This mode is used for grain mapping, defect
imaging, strain contrast mapping, etc. Once a “mesh” has
been made across a submillimeter-sized area, one can
return easily to regions of high intensity and “tweak” them
up, in preparation for more detailed measurement of
lattice tilt, mosaic broadening, or lattice spacing. This is

9 E. G. Liniger of the IBM Research Division manufactures the capillaries used at
X20.
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the second mode: standard diffraction analysis. For a silicon
wafer at the Si(004) reflection angle of 32° 6 (at 8.5 keV)
the measured d-spacing repeatability is Ad/d = 0.0003 [50].
The third mode of operation is fluorescence mapping,

for which the sample again is translated in the beam

and the fluorescence signal of interest is collected by

a Si(Li) energy-dispersive detector. This is useful for
mapping fluorescence markers or other features for
alignment of the sample in the X-ray beam, for measuring
the sphere of confusion of the diffractometer, and for
measuring the electromigration material along a line.

A recent illustration of the capabilities of this
instrument (one that yielded unexpected results) was the
study of interfacial strain caused by residual stresses in
small Ni metallization features deposited on Si(111) [48].
In discrete thin-film features, the feature edges cause
significant shear stresses/strains, unlike blanket films, in
which the stresses are biaxial and isotropic. The sample in
this study consisted of an array of 190-um-diameter Ni
pads, 1 um thick, separated by 220 wm, deposited by
vacuum evaporation onto a Si(111) substrate maintained
at room temperature. To characterize the strain
distribution, the Si(333) integrated diffraction intensity
was mapped by step-scanning over an area containing
several pads. Simultaneously, the Ni K fluorescence
signal at 7.478 keV was recorded using a Si(Li) detector.
The X-ray spot on the sample was an ellipse 14 um in
the direction parallel to the diffraction plane and 10 um
normal to it. Figure 19 shows contoured area maps of the
Si(333) diffraction intensity and Ni fluorescence intensity.
Part (a) is essentially a strain map of the Si substrate.
When unperturbed, diffraction from a silicon substrate is
dynamical and is limited by extinction effects [51]. When
the silicon lattice is strained, it becomes imperfect,
extinction effects are eliminated, and the diffracted
intensity increases. The smooth blue regions correspond to
relatively strain-free Si under or close to the Ni pads. The
lack of intensity fluctuations under the pad demonstrated
that the adhesion was uniform and good. The contours
outside the pads correspond to the far-field strains
induced in bare Si by the Ni, which appeared to be
circularly symmetric. Comparison with part (b) indicates
that the strain field was much larger than the pad
diameter. Figure 20 shows a close-up profile scan across
one pad. The blue circles corresponding to the diffraction
intensity reached a maximum outside the edge of the
fluorescence intensity (red circles). This surprising result
showed that the position of maximum strain contrast is
~20 pum outside the edge of the Ni pad, contrary to
results from analytical solutions and finite-element models
of interfacial strain. Work is in progress on comparing
the stress/strain transfer between a variety of metal film
structures and silicon substrates, including Al [43-45],

W, and Cu.
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Summary

Examples have been shown to illustrate the wide range of
materials that can be studied and measurements that can
be made using diffraction principles and the extremely
intense source of X-rays provided by the National
Synchrotron Light Source. A number of groups throughout
IBM, primarily from the Research Division, utilize the
beamlines at Port X20 to extend the information they
gather in their microelectronics technology efforts. The
projects range from having near-term impact, such as the
TiSi, work, to furthering the understanding of materials-
related phenomena that pertain to potential applications.

y position (mm)

y position (mm)

X position (mm)

(b)

Equi-intensity contour plots for Si(333) diffraction (a) and Ni-Ka
fluorescence (b) over a 0.8-mm X 0.7-mm area on a sample con-
taining four Ni pads. The step size used in the raster scan was 10 um
in both directions. The isointensity contours indicate regions of
constant strain. Adapted from [48], with permission.
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Intensity variation across one Ni pad for Si(333) diffraction and
Ni—Kea fluorescence, as shown respectively by red and blue cir-
cles. The intensities were normalized to the monitor counts, and
the step size used was 2 um. Adapted from [48], with permission.
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