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Substantial improvements in the nanofabrication and characteristics of gold Fresnel zone plates
yielded unprecedented resolution levels in hard-x-ray microscopy. Tests performed on a variety of
specimens with 8–10 keV photons demonstrated a first-order lateral resolution below 40 nm based
on the Rayleigh criterion. Combined with the use of a phase contrast technique, this makes it
possible to view features in the 30 nm range; good-quality images can be obtained at video rate,
down to 50 ms / frame. The important repercussions on materials science, nanotechnology, and the
life sciences are discussed. © 2008 American Institute of Physics. �DOI: 10.1063/1.2857476�

The advent of high-performance x-ray sources poten-
tially opens the door to x-ray microscopy with excellent spa-
tial resolution.1–4 However, practically achieving nanometer-
scale resolution poses formidable technology challenges in
producing the required x-ray lens objectives. Fresnel zone
plates �FZPs� are widely used as focusing and magnifying
optics devices5,6 and offer the highest imaging resolution in
the entire electromagnetic spectrum.7 A FZP consists of con-
centric rings with decreasing width and increasing radius—
and the outermost zone width approximately sets the reso-
lution. To achieve sufficient focusing �diffraction� efficiency,
the zones must have sufficient thickness, e.g., 1.6 �m for a
Au zone plate operating at 8 keV photon energy. The com-
bination of a small zone width and a large thickness consti-
tutes a major fabrication challenge, especially for hard-x-ray
FZPs.8

In 2006, the Xradia company and the Taiwan National
Synchrotron Radiation Research Center in Hsinchu an-
nounced a full field FZP lateral resolution below the 100 nm
mark.9,10 Their images demonstrated indeed a Gaussian
width resolution near 60 nm in the first order �and later
30 nm in the third order� with 8 kV photons. Our present
results establish a FZP resolution level reaching a first order
resolution below 40 nm with 8 keV photons and similar res-
olution levels in the photon energy range of 7–18 keV. We
obtained these results using a FZP structure with outmost
zone width of 45 nm, a diameter of 80 �m, and an aspect
ratio of �20 �thickness of 900 nm�, made out of gold on a
silicon nitride membrane.

The x-ray tests were performed on the 32-ID microscopy
beamline of the Advanced Photon Source �APS� at the
Argonne National Laboratory.11 Our full-field x-ray trans-

mission microscope �TXM� uses a set of capillary condens-
ers that provide fitting illumination of the object having a
numerical aperture matched to a set of zone plate lens objec-
tives. The condensers are elliptically shaped glass capillaries.
The inner diameter of 0.9 mm was chosen to maximize the
vertical acceptance of the APS undulator beam at 65 m from
the source. The estimated monochromatic x-ray flux �through
a Si�111� double crystal monochromator� focused by the con-
denser was 2�1011 /s at 8 keV. The high brightness of the
APS and the optimized condensers design yielded an excel-
lent imaging throughput of 50 ms / frame with �1�104

charge coupled device counts per pixel.
The microscope system can also operate in a Zernike

phase contrast imaging mode with a Au Zernike phase ring
placed at the back focal plane of the FZP objective.12 This
phase imaging mode increases the contrast for fine features
of most materials in the hard x-ray spectral region—
especially materials consisting of low atomic number ele-
ments, for which the contrast can increase by two orders of
magnitude. This is particularly important for organic and bio-
logical specimens. The contrast enhancement is already quite
evident when comparing �Figs. 1�a� and 1�b�� an absorption
contrast image and a Zernike phase contrast image of the
same test pattern taken with 8 keV photons without the stan-
dard flat field correction image processing.

Figure 1�c� shows a Zernike contrast image of a 180 nm
thick Siemens star test pattern with 30 nm minimum separa-
tion at the center. The spatial resolution of the microscope is
sufficiently high to visually distinguish the 30 nm feature at
the tip of the radial spokes. In order to quantify the reso-
lution level, we fitted intensity line profiles across sharp fea-
tures in the test pattern using an error function lineshape. An
example of such knife-edge intensity profile is shown in Fig.
1�d�. A detailed analysis of several test images revealed thata�Electronic mail: phhwu@sinica.edu.tw
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the knife-edge intensity profile changes from 25% to 75%
over a distance of 22.7�0.7 nm. This “25%–75%” linewidth
value is related to more frequently used Rayleigh resolution
by a factor of 1.7.13 Thus, our knife-edge line profile result is
equivalent to a Rayleigh resolution of 38.5�1.2 nm.

This conclusion is consistent with the results of a modu-
lus transfer function analysis on the same test pattern that
yielded a half-period of 38 nm at 26.5% contrast level. The
resolution levels so demonstrated are substantially better
than previous reports14,15 and constitute the best current lat-
eral resolution for zone plate hard-x-ray microscopy. The
spatial resolution of TXM with an objective zone plate with
the minimum zone width �r is equal to 2k1 �r, where the
numerical value of k1 ranges from 0.3 to 0.61, depending on
the illumination condition.7 Our experimental result corre-
sponds to k1=0.43, which is comparable to the previously
reported values of 0.4 �Ref. 7� and 0.45.14

The conclusions about the resolution and the excellent
overall performances were confirmed by a series of other
tests on different types of specimens. Figures 2 and 3 show a
subset of the results. In Fig. 2, we see images for an EMT6
mouse mammary carcinoma cell cocultured with nanopar-
ticles of gold16,17 and fixed with glutaraldehyde before dis-
pensed and dried on a Kapton film. Specific images in Fig. 2
are �a� an optical image of the cell, �b� a 9�9 patchwork of
13�13 �m2 x-ray micrographs, �c� an individual micro-
graph, and �d� a tomographically reconstructed image of the
same region. The tomographic reconstruction was performed
with raw projection images taken in an angle range from
−75° to 75° with 1° steps. The reconstruction was performed
by a standard filtered-back-projection method.18

Overall, the x-ray micrographs of Fig. 2 show not only
good spatial resolution but also excellent contrast and a

FIG. 1. �Color online� Images �a� and �b� are x-ray micrographs of a 650 nm
thick Au Siemens star test pattern with an innermost feature width of 50 nm;
�a� is an absorption image and �b� a Zernike phase contrast image. �c�
Zernike phase contrast image of a 180 nm thick Au Siemens star test pattern
with an innermost feature width of 30 nm. �d� An example of knife-edge
intensity profile taken across a sharp feature of the test pattern. The Rayleigh
resolution determined from the line profile is 38.5�1.2 nm.

FIG. 2. �Color online� �a� Optical image of an EMT cancer cell cocultured
with nanoparticles of gold on a Kapton film. The cross hairs are used for
alignment. �b� A 9�9 patchwork of 13�13 �m2 x-ray micrographs show-
ing the cell shown in �a�. �c� An individual micrograph of 13�13 �m2 field
of view indicated by a box in �b�. �d� A tomographically reconstructed image
of the region shown in �c�. The arrow in �c� and �d� points the same ag-
glomerated Au particles.

FIG. 3. �a� Optical image and �b� x-ray micrograph of the EMT cell, stained
by B521-nickel, allowing the detection of subcellular structures.
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wealth of details. Results of this kind are being used to in-
vestigate an interesting phenomenon of internalization of
gold nanoparticles by cancer cells. Note that cell details like
the membrane can be seen. The gold nanoparticles were
found to be localized near the nucleus and their size
was substantially larger than the original gold particle
��20 nm� indicating that they agglomerated during the in-
ternalization process. The agglomeration is also clearly iden-
tified in the tomographically reconstructed image of Fig.
2�d�.

Figure 3 shows micrographs taken on EMT cells immu-
nostained by B521-nickel and later dehydrated in a graded
ethanol series on silicon nitride membrane. The specimen
was additionally fixed with osmium tetroxide. The lighter
irregular buds known as blebs around nucleus are the lysos-
omes formed in acidity conditions and during the
apoptosis.19 We see that the staining procedure and the x-ray
microscopy resolution make it possible to detect the
organelles in the internal cell structure.

These results illustrate a few of the many opportunities
opened up by the new resolution levels in x-ray microscopy.
Besides subcellular imaging studies in the life sciences, these
performances can be used, for example, to images nanostruc-
tures of interest in nanoscience and nanotechnology. Prelimi-
nary tests were also performed on individual aerosol particles
from contaminated urban atmosphere.

As far as future improvements are concerned, we esti-
mate that outermost FZP zone width of 30 nm �Ref. 20� will
be feasible in the near future with a possible additional im-
provement in resolution. Furthermore, the very high flux
achieved with our setup makes the practical use of FZPs in
the third �or higher� order feasible, with a better resolution
even with the present devices. Resolution levels approaching
10 nm can be foreseen: combined with the high penetration
of hard x rays, they can open up amazing new opportunities
for nondestructive three-dimensional imaging of objects on
the nanometer scale.
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