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Abstract—Polychromatic microdiffraction uses small X-ray beams to characterize the local crystallographic structure of materials.
When combined with a depth resolving technique called differential aperture microscopy, the phase and local orientation of femto-
liter volumes (0.5 x 0.5 x 0.7 pm?) can be resolved beneath the surface of a sample. In addition, the local elastic strain and disloca-
tion tensors can also be determined and the local dislocation type can be modeled. Here we present recent technical developments,

including example applications and emerging research directions.

© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

X-ray microdiffraction is a powerful probe of crystal
structure with the ability to nondestructively study local
structure below the sample surface. However, tradi-
tional monochromatic microprobes, are challenged by
materials with variations in crystallographic structure;
the sample orientation must be precisely adjusted to
unknown angles when phase or crystal orientation
changes. Other X-ray diffraction approaches, [1,2] allow
for rapid measurement of crystal structure distributions,
but with limited spatial and/or angular resolution.

The recent development of high-resolution X-ray
area detectors, combined with intense X-ray sources
now allows polychromatic Laue diffraction on small
sample volumes with good spatial and good angular
resolution. Combined with advanced nondispersive
focusing optics [3] and additional spatially-resolving
methods such as differential aperture microscopy [4], it
is possible to make unprecedented submicron-resolved
measurements of the local three-dimensional (3D)
crystal-structure distribution in most materials. In par-
ticular, Laue diffraction from small sub-grain volumes
detects the local crystal phase, orientation, and devia-
toric elastic strain [5]. The 3D local orientation distribu-
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tion determines the dislocation tensor [4] and the energy
of one Laue spot determines the full elastic strain tensor
(5]

Formally a Laue pattern from a single crystal is made
up of radial line integrals through reciprocal space
weighted by the spectral distribution of the incident
beam and the structure factor of the sample volume
[6]. For example, Figure 1(a) shows a Laue pattern gen-
erated by the beamline 34-ID polychromatic microbeam
when focused on a NiggFe,y permalloy single crystal.
The small face-centered cubic unit cell of permalloy pro-
duces a sparse body-centered cubic Laue pattern that is
projected onto the two-dimensional detector. Laue spots
include not only fundamental reflections, but may also
include weak superstructure reflections arising from
short-range order. The weak superstructure reflections
can be measured by changing from a polychromatic to
a monochromatic beam, with the energy required to
probe the superstructure reflections calculated from
the polychromatic-determined grain orientation [7].

The formal description of Laue diffraction as a radial
line integral is only realized in the ideal case where the
X-ray beam impinges on a large single crystal. In real
materials, X-rays penetrate through regions with inho-
mogeneous crystalline structure. Straight-forward Laue
diffraction from real materials therefore is typically hard
to interpret as it contains the overlapping Laue patterns
from thousands of volumes with different crystalline
phase, orientation or strain.
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Figure 1. (a) Face-centered cubic permalloy single crytal produces a
sparse Laue pattern due to the small unit cell size. (b) GaN single-
crystal film on a SiC substrate. The GaN film is crystallograhically
aligned with the SiC substrate. The pattern is dominated by the large
number of SiC reflections with SiC reflections aligned nearly perfectly
in the GaN pattern.

The problem of overlapping Laue patterns is greatly
improved by the use of small X-ray beams; small beams
restrict the lateral dimensions of the region probed
and hence the crystal volume sampled by the beam.
However, X-ray beams penetrate microns to millimeters
through materials. For example as illustrated in Figure
1(b), the Laue patterns from a thin GaN film and its
SiC substrate are superimposed. In this case the atomic
registry of the GaN crystal structure to the substrate
structure makes the patterns appear to come from a
single crystal, although some reflections are from the
SiC, some are from the GaN and some are from both
SiC and GaN.

For fine-grained low-Z materials the problem of over-
lapping Laue patterns can be much more complicated
than with thin films on single crystal substrates. In

fine-grained materials, tens to thousands of distinct
grains or subgrains are intercepted by the penetrating
X-ray beam. In large deformed crystals the Laue pattern
can be modeled [8]. More generally, the signal from dif-
fracting volumes along the penetrating beam can be dis-
entangled by the knife edge technique called differential
aperture microscopy (Fig. 2) [4]. Here Laue pattern
differences before and after a smooth high-Z wire is
translated near the sample can be used to locate the ori-
gin of diffracted intensity detected by each pixel of the
detector.

The combination of differential aperture microscopy
together with polychromatic microdiffraction allows
for a wide range of materials to be studied nondestruc-
tively with good spatial and with good angular resolu-
tion to the local crystallographic orientation and
deviatoric strain. To exploit this opportunity, a dedi-
cated instrument dubbed the 3D X-ray crystal micro-
scope has been developed on station 34-ID-E at the
Advanced Photon Source [9]. This instrument incorpo-
rates advanced nondispersive focusing optics with an
insertable, nondispersive monochromator to extend the
kinds of experiments that can be performed. A sche-
matic of the key elements of the instrument is given in
Figure 3. Below we describe recent experimental pro-
grams that illustrate emerging applications of polychro-
matic microdiffraction to thin-film and bulk materials.

2. Applications

2.1. Example 1: Thin film and near surface applications —
Pendeo—epitaxial GaN defects

Although one of the great advantages of X-ray micro-
diffraction is the ability to probe beneath the surface of
the sample, in many cases the ability to study the near-
surface region is sufficient. Thin films are particularly
appealing, as the phase sequence is known from the
deposition pattern; key scientific questions can be ad-
dressed without the additional complication of differen-
tial aperture microscopy. A good example is a series of
studies [10] of the defect distribution in GaN films
grown by pendeo—epitaxial methods [11,12]. In these
materials, electro-optically important GaN films are
grown on patterned substrates (Fig. 4) with a goal of
reducing the dislocations.

In the pendeo-epitaxial process, a homo-epitaxial
single crystal surface layer is grown from seed layers
previously grown on a single-crystal substrate and then
patterned as illustrated in Figure 4. The technique is
designed to reduce strains imposed by crystal-lattice
mismatch and due to thermal expansion differences; a
significant fraction of the growth is in wings which are
not constrained as they extend over free space. In this
example, the GaN stripes having a rectangular cross sec-
tion and oriented along [1100] were etched from 1 um
thick GaN single crystal layers grown by metal organic
vapor phase epitaxy on 0.1 um thick AIN buffer layer
deposited on 6H-SiC (0001) substrate. After etching,
GaN was grown and the subsequent overgrowth process
was stopped after the wings from adjacent pedestals
coalesced.
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Figure 2. (a) Schematic of differential aperture microscopy technique. The wire is typically only a few hundred microns from the sample surface
whereas the detector is approximately 200 mm from the wire. The ratio of distances is therefore around 10° which allows for good spatial resolution
even though the detector pixel size is about 25 pm. (b) Actual wire shown near penny.
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Figure 3. Key elements of the 3D X-ray crystal microscope. (a) The X-ray source is an intense synchrotron beam. (b) A special small-displacement
microbeam monochromator can be inserted into or removed from the beam. (c) Nondispersive total-external reflection Kirkpatrick—Baez mirrors
focus the beam to a submicron spot. (d) A smooth high-Z wire serves as the differential aperture to deconvolute the Laue patterns from along the
incident beam. (e) A charge-coupled device with good spatial accuracy, low point-spread function, large dynamic range, low noise and fast readout is
desirable.

The white microbeam was scanned perpendicular to
the stripe axis with a spacing of 0.25 ym. Due to the
small size of the microbeam (~0.5 um), it was possible
to obtain separate images from different locations on
the column and the wings. Because the high-energy
X-ray beam passes through the GaN and the AIN
layers, the SiC substrate contributes to the observed
Laue patterns (see Fig. 1(b)). A typical line scan moves
the sample under the beam in the X-axis which exposes
different parts of the column, wing and substrate struc-
ture. Two Laue spots belonging to the SiC and GaN

Grow Ga wings are shown at Figure 5. The SiC reflections do

not change position with sample translation (uniform

- - substrate orientation) and are used as a reference to
SiC refine the position of the GaN (0118) Laue reflection.

Figure 4. Schematic showing pendeo—epitaxial growth. A 1 pm GaN When the prob{ng SpOt,IS moyed along the positive X-
layer is grown from a single crystal of SiC on a 0.1 um thick AIN buffer axis an first hits the right wing of a strllpe, the GaN
layer. The multilayer structure is then etched to create pedestals of SiC, reflection appears at the left side of the SiC reflections,
AIN and GaN. The GaN is then grown over the pedestals and creates as shown in Figure 5(a). As the probe spot is moved
wings that eventually coalesce to produce a single crystal of GaN. across the coalescence interface, two GaN reflections
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Figure 5. GaN and SiC Laue spots in the vicinity of the coalescence interface: (a) right wing of the stripe 1; (b) at the coalescence interface two wings
from neighbor stripes give Laue spots symmetrically located relative to SiC spot; (c) left wing of the stripe 2.

can be observed simultaneously from both wings. They
are located symmetrically relative to the SiC spot. With
further displacement towards the left wing a second
GaN stripe the GaN reflection from the left wing ap-
pears to the right of the SiC reflections (compare Figs.
5(a) and (c)). The shift of the GaN reflections along with
the geometry of the GaN stripes structure, clearly indi-
cates that at room temperatures the wings are tilted up-
ward relative to the column in the coalesced GaN films.

2.2. Example 2: True 3D measurements — fractal
deformation

The flow stress of metals deforming plastically by
dislocation glide, is governed by dislocation—dislocation
interactions. Recent acoustic emission measurements
find that dislocation glide proceeds in a temporally inter-
mittent manner. Temporal intermittency of plastic flow is
associated with spatial heterogeneity and the formation
of cellular dislocation patterns on various scales. Previ-
ous studies of dislocation patterning has found compli-
cated patterning behavior that obeys power laws over a
wide range of deformation. Other studies have demon-
strated a fractal nature to the cellular dislocation struc-
ture and investigations of fractal patterning on the
surface of deformed single metal crystals have shown spa-
tial correlations from the nanoscopic to the microscopic
scale [13].

Theoretical models to explain self-organized disloca-
tion structure and slip bursts treats plastic deformation
as an evolution of an extended dissipative dynamical
non-equilibrium system. An important step to study
the spatial correlations in plastic deformation is to mon-
itor the plastic strain within the bulk, over various length
scales from nanometers to millimeters. 3D X-ray micro-
diffraction is an ideal technique for this problem.

An experiment to study spatial correlations of plastic
deformation monitored the 3D rotational behavior
within a Cu single crystal. Measurements of the local
lattice orientation were made as a function of depth
and lateral position. A spatial resolution of I pm in
the tensile direction and 1 pm in depth were achieved.
Fractal behavior can be characterized by a Hurst expo-
nent H. For this experiment, the Hurst exponent H
measures the correlation of the misorientation of any
element with the other elements in the data series as a
function of distance L along the tensile length. The value
of H was determined from the expression,
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Figure 6. Hurst exponent for the rotational behavior of a 10%
deformed Cu sample as a function of depth z beneath the sample
surface.

where o is the misorientation between the orientation
tensor of positions x and x + L. And the expression
(0(Gy Gyyp)) is the average of all the misorientations
over all pairs of (x,x + L).

A Hurst exponent of 0.5 indicates no long-term mem-
ory effect. Higher values indicate the data set is truly dis-
tinguishable from Gaussian or white noise [14,15]. The
Hurst exponent H for the rotational behavior of the de-
formed Cu crystal is shown in Figure 6 as a function of
depth z beneath the sample surface. A 3D self-affine
rotational behavior was observed. It is noted that for
as yet unknown reasons the fractal dimension drops
gradually as depth increases.

3. Emerging areas

The main drawback of polychromatic microdiffraction
with differential aperture microscopy is the time required
to characterize sample volumes. Efforts are now under-
way to accelerate the data collection by the use of multi-
ple wires (coded aperture) methods and by the use of
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Figure 7. Even for very small particles on the order of 3-10 nm, Laue spots are sharp enough that the sample must be rotated to find a reflection. The
left-hand graph shows the intensity distribution of a Laue spot at 90° to the incident beam from a spherical 3 nm face-centered cubic particle with a
unit cell size of 0.35 nm. The units correspond to deviations Ag/q. The right-hand graph shows the intensity distribution of a Laue spot from a similar

spherical 10 nm particle.

vastly faster detectors. These efforts are certain to have a
major impact on the volume that can be probed and the
statistical information that can be recovered; the scatter-
ing signal is sufficient to collect data in tens to hundreds
of milliseconds, while the current detector readouts takes
one to two orders of magnitude longer.

In addition, the use of scanning monochromatic meth-
ods opens the possibility of recovering not only full strain
tensor information from sub-micron sample volumes,
but also allows for unique measurements of diffuse scat-
tering from samples — even weak diffuse scattering eight
orders of magnitude weaker than Bragg scattering [7].

Polychromatic microdiffraction and related tech-
niques are also essential for a wide range of experiments
where high-spatial resolution is important or where sam-
ples cannot be rotated due to the presence of a compli-
cated sample environment. For example, for spatially
resolved measurements on samples less than 100 nm in
size, sample rotations are difficult since it is hard to keep
a small beam centered on such a small sample volume.
Yet even for samples tens of nanometers in size, Bragg
reflections are sharp and measurements with monochro-
matic beams require tedious sample rotations to deter-
mine structure (see Fig. 7).

With polychromatic microdiffraction however, the
scattering intensity through a large volume of reciprocal
space can be probed and 3D reciprocal space maps can
be collected by scanning energy. Energy scans with non-
dispersive monochromators avoid most of the problems
associated with standard monochromatic measurements
with signal-to-noise and reciprocal space resolution
similar to standard monochromatic measurements.

Polychromatic microdiffraction is also emerging as an
essential tool for studies where sample environmental
chambers are difficult to orient. For example, polychro-
matic microdiffraction greatly simplifies measurements
with high-pressure cells. Recent progress in this area indi-
cates that polychromatic microdiffraction can help re-
cover crystallographic information from small samples
at very high pressures [16]. This is only the first example

of experiments with novel sample environmental cham-
bers that will benefit from polychromatic microdiffaction.
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