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High Resolution 3D X-Ray Diffraction Microscopy
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We have imaged a 2D buried Ni nanostructure at 8 nm resolution using coherent x-ray diffraction and
the oversampling phasing method. By employing a 3D imaging reconstruction algorithm, for the first time
we have experimentally determined the 3D structure of a noncrystalline nanostructured material at 50 nm
resolution. The 2D and 3D imaging resolution is currently limited by the exposure time and the computing
power, while the ultimate resolution is limited by the x-ray wavelengths. We believe these results pave the
way for the development of atomic resolution 3D x-ray diffraction microscopy.
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The development of imaging techniques has played a
crucial role in understanding the microscopic world. One
of the recent innovations, the invention of the tunneling
microscope in 1982 [1], spawned a wealth of development
of probe microscopes which have found wide ranging
applications. These forms of microscopy, however, are
primarily sensitive to surface information. By employing
innovative aberration-correction techniques, transmission
electron microscopes can probe the structure of thin film
samples at atomic resolution, but the samples have to be
thinner than ~50 nm to avoid the multiple scattering
effects [2]. To nondestructively probe thicker samples
(>0.5 um), x rays are more ideal due to their longer
penetration length compared to that of electrons.
However, x rays are more difficult to focus than electrons.
By using Fresnel zone plates, the smallest x-ray focal spot
currently achievable is around 30 nm for soft x rays [3] and
150 nm for hard x rays [4]. To achieve better resolution,
diffraction methodology such as x-ray crystallography,
with the resolution typically limited by the quality of
sample diffraction, is the method of choice. X-ray crystal-
lography has had a tremendous impact in materials scien-
ces, chemistry, structural biology, and other areas, but is
applicable only to structures with periodic repeats (most
typically crystals). Many samples, however, such as amor-
phous and disordered materials including polymers, strains
and defects in crystals, and some inorganic nanostructures,
cannot be accessed by this approach. In biology, structures
such as whole cells, subcellular structures, and viruses are
very often noncrystalline or nonrepetitive. At the molecu-
lar level, somewhere around 20%—40% of all of the protein
molecules including most of the important membrane pro-
teins are difficult to crystallize and are, hence, not currently
accessible by x-ray crystallography.

One form of microscopy, the combination of the coher-
ent x-ray diffraction with the oversampling phasing
method [5,6], has the potential to overcome these limita-
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tions (another potential approach is to use the transport of
intensity method [7]). When a finite specimen is illumi-
nated by coherent x rays, the weakly scattered x-ray pho-
tons form a continuous diffraction pattern in the far field.
This continuous pattern can be sampled at spacing finer
than the Nyquist frequency (i.e., the inverse of the size of
the specimen), which corresponds to surrounding the elec-
tron density of the specimen with a no-density region [8].
The higher the sampling frequency, the larger the no-
density region. When the no-density region is larger than
the electron density region, the phase information is, in
principle, available from the diffraction pattern itself and
can be directly retrieved by using an iterative algorithm
[8,9]. The first demonstration experiment of this form of
microscopy was carried out by using coherent soft x rays in
1999 [10]. More recently, it has been extended to image the
shapes of nanocrystals by using hard x rays [11,12]. The
potential applications of this approach to imaging mag-
netic materials [13,14], nanocrystals [15], and biomole-
cules [16] have also been pursued. However, the
experiments that have been carried out thus far have been
limited to imaging 2D samples, and the highest resolution
achieved until now is around 70 nm [10,11] . In this Letter,
by using coherent x rays with a wavelength of 2 A, we
report the successful imaging of a 2D buried structure at
8 nm resolution. For the first time, we also report the
reconstruction of the 3D structure of a noncrystalline
sample at 50 nm resolution from a series of diffraction
pattern projections.

The oversampling phasing method is strongly correlated
to the coherence of the incident x rays. Since oversampling
a diffraction pattern corresponds to generating a no-density
region surrounding the electron density of the specimen,
the coherence length of the incident x rays must be longer
than or equal to the overall size of the electron density and
the no-density region. Typically, the higher the oversam-
pling degree, the higher the required degree of coherence.
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The required spatial and temporal coherence for the over-
sampling method are expressed as Af < A/20a and
A/AX = Oa/d, where A@ is the divergence or conver-
gence angle of the incident x rays, A is the x-ray wave-
length, O is the oversampling degree defined as the ratio of
the radius of the electron density and the no-density region
to the radius of the electron density region, a the sample
size, and d the desired resolution.

The sample, fabricated by electron beam lithography,
consists of two single-layered Ni patterns (each with a size
of 2.5 X 2 X 0.1 wm) rotated relatively 65° to each other
in-plane and separated by a distance of 1 wm. The sample
is supported by a thin silicon nitride membrane window.
Figure 1(a) shows a scanning electron microscopy (SEM)
image of the sample. Because of the 1 wm separation of
the two layers, the SEM image shows the pattern in the top
layer, and the pattern in the bottom layer is visible only as a
soft blur. The experiments were carried out on an undulator
beam line at SPring-8 with a wavelength of 2 A. To achieve
the desired coherence for the imaging experiments, a
150 pm horizontal slit was placed at a distance of 27 m
upstream of the sample for obtaining the spatial coherence
of A@ <1.5X 1077 rad and a Si (1,1,1) double crystal
for temporal coherence of A/AA~ 7500 [17]. Two-
dimensional patterns were recorded from the sample. To
improve the resolution, a CCD detector was shifted in both
X and Y directions to record a set of diffraction patterns
at different resolutions. These patterns were then tiled
together to form a high-resolution diffraction pattern.
Figure 1(b) shows a diffraction pattern with 1760 X 1760
pixels and a resolution of 8 nm at the edge. The total
exposure time of the diffraction pattern is about 45 min
using unfocused x rays from the undulator beam line. Since
a beam stop is used to block the direct beam, the diffraction
pattern has an area of missing data at the center with a size
of 60 X 60 pixels, which was filled in by a patch of the
intensities calculated from the magnitude of the Fourier
transform of an x-ray microscopy image of the sample
[18]. To convert the diffraction pattern to a high-resolution
image, a reconstruction was carried out by using a random
phase set as an initial input and a 2.8 X 2.6 wm square as
the finite support (which is used to separate the electron
density and no-density regions). Figure 1(c) shows the
reconstructed image in which a line scan through an edge
indicates a resolution of 8§ nm. The top and bottom layered
patterns are clearly seen as overlapped in this 2D image
projection, and the variation of the electron density on the
nanometer scale is also visible. Five more reconstructions
with different random initial phase sets were done and the
reconstructed images consistently and faithfully repro-
duced the original sample pattern. Because of the longer
penetration length of hard x rays than of electrons, it can be
seen that this form of microscopy can image much thicker
specimens at very high resolution. This is probably beyond
the capability of both scanning probe microscopy and
transmission electron microscopy.
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FIG. 1 (color). (a) A SEM image of a Ni sample with buried
structures. (b) A high-resolution diffraction pattern (a 1760 X
1760 pixel array) recorded from the sample. (c) A high-resolu-
tion image reconstructed from (b).
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We have also developed an algorithm for the reconstruc-
tion of 3D images from a limited number of 2D diffraction
pattern projections. The series of 2D diffraction patterns,
which have a common rotation axis defined as the Z axis, is
first mapped onto a 3D array based on an approach illus-
trated in Fig. 2 (where only one quarter of the array is
displayed). For simplicity, each 2D diffraction pattern is
assumed to lie on a plane, which is a good approximation
when the resolution is not near the atomic level. At very
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where w(i, j, 6,,, n), the volume overlap factor, is equal to 1
when voxel (i, j) and pixel (6,, n) are completely over-
lapped, and 0 when they do not overlap. Here, G(i, j) =
—1 is used to represent the value of that voxel undefined. In
Fig. 2, voxel (i, j) overlaps with four pixels in which the
overlapped regions are in colors. Since the total overlapped
volume is larger than 0.5 in this case, G(i, j) is calculated
from the values of the four colored regions. When the
number of the diffraction pattern projections is large
enough so that all of the voxels in the 3D array overlap
with the pixels in the diffraction patterns, the 3D array can
be completely mapped out and there are no undefined
voxels. With a limited number of projections, a 3D array
can also be calculated in which a number of the voxels are
undefined. In each case, the 3D array can be reconstructed
by using the following iterative algorithm without the need
of interpolation. By combining the measured 3D magni-
tude (i.e., the square root of the 3D array assembled from
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FIG. 2 (color). Schematic layout of the mapping of a 3D array
from a series of diffraction pattern projections. The value of
voxel (i, j) in this case is calculated from the values of four
pixels, part of which are shown in different colors.
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high resolution, each diffraction pattern actually lies on the
surface of the curved sphere (the Ewald sphere), but the
mechanism discussed here is, in principle, the same. G(i, j)
represents, for a given z coordinate, the diffraction inten-
sity in voxel (i, j) as mapped onto the 3D array, where a
voxel is the smallest volume element in the 3D array, and
F(6,,, n) the value of pixel (6,,, n) in the diffraction pattern
with the rotation angle of 8,,. We suppress the z coordinate
because formulas are the same for all z. G(i, j) is calculated
by

when Zﬁm,n W(l, j) am: I’l) =05
when >, w(i, j, 0,, n) <0.5,

ey

| the diffraction pattern intensity) with a 3D random phase
set, a 3D Fourier transform is calculated. The 3D inverse
fast Fourier transform (FFT) is applied to obtain a 3D
electron density map. Based on the oversampling degree
of the diffraction pattern, a box is defined as the finite
support. Outside the finite support, the electron density is
gradually pushed close to zero. Inside the finite support, the
positive electron density remains unchanged and the nega-
tive electron density is pushed to zero. By applying FFT on
the new 3D electron density map, a new 3D Fourier trans-
form is obtained. The magnitude of the new Fourier trans-
form is then replaced with the measured 3D magnitude. If
the measured 3D magnitude has a number of undefined
voxels, only the values of the defined voxels are replaced,
and the value of those undefined voxels in the magnitude of
the new Fourier transform are kept unchanged. Another 3D
Fourier transform is thus obtained. This represents one
iteration of the algorithm. Usually, after a few hundred
to a few thousand iterations, the correct phases can be
retrieved.

By employing this algorithm, a 3D reconstruction has
been carried out using a series of thirty-one 2D diffraction
patterns recorded from the sample with the rotation angles
ranging from —75° to 75° in 5° increments. The exposure
time of each diffraction pattern was around 20 min, and the
resolution at the edge is about 28 nm. All the diffraction
patterns have a missing data area at the center due to the
beam stop except for the one corresponding to the rotation
angle of 0°, in which the missing data was filled in by the
intensities calculated from a soft-x-ray microscopy image.
Since these diffraction patterns have a common rotation
axis, the intensity points on the common axis were used to
scale and align the diffraction patterns. The 2D diffraction
patterns are then assembled to a 3D diffraction pattern
based on Eq. (1). The 3D diffraction pattern, with many
undefined voxels, has a resolution of 50 nm at the edge. By
using a 3D random phase set as an initial input and a box of
2.8 X 2.6 X 1.2 um as the finite support, the structure of
the 3D specimen at 50 nm is successfully reconstructed.
The reconstructed pattern in the top and bottom layer is
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FIG. 3.

The reconstruction of a 3D nanostructured material at
50 nm resolution. (a), (b) The reconstructed top and bottom
layered pattern. (c) The reconstructed 3D structure displayed in
isosurface rendering.

shown in Figs. 3(a) and 3(b), respectively. The two patterns
are rotated relatively 65° to each other as in the original
sample. Figure 3(c) shows a 3D isosurface rendering of the
reconstructed image. The finest division in the z axis
corresponds to 25 nm and the distance between two pat-
terns is about 1 wm, which is consistent with the known
characteristics of the sample.

We believe this form of microscopy will have wide
applications in both materials and biology. For materials
science samples, which are less sensitive to radiation dam-
age, this form of microscopy can, in principle, achieve
atomic resolution in three dimensions by either having a
long exposure time or using higher flux coherent x-ray
sources. In biology, this form of microscopy can be applied
to image the 3D structures of whole cells, cellular organ-
elles, and supramolecular structures at high resolution,
while the resolution will be mainly limited by radiation
damage to the specimens [19]. To alleviate the radiation
damage problem, biological samples need to be frozen at
the temperature of liquid nitrogen [20]. With the prospects
of the x-ray free electron lasers (X-FEL) [21] providing
ultrashort and extremely intense pulses, the radiation dam-
age problem could possibly be circumvented by recording
the diffraction pattern from a single biomolecule before it
is destroyed by a single shot [22]. In combination of a
simulated X-FEL with this form of microscopy, it has been
shown that a 3D diffraction pattern calculated from 10°
identical rubisco molecules can be successfully converted
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to a high quality electron density map with a resolution of
2.5 A [16].
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