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ABSTRACT

A novel approach to X-ray diffraction data analysis for nondestructive determination of the shape of nanoscale particles and clusters in
three-dimensions is illustrated with representative examples of composite nanostructures. The technique is insensitive to the X-ray coherence,
which allows 3-D reconstruction of a modal image without tomographic synthesis and in situ analysis of large (over a several cubic millimeters)
volume of material with a spatial resolution of few nanometers, rendering the approach suitable for laboratory facilities.

A feature of emerging nanotechnology has been the develop-characterization. The properties of a given composite are a
ment of enhanced capability for the production of a broad function of the properties of the constituent phases, with the
and diverse range of materials in the form of nanoscale form of the function determined by the form, scale, orienta-
(<100 nm) particulate, and for the dispersion of such tion, and distribution of the dispersed constituent. When the
nanoparticulate in a variety of matrices to create novel critical structural dimensions are measured in microns420
composite nanostructures. When both particulate dimensions10-6m), then optical microscopy combined with conventional
and spacings are nanoscale, there is an enhanced potenti¥-ray diffraction techniques are sufficient to resolve the
for the creation of systems with truly novel structural and/ microstructural features, and determine the structural dimen-
or functional performance, for the scaling laws that govern sions and orientation of individual domains. When the
structure-property relationships in materials of conventional features become nanoscale (:610-°m), such characteriza-
structural scale may no longer appl#side from any effects  tjon typically requires high-resolution electron microscopy,
that constrained dimensions may have on the behavior of combined with sophisticated electron diffraction techniques.
the constituent phases alone or in combination, the increaserhe spatial resolution of a modern field-emission gun (FEG)
in the area of internal interface between the constituents iSScanning electron microscope (SEM) is subnanometer, while
such that the properties of these interfaces may come tothat of a FEG transmission electron microscope (TEM) is
dominate the properties of any hybrid structure. Nano- petter than 0.1 nm. However, such techniques invariably
composite materials with novel structural, electrical, elec- require specimens that are destructive of a nanocomposite
tronic, optical, and magnetic properties have been recorded,samme and imaging is commonly restricted to projections
and they are finding applications as diverse as, for example, fom 2-D sections. In the TEM, characterization of interface
cosmetics, protective coatings, advanced sensors, New gengom and structure is limited to small local areas and is highly
erations of lightweight alloys, and novel biomedical thera- jependent upon obtaining suitable imaging and diffraction
peutics and drug delivery systems. conditions2
. The emergence of th's new class of mater|als brings with Alternative characterization techniques, such as the three-
it an imperative for improved techniques of structural . : . ! :
dimensional atom probe (3-DAP), while allowing 3-D atomic
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small-angle X-ray scattering (SAXS) or grazing incidence
SAXS, provide average particle dimensions and, indeed, real-
time monitoring of changes in particle dimensidrisyt do
not permit direct observation of particle shapes. There is, at
present, no one technique which permits direct, nondestruc-
tive 3-D characterization of the form, dimensions, and X-ravs / J 2 /'“J
structure of an embedded dispersion of nanoparticles and ! A
their surface topography.

To meet this need for a nondestructive imaging technique Monochromator
of the required resolution, a number of methods using high-
energy X-ray 22 or electroi® 25 beams are under develop-
ment for the imaging of non-periodic nanoscale objects and
nanostructured materials. One such approach to 3-D

microscopy® 22 employs a refractive zone plate to focus a _* . ;

: ration (not to scale). The crossed feature intersecting the Ewald
beam of either soft (0.252.0 keV) or hard (3.6-30 keV) sphere represents a 3-D diffraction image of a representative of
X-rays at the sample, with spatial resolutions<©f0 nm the modal nanoparticle.

for soft X-rays and<30 nm for higher energy probes in

prospect??2 Such systems may be operated in scanning or iy js thus magnified by a factor approximately equivalent
full-field transmission modes to permit coherent diffraction i, the number of particles. If such data were recorded in a
and imaging utilizing either absorption or phase contrast and real-space imaging detector, it would produce a diffuse
X-ray photon and fluorescence spectroscopies. In an altemajntensity distribution, similar to that achieved with SAXS,
tive approach, commonly referred to as coherent diffraction grom which the mean size of the particles could be estimated.
imaging (CDI), an iterative oversampling algorithm of powever, the X-ray phase cannot be retrieved, and the
modified Gerchbergngton (G-S) typé has pee” shovr?? particle shape cannot be reconstrudfeéthe angular intensity

to permit reconstruction of 2-D and 3-D images from the gistripution from a given particle does not depend on the
diffraction pattern of a scattering object exposed to a fully peam size or the sampteletector distance, and the diffracted
coherent X-ray beam. However, both of these experimental intensity measured in reciprocal space is thus simply the sum
approaches to the 3-D X-ray microscopy require a high- of the individual diffracted intensities from all particles
energy X-ray source® with transverse and longitudinal  exposed to the incident beam. In the case when all the
coherence lengths commensurate with the dimensions of theyarticles are identical, the reconstructed image will represent
diffracting object® This restricts the systematic characteriza- an individual particle. However, when the dispersed particles
tion of technologically important nanostructures to high-end paye a spread in size, the reconstruction will show a

third generation synchrotrons. However, when the particle “representative of the modal”, that is the most frequently
size is nanoscale or the particles comprise light elements (aspccurring particle.

Sample Analyzer~

Figure 1. Schematic representation of the experimental configu-

opposed to goftior lead”) even the most powerful existing  The mapping of reciprocal space with a crystal analyzer
synchrotrons do not produce sufficient brilliance to permit g wigely employed experimentally for obtaining 2-D crystal
detection of individual particles using CDI. structure information. It has been used, for example, to map

The novel alternative approach presented here utilizes athe 2-D elastic strains in silicon (Si) crystals after ion
wavelength-dispersive crystal analyzer interposed betweenimplantation?® To obtain 3-D information about an object,
the object and the detector to effectively deconvolute it is necessary to exploit the full three dimensions of the
coherent components of the complex diffraction pattern from Ewald spheré? In contrast to conventional real-space
an aperiodic array of scattering objects and selectively projectimaging experiment,17 the resulting 2-D map of the
the resulting Fraunhofer diffraction pattern in a reciprocal diffracted intensity from the sample represents a projection
space defined by the position and orientation of the analyzing of the 3-D diffraction image on the Ewald sphere. Rotation
crystal. It exploits the 3-D geometrical construction of the of the sample about the principal optical axis sees a change
Ewald sphere to record multiple 2-D distributions of coherent in the 3-D intensity profile projected onto the surface of the
diffracted intensity at different locations on the Ewald sphere Ewald sphere and, as a result, a change in the projected 2-D
(Figure 1). Differences in intensity at known locations in distribution of coherent diffracted intensity recorded from
reciprocal space can be analyzed to retrieve phase andhe sample. In the case of essentially 2-D structures, or
synthesize a complete 3-D rendering of the representativenanoscale objects with spherical symmétrysuch 2-D
of the modal scattering object with nanoscale spatial resolu- projections of the 3-D intensity distributions are virtually
tion. The data are recorded in spherical coordinates of indistinguishable. However, in the case of asymmetric
reciprocal space using an analyzeletector arrangement nanoscale shapes, such as in the examples presented here,
with a large (up to several square millimeters) acceptancethe projected intensity distribution recorded experimentally
window and, in principle, is therefore virtually insensitive  will change detectably with azimuthal rotation of the sample
to the size and coherence of the X-ray source. The Fraunhoferaround the principal optical axis. This is again a contrast
diffraction data are collected from a very large assembly of with real-space CDI, in which 2-D distributions of diffracted
dispersed nanoparticles, and the recordable diffracted inten-intensity are recorded using an imaging detector (e.g., a
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The experiments were performed using the experimental
arrangement schematically presented in Figure 1. The Al
Cu experiment was performed on the undulator beamline
BL29XU at SPring-8, Japan. Synchrotron radiation energy
of 9 keV was selected using the primary double-crystal
Si(111) beamline monochromator. Further angular collima-
tion was performed by a double-crystal channel-cut Si 400
monochromator. Then the beam was spatially collimated by
a pair of slits 10Qum wide (horizontal) and about 1Q6m
high (vertical-diffraction plane). The sample was placed just
downbeam of the slits so that the incident beam was
perpendicular to the sample plane shown in Figure 2. The
Si (400) crystal analyzer and a PIN photodiode detector, with
a 280um slit just before it, were placed downstream of the
sample to collect the intensity diffracted from the sample as
a 2-D function of the angular positions of the analyzer and
detector-slit arrangement. The distance between the sample
and the detecterslit arrangement was 400 mm. The angular
Figure 2. TEM micrographs of (a) an Al-4Cu sample aged 72 h range of the analyzer crystal ¢f 0.5° and the detecterslit
at 250°C and (b) TiQ nanoparticles embedded in a thin (100 nm) arrangement of- 1.0° (6 — 26) with steps of 0.01 and 0.02
section of polymer matrix. respectively, were chosen to allow the reconstruction of the

representative of the modal nanoparticle of expected size of
charge-coupled device or CCD), where such rotation of the 350 nm with a spatial resolution of 7.8 nm. The polymer
sample only leads to rotation of an identical pattern of nanocomposites containing dispersed Ji@hd C nano-
intensity, and a full tomographic reconstruction is required particles were studied on the XDD beamline of the SSLS.
for 3-D analysis of the sampfe. A radiation energy of 8 keV was selected using the primary

To demonstrate the potential of this novel approach, we double-crystal Si(111) beamline monochromator. The 2-D
have selected a range of nanocomposite structures containingntensity distributions were collected in reciprocal space
intermetallic and ceramic nanoparticles and carbon nano-around the Si(111) Bragg reflection of the crystal analyzer.
tubes, with characteristic dimensions ranging from on the The angular range of the analyzer crystakoR.1° and the
order of 10 nm to a few hundreds of nanometers. Principal detector-slit arrangement oft 4.2° with step of 0.03 and
focus is on samples of a binary Al-1.7Cu (atom %) afdy, 0.08, respectively, were chosen to allow the reconstruction
solution treated, quenched and aged 72 h at°Z5€ form of the representative of the modal nanoparticle/nanotube with
a rationally oriented distribution of ACu (¢') precipitates @ spatial resolution of 1 nm. In all such experiments the
in dilute aluminum solid solution matrix, as shown in Figure Spatial resolution is determined by the conventional Fraun-
2a. The dispersed phase forms platelets of large aspect ratidofer diffraction relationship:Ax = A/A6, where is the
parallel to{100} planes of the face-centered cubic matrix radiation wavelength andé is the total angular aperture of
phase and the TEM image recorded parallel tb@Cmatrix ~ the experimental daf&.3
direction in Figure 2a reveals two orthogonal variants parallel ~ Figure 3 presents experimentally recorded 2D maps of the
to the electron beam and a third normal to the beam. From diffracted intensities for two azimuthal orientations of the
such images, recorded from 15 different regions, the  Al—Cu alloy sample: defined as 0 degrees and. 4he
particle number density was estimated to-b#900+ 740 central vertical line in the maps is the main peak due to the
particlestm?. On the basis of measurements from over 400 Bragg reflection of the monochromator. To reconstruct the
different ¢’ particles, the platelets were found to have an shape of the diffracting’ nanoparticles embedded in the
average diameter of470+ 250 nm and average thickness Al matrix, we used a modified Gerchberaxton formal-
of ~14 £ 5 nm. The errors reported correspond to the ism528In the present case, the diffracted intensity profiles
standard deviations for the data recorded and are relativelycan be approximated as the modulus squared of a Fourier
large because the particle size distribution in the samplestransform of the complex transmission function. Since the
examined was essentially bimodal. To complement examina-modified G-S formalism can only reconstruct a real func-
tion of such samples, experiments were also conducted ontion 228 we focused on the reconstruction of either the real
separate polymer-based nanocomposite samples containingr the imaginary part of the complex refractive indexs
dispersions of titanium dioxide (Ti#pnanoparticles, Figure 6 + if. We assumed that for an Au particle with a
2b, and carbon nanotubes. Transmission electron microscopydiameter of approximately 350 nm at 9 keV, the complex
of the TiOJ/polymer composite sample revealed a low transmission function eXint(r)k}, wheret(r) describes the
number density of dispersed nanoparticles and the imagesshape of the representative of the modal nanoparticl&kand
of Figure 2b outline typical particles with dimensions in the is the radiation wave-vector, can be expanded a§ip¥p)k}
range 5-15 nm that remain embedded within 100 nm = 1+ iot(fk — pt(rk. The modal size of the nanoparticles
thick section microtomed from the nanocomposite sample. was estimated from the width of the peaks in the 1D
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0 45 N representative of the modal Ti@anopatrticle are consistent

: with those of typical particles observed by TEM, Figure 2b.
I The difficulties experienced with conventional TEM imaging
| of embedded crystalline particles sparsely distributed in a

i ‘ polymer matrix serve to highlight qualitatively the sensitivity
y * of the present technique to such dispersions of low number

density and/or volume fraction. Equally, the example of

| Figure 4c illustrates qualitatively the capability of the
29 technique for distinguishing crystalline carbon nanotubes
\ ‘ ™ dispersed in a largely amorphous molecular hydrocarbon. It

should be realized, however, that the variations in the
nanotube diameter correspond to single pixels in the recon-
9 structed image, and thus cannot be claimed to be real features
at present. The form and scale of the rendered image are
Figure 3. Projections of X-ray diffraction intensity (logarithmic ~ consistent with those of the multiwall nanotubes typically
scale) recorded experimentally from the dispersegCAlnanopar-  ysed in composite nanostructures, where individual nanotubes
ticles at two locations in reciprocal space separated by an azimuthalvary from <10 nm to 16-20 nm in diameter, with aspect

sample rotation of 45 The “ghost” intensity detected in the lower . o . . .
right corner of the intensity profiles is attributable to higher order ratios (length: diameter) in th.e ra}nge 2:110 10:1. For both
diffraction/refraction phenomena from the particle distribution. ~ Of these examples, the resolution in the reconstructed images

was on the order of 1 nm.
Idealized simulations were conducted for the—&lu

& \,00
Ky \Q’ samples in an attempt to determine the correlation between
y the original and reconstructed particle sizes. The simulated
diffraction pattern consisted of a normalized sum of 200
O
(c)

s
{0
\-0%

individual diffraction patterns, each of which was obtained

by taking the Fourier transform of a 2-D transmission

function. The model transmission functions were randomized
Figure 4. 3-D renderings of (a) two orthogonal variants of plate- distributions of 16-20 orthogonal variants of thé nano-

shaped AICu nanoparticles embedded in an Al matrix. Surface Particles, whose range of sizes was described by a Gaussian
faceting observable in the reconstructed image is of a form and distribution: 1627 exp(— ((x — w)d/20?), with mean
scale consistent with growth defects associated with particle nanoparticle diameters of 300 or 400 nm, and standard
coarsening, but it remains to be established whether they can bedeviation,o, varying from 1 to 180 for each mean diameter.

interpreted to have such physical significance. (b) Representative . . .
of the modal TiQ nanoparticle dispersed in a polymer matrix. (c) The simulation reconstruction results showed that for both

Representative of the modal carbon nanotube dispersed in a polymefmean diameterssy,, the representative of the modal recon-
matrix. structed nanoparticle siz8, was related to the size deviation

via S/S, ~ 1 + 0.000*23 (Figure 5).

diffraction scans performed prior to the 2-D data collection.  The technique described here represents an important
Reconstruction of the TiPnanoparticles and carbon nano- addition to the emerging suite of tools available for 3-D
tubes was performed using the same approach. X-ray characterization of nanostructures. The principal

The result of the reconstruction for the-ACu sample is  advantage of the method is that it allows for nondestructive
presented in Figure 4a. Reconstruction from the real or and in situ analysis over large (several cubic millimeters)
imaginary parts of the expanded complex transmission volumes of material, and determination of the representative
function gave indistinguishable results. The two orthogonal of the modal size and shape of a dispersed array of nanoscale
variants of the particle(s) reconstructed represent a repre-(<100 nm) scattering objects with potentially sub-10 nm
sentative of the modal particle in two orthogonal planes spatial resolution. Moreover, it is, in principle, insensitive
within the given aperture of the incident beam. The tifird  to the coherency of the radiation employed and can thus be
variant, equivalent to that normal to the plane of projection implemented in a laboratory environment. While it does not
in Figure 2a, could not be reconstructed reliably from the permit direct imaging of individual objects in an array, the
data as it would require an additional rotation of the sample technique does have potential for rapidly determining in situ
around an axis normal to the azimuthal axis and parallel to temporal changes in the modal dimensions and form of a
the habit plane of the variant. That the particles appear to scattering array as a function of changes in such external
be interpenetrating is an intrinsic feature of the reconstruction variables as temperature, pressure and applied stress. That
algorithm which manifests itself in both the analysis of the it is able to do so in volumes of material truly representative
experimental data and the reconstructions performed fromof bulk behavior ensures that the technique is highly
simulated data which are described below. complementary to alternative approaches which are com-

Reconstructions for the dispersed Fi@anoparticles and  monly destructive of the material in specimen preparation
carbon nanotubes are presented in Figure 4, parts b and cand often restricted to highly localized and potentially
respectively. The reconstructed form and dimensions of the unrepresentative volumes. A typical area of the material

(@) (b)

Nano Lett., Vol. 7, No. 5, 2007 1249



o (3) Miller, M. K. Atom Probe TomographyAnalysis at the Atomic Lel;

- 50 = 100 Kluwer Academic/Plenum: Dordrecht, The Netherlands, 2000.

= |70 == 9) (4) Renaud, G.; Lazzari, R.; Revenant, C.; Barbier, A.; Noblet, M.;

- 60 =75 Ulrich, O.; Leroy, F.; Jupille, J.; Borensztein, Y.; Henry, C. R;;

150 === 50 Deville, J.; Scheurer, F.; Mane-Mane, J.; FruchartS@ence003

s 140 === 30 300, 1416-1419.

— :ig - (5) Fienup, J. RAppl. Opt.1982 21, 2758-2760.

-0 == 30100 Ts0 200 (6) Miao, J.; Charalambous, P.; Sayre, Nature (London)1999 400,
- G 342—-344.

(7) Robinson, I. K.; Vartanyants, I. A.; Williams, G. J.; Pfeifer, M. A,;
Pitney, J. A.Phys. Re. Lett. 2001, 87, 195505(4).

(8) Miao, J.; Ishikawa, T.; Johnson, B.; Anderson, E. H.; Lai, B,;
Hodgson, K.Phys. Re. Lett. 2002 89, 088303(4).

= (9) Williams, G. J.; Pfeifer, M. A.; Vartanyants, |. A.; Robinson, I. K.

~ . ———— Phys. Re. Lett. 2003 90, 175501(4).

500 1000 1500 2000 (10) He, H.; Marchesini, S.; Howells, M. R.; Weierstall, U.; Chapman,
Reconstructed particle size (nm) H. N.; Hau-Riege, S. P.; Noy, A.; Spence, J. C.Phys. Re. B
2003 67, 174114(3).

Marchesini, S.; He, H.; Chapman, H. N.; Hau-Riege, S. P.; Noy, A,;
Howells, M. R.; Weierstall, U.; Spence, J. C. Phys. Re. B 2003

68, 140101(4).

Nugent, K. A.; Peele, A. G.; Chapman, H. N.; Mancuso, APRys.

S ——— A

Figure 5. Correlation between the reconstructed representative of D
the modal nanoparticle diameters, and the statistical spread,
nanoparticle diameters in the idealized simulated samples. For ease ;5

of comparison, 1-D nanoparticle profiles are shown, extracted from Rev. Lett. 2003 91, 203902(4).

2-D reconstructions for various diameter distributions (Gaussian (13) Eisebitt, S.; Cegen, M.; Eberhardt, W.; Tning, J.; Andrews, S.;
spread of diameters, with standard deviation 1 to 180). Here, an Stehr, J.Nature (London2004 432, 885-888.

ideal projected nanoparticle diameter profile ig 3“2—(X—Xo)2 14 %%%%g‘a)w 7 O'Leary, N. L Allen, L. JPhys. Re. Lett. 2004 93,
where § is the mean diameter (400 nmjs pixel position X is (15) van der Veen, F.; Pfeiffer, B. Phys.: Condens. Matte2004 16,
the center of the simulated sample areau x 2 um). 5003-5030.

. . . 16) Miao, J.; Nishino, Y.; Kohmura, Y.; Johnson, B.; Song, C.; Risbud,
studied in a TEM experiment covers tens to hundreds of (16) S. H.. Ishikawa, TPhys. Re. Lett. 2005 95, 085503(4)9
nanometers. A single experiment employing the present (17) Pfeifer, M. A.; Williams, G. J.; Vartanyants, I. A.; Harder, R.;
technique eclipses this total volume by at least 1 order of Robinson, 1. K.Nature (London200 442 63-66.

. . - ., . (18) Jacobsen, C.; Kirz, Nature Struct. Biol1998 5, 650—-653.
magnitude, up to a few cubic millimeters, providing the ideal  (1g) | ars0n, B. C.: Yang, W.: Ice, G. E.. Budai, J. D.. Tischler, J. Z.

input for modern computational materials science, which Nature 2002 415, 887—890.
seeks to model material behavior in terms of structure (20) Chao, W.; Harteneck, B. D.; Liddle, J. A.; Andersen, E. H.; Attwood,

. D. T. Nature (London005 435 1210-1213.
averaged over representative volumes. (21) Schroer, C. G.; Kurapova, O.; Patommel, J.; Boye, P.; Feldkamp, J.;

Lengeler, B.; Burghammer, M.; Riekel, C.; Vincze, L.; van der Hart,
Acknowledgment. The authors acknowledge the support A.. Kihler, M. Appl. Phys. Lett2005 87, 124103(3).

of the Australian Research Council (ARC), the Australian (22) Maser, J.; et aProc. 8th Int. Conf. X-ray MicroscopyPAP Conf.
Synchrotron Radiation Program, Nanotechnology Victoria Ser. 7 2005 26-29. . . .
Ltd., and the Department of Innovation (Victoria). N.A.z. ~ (23) Zuo.J. M. vartanyants, |. A; Gao, M.; Zhang, R.; Nagahara, L. A.

. . . Science2003 300, 1419-1421.
is the recipient of an Australian Postgraduate Award, and (24) Faulkner, H. M.; Rodenburg, J. MPhys. Re. Lett. 2004 93,

B.C.M. is the recipient of an ARC Federation Fellowship. 023903(4).
The work was also supported by RIKEN and the SPring-8 (25) S\)A{léJ S.; Weierstall, U.; Spence, J. C.Ntat. Mater.2005 4, 912—
synchrotron faCi!itY- We thank Y. Ping for the help during (26) Nikulin, A. Y.; Sakata, O.; Hashizume, H.; Petrashen, R1\Appl.
the SSLS experiment. Cryst. 1994 27, 338-344.
(27) Nikulin, A. Y.; Davis, J. R.; Cookson, D. Phys. Stat. Sol. 4998
References 169, 3-8.
o _ (28) Dilanian, R. A.; Nikulin, A. Y.Appl. Phys. Lett2005 87, 161904(3).
(1) Embury, J. D.; C. W. Sinclair, C. WMater. Sci. Eng2001, A319— (29) Gayle, F. W.; Goodway, MSciencel994 266, 1015-1017.
21; 37_45- o . (30) Nikulin, A.Y.; Darahanau, A. V.; Horney, R. B.; Ishikawa,Hhysica
(2) Williams, D. B.; Carter, C. BTransmission Electron Microscopy, B 2004 349, 281—295.
Part 1-Basics Plenum Press: New York and London, 1996; pp
1-173. NLO70131Z

1250 Nano Lett, Vol. 7, No. 5, 2007



