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Soft X-ray microscopy at a spatial resolution better

than 15 nm

Weilun Chao'?, Bruce D. Harteneck!, J. Alexander Liddle', Erik H. Anderson' & David T. Attwood"?

Analytical tools that have spatial resolution at the nanometre scale
are indispensable for the life and physical sciences. It is desirable
that these tools also permit elemental and chemical identification
on a scale of 10 nm or less, with large penetration depths. A variety
of techniques'” in X-ray imaging are currently being developed
that may provide these combined capabilities. Here we report the
achievement of sub-15-nm spatial resolution with a soft X-ray
microscope—and a clear path to below 10 nm—using an overlay
technique for zone plate fabrication. The microscope covers a
spectral range from a photon energy of 250eV (~5nm wave-
length) to 1.8keV (~0.7 nm), so that primary K and L atomic
resonances of elements such as C, N, O, Al, Ti, Fe, Co and Ni can be
probed. This X-ray microscopy technique is therefore suitable for
a wide range of studies: biological imaging in the water window®?;
studies of wet environmental samples'®'’; studies of magnetic
nanostructures with both elemental and spin-orbit sensitivity'>"*
studies that require viewing through thin windows, coatings or
substrates (such as buried electronic devices in a silicon chip');
and three-dimensional imaging of cryogenically fixed biological
cells™'e.

The microscope XM-1 at the Advanced Light Source (ALS) in
Berkeley'” is schematically shown in Fig. 1. The microscope type is
similar to that pioneered by the Gottingen/BESSY group (ref. 18, and
references therein). A ‘micro’ zone plate (MZP) projects a full-field
image to an X-ray-sensitive CCD (charge-coupled device), typically
in one or a few seconds, often with several hundred images per day.
The field of view is typically 10 pm, corresponding to a magnification
of 2,500. The condenser zone plate (CZP), with a central stop, serves
two purposes in that it provides partially coherent hollow-cone
illumination®, and, in combination with a pinhole, serves as the
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Figure 1| A diagram of the soft X-ray microscope XM-1. The microscope
uses a micro zone plate to project a full field image onto a CCD camera that is
sensitive to soft X-rays. Partially coherent, hollow-cone illumination of the
sample is provided by a condenser zone plate. A central stop and a pinhole
provide monochromatization.

monochromator. Monochromatic radiation of A/AA = 500 is used.
Both zone plates are fabricated in-house, using electron beam
lithography'°.

The spatial resolution of a zone plate based microscope is equal to
kiA/NAyizp where A is the wavelength, NAy,p is the numerical
aperture of the MZP, and k, is an illumination dependent constant,
which ranges from 0.3 to 0.61. For a zone plate lens used at high
magnification, NAyzp = A2Aryzp Where Aryp is the outermost
(smallest) zone width of the MZP*. For the partially coherent
illumination®"?* used here, k; = 0.4 and thus the theoretical resolu-
tion is 0.8Ayzp, as calculated using the SPLAT computer program®
(a two-dimensional scalar diffraction code, which evaluates partially
coherent imaging). In previous results with a Aryzp = 25nm zone
plate, we reported® an unambiguous spatial resolution of 20 nm.
Here we describe the use of an overlay nanofabrication technique that
allows us to fabricate zone plates with finer outer zone widths, to
Aryzp = 15nm, and to achieve a spatial resolution of below 15 nm,
with clear potential for further extension.

This technique overcomes nanofabrication limits due to electron
beam broadening in high feature density patterning. Beam broad-
ening results from electron scattering within the recording medium
(resist), leading to a loss of image contrast and thus resolvability for
dense features. This effect is reduced by writing only semi-isolated
features. Here the dense zone plate pattern is subdivided into two less
dense, complementary patterns, which are fabricated separately and
then overlaid with high accuracy to yield the desired pattern. The
overlay technique allows us to achieve pattern densities several times
higher than would otherwise be possible. The required placement
accuracy for zone plates is typically one-third the smallest feature
size—thus about 5 nm for the optic reported here with a 15 nm outer
zone width. As described below, the zone placement accuracy
achieved here is better than 2 nm across the two-dimensional field,
leaving significant room for further zone plate advances. Note
that this high placement accuracy overlay technique permits the
achievement of smaller zones without incurring the low diffraction
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Figure 2 | An illustration of the overlay nanofabrication technique for micro
zone plate fabrication. The zone plate is composed of even-numbered
opaque zones (black and grey) and odd-numbered transparent zones
(white). Set I (black), containing zones 2, 6, 10 ..., and its complement, set II
(grey), are fabricated sequentially to form the desired overlaid micro zone
plate.

Center for X-ray Optics, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, MS 2-400, 2Department of Electrical Engineering and Computer Sciences, University of

California, Berkeley, California 94720, USA.
1210

© 2005 Nature Publishing Group



NATURE|Vol 435|30 June 2005

efficiency inherent to photon sieves®’, where pinhole distribution
must meet the same tight placement constraints.

For the 15 nm zone plates reported here, the odd-numbered zones
are transparent, while the even-numbered are opaque. The even-
numbered zones are subdivided into two complementary sets: set I,
containing zones 2, 6, 10..., and set II, containing zones 4, 8, 12,..., as
illustrated in Fig. 2. The nanofabrication process will be described in
further detail elsewhere (W.C., J.A.L., E.A. and B.H., manuscript in
preparation). The complete zone plate fabrication was conducted in-
house, using our vector-scan electron beam lithography tool, the
Nanowriter'®, which has a 6.5nm diameter (full-width at half-
maximum) 100keV electron beam, and excellent zone placement
accuracy. The latter property is achieved by a combination of
nanometre beam position control, accurate distortion calibration,
and the use of a pattern generator specially designed for curved
shapes™. The resist, polymethyl methacrylate (PMMA), was used for
pattern recording, while all opaque zones were formed by gold
plating in a multistep process' for reasonable zone plate efficiency,
in the operating spectral range from 250 eV to 1.8 keV.

High alignment accuracy is the key to the success of our technique.
Before exposure of the zone plate patterns, the Nanowriter’s beam
deflection was calibrated, using an in-house alignment algorithm®,
to the pre-fabricated alignment marks on the resist-coated wafer.
This technique greatly reduces systematic zone placement errors,
allowing us to consistently achieve a subpixel placement accuracy of
1.7nm (1s.d.). In Fig. 3, a scanning electron micrograph shows the
outer zone region of a 15nm zone plate, revealing near perfect
alignment of the opaque zones. The gold zones contain small gaps
at various positions, and have widths larger than desired, thus
reducing efficiency in these early results. We expect to improve
these in the future. The gold plated zones are 80 nm thick, as needed
for opacity and thus efficiency, giving an aspect ratio of 5:1. The
calculated diffraction efficiency to first order is 6%. Transmission of
the substrate and plating base, which support the zone plate, is 70%,
so the expected zone plate efficiency is 4%. This is typical of early
state-of-the-art zone plates, and is consistent with our observed
exposure time.

Using this zone plate, the microscope was used to image several
patterns, including 15.1 nm and 19.5 nm half-period test objects at
1.52 nm wavelength (hv = 815¢V), with a magnification of 7,600.
For optimal signal to noise ratio, the exposure time was 62 s, with
10* counts per pixel in the 2,048 X 2,048 pixel array CCD detector.
This exposure time is about 30 times longer than would be used in
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Figure 3 | Scanning electron micrograph of a zone plate with 15 nm
outermost zone. Shown in the inset is a more detailed view of the
outermost zones. The zonal period, as indicated by the two black lines, is
measured to be 30 nm. The zone placement accuracy is measured to be
1.7 nm.

LETTERS

normal imaging. In order to minimize the effect of photon and
electronic noise and CCD pixel size on the image resolution, we chose
to collect about 8 times more photons per pixel than is typical, for
improved statistics (10* compared to 10° photons per pixel), and we
used 4 times more pixels than is typical for high spatial resolution
recording at the same magnification. That is, we used a 2,048 X 2,048
pixel CCD (1.6nm X 1.6nm equivalent pixel size) rather than a
1,024 X 1,024 CCD (3.2nm X 3.2 nm effective pixel size). For the
imaging experiments here, the microscope configuration (Fig. 1)
used is as follows. MZP: Aryzp = 15 nm, 500 zones, 30 pm diameter;
CZP: Arczp = 40 nm, 56,250 zones, 9.0 mm outer diameter, 5 mm
diameter central stop; pinhole, 14 pm. The degree of partial co-
herence**"?, g, is 0.38. The test objects used for these resolution
studies were Cr/Si multilayer coatings® in cross-section; they were
fabricated in-house, using magnetron sputtering and conventional
transmission electron microscopy sample preparation techniques™.

Images obtained with the two zone plate lenses, having outer zone
widths of 25 nm and 15 nm, are shown in Fig. 4. The two images on
the left, Fig. 4a and c, were obtained with the 25 nm zone plate, at a
wavelength of 2.07 nm (600 eV). This photon energy is just above the
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Figure 4 | Soft X-ray images of 15.1nm and 19.5 nm half-period test objects,
as formed with zone plates having outer zone widths of 25 nm and

15 nm. The test objects consist of Cr/Si multilayers, with 15.1 nm and

19.5 nm half-periods, respectively. Significant improvements are noted
between the images obtained with the new 15 nm zone plate, as compared to
earlier results obtained with the 25 nm zone plate. This is particularly
evident for the 15 nm half-period images, for which the earlier result shows
no modulation, whereas the image obtained with the 15 nm zone plate shows
excellent modulation. a, Image of 19.5 nm half-period test object obtained
previously with a 25 nm zone plate. b, Image of 19.5 nm half-period object
with the 15 nm zone plate. ¢, Image of 15.1 nm half-period with the previous
25 nm zone plate. d, Image of 15.1 nm half-period with the 15 nm zone plate.
Images a and ¢ were obtained at a wavelength of 2.07 nm (600 eV photon
energy); b and d were obtained at a wavelength of 1.52 nm (815eV). The
equivalent object plane pixel size for images a and c is 4.3 nm; the size for b
and d is 1.6 nm.
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Cr absorption edge at 574 eV. The image of the pattern with 19.5 nm
lines and spaces (Fig. 4a) shows good modulation (20%), whereas the
image of 15.1 nm lines and spaces (Fig. 4c) shows no modulation
with this lens. As seen in Fig. 5, the latter data point is beyond cut-off
for the 25 nm lens. Returning to Fig. 4, the two images on the right
side, Fig. 4b and d, were obtained with the 15 nm zone plate lens, at a
wavelength of 1.52 nm (815 eV). The shorter wavelength allowed us
to maintain a convenient working distance. Images obtained with the
15nm outer zone width lens (Fig. 4b and d) show clear improve-
ments when compared to those with the 25nm zone plate. The
19.5 nm image in Fig. 4b displays less noise and better contrast than
that in Fig. 4a. The improvement is particularly evident in images of
the 15.1 nm lines, for which the earlier results with the 25nm lens
showed no modulation (Fig. 4c), whereas the image obtained with
the 15 nm lens (Fig. 4d) shows excellent modulation.

An intensity profile (‘lineout’) of Fig. 4d shows a modulation of
3,000 counts per pixel and a peak level of 40,000 counts per pixel in
the CCD image, corresponding to a modulation of approximately
8%. To determine the optical modulation transfer function (MTF) of
the system, knowledge of the intrinsic sample contrast is needed. This
can be calculated using the known absorption parameters for Si and
Cr, and the sample thickness. The sample thickness varies from zero
(clear area) to many micrometres. The image was taken near the clear
area, where we estimate the sample thickness to be approximately
50nm (about a 3:1 aspect ratio, which generally provides good
images). In this case, at a photon energy of 815 ¢V, the Si transmits
97% of the photons and the Cr transmits 64%. The image modu-
lation, calculated using SPLAT for an ideal sample with equal 15 nm
lines and spaces, is 20% for a perfect lens. Allowing for an imperfect
lens with an MTF of 50%, close to its resolution limit, we expect only
a 10% CCD image modulation. This value is within the error bars of
the observed value. The same analysis applies to the 19.5 nm image in
Fig. 4b, where the recorded CCD modulation is about 4,000 photons
per pixel on a 36,000 photons per pixel background, or 11%.
Unfortunately, because of the uncertainty in the sample thicknesses,
and to a lesser extent the presence of somewhat non-uniform stray
light, which affects the determination of image modulation, it is not
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Figure 5 | The calculated modulation transfer functions of the microscope
with two different zone plates. One zone plate has an outer zone width,
Arpzp of 25 nm (left line), and the other has Aryzp = 15 nm (right line).
The theoretical resolution for the two lenses are 19 nm and 12 nm,
respectively. Also shown are data indicating the degree of modulation
obtained for various test patterns using the Ary;zp = 25 nm (squares). The
Aryzp = 25nm zone plate yielded 75% modulation for a half-period of
24.3 nm, 20% for 19.5 nm, and 0% modulation for a half-period of 15.1 nm
(Fig. 4a and c). Values are means * s.d. Using the Aryzp = 15 nm zone
plate, image quality is much improved, as seen in Fig. 4b and d, but owing to
uncertain sample thicknesses and stray light an accurate determination of
the modulation was not possible.
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possible unambiguously to assign MTF values on the basis of these
two measurements. It is worth noting, however, that modest image
modulations with thin, high resolution samples are not unusual, and
indeed those observed here are similar to those seen with our
previously described 25 nm zone plate, which has been used success-
fully in many scientific studies.

Modelling of the MTT for the two lenses is shown by solid lines in
Fig. 5. This computational modelling accounts for the partially
coherent, hollow-cone, soft X-ray illumination employed in each
case. With the higher numerical aperture (NA = A/2Ar), the simu-
lation predicts a proportionately increased resolving power, as
indicated by the MTF shift to higher spatial frequencies. With this
degree of partially coherent illumination, we calculate a theoretically
achievable resolution of approximately 0.8Ar, or 20 nm with the
25nm zone plate and 12nm with the 15nm zone plate. This is
consistent with the images in Fig. 4, and with the three data points in
Fig. 5 for the 25 nm lens. Data points for the 15 nm lens (Fig. 4b and
d) are not shown in Fig. 5 owing to insufficient knowledge of the
sample thickness and the presence of somewhat non-uniform stray
light, as mentioned above. We believe that the improved imaging
capability, as illustrated in Fig. 4, and supported by Fig. 5, are the
clearest demonstration of a significant advance with the present zone
plate fabrication technique. In the near future, with the high electron
beam placement accuracy and the ability of PMMA to support
isolated features as small as 5nm (ref. 27), we expect our overlay
nanofabrication technique to yield high quality zone plates with
outer zone widths of 10 nm, permitting a spatial resolution of 8 nm.
Additional benefits of this overlay technique will be to permit higher
aspect ratio zones for improved efficiency and, separately, the
stacking of subzonal structures for additional improvement of
efficiency, perhaps in a trade-off for resolution in multilevel zone
plates®.

In addition to improved spatial resolution, which scales as Ar, the
zone plates reported here significantly reduce the depth of field,
which scales® as (Ar)?, thus offering a new capability for soft X-ray
optical sectioning, and the further potential for improved spatial
resolution soft X-ray tomography. This will require further efforts to
model soft X-ray propagation through sequential two-dimensional
image sections. In the life sciences, when combined with protein
specific labelling®, these advances would permit quantitative protein
localization in three-dimensional images of the cell, and thus permit
studies of gene expression as a function of mutations, knockout
genes, and so on (C. A. Larabell, personal communication).

With the existence of more than 30 synchrotron facilities world-
wide, these advances in soft X-ray microscopy could be readily
available to the research community. Furthermore, we anticipate
that compact soft X-ray sources will also be available in the not too
distant future, using laser-produced plasmas®’, femtosecond laser
high harmonic techniques®, or extreme-ultraviolet/soft X-ray
lasers®. With these advances, we anticipate a wider use of zone
plate based soft X-ray microscopy across the broad range of
nanoscience and nanotechnology.
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