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Abstract

We present the recent results obtained from a soft X-ray reflection imaging
microscore in the Schwarzschild configuration. The microscope demonstrated a spatial
resolution of 0.7 um with a magnification of 16 at 18.2 nm. The soft X-ray laser at 18.2
nm was used as an X-ray source. Mo/Si multilayers were coated on the Schwarzschild
optics and the normal incidence reflectivity at 18.2 nm per surface was measured to be ~

20 %.
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During the last decade a revolution has occurred in X-ray technology; both in
sources and optics. The advent of X-ray lasers!'? and synchrotron insertion devices? has
resulted in a remarkable increase in the brightness of laboratory X-ray sources. Significant
progress in layered synthetic microstructure technology has opened up the development of
normal incidence X-ray optics®. These new capabilities allow researchers to devise and
develop sophisticated X-ray optical systems> for X-ray microscopy and lithography which
would have seemed impossible 10 years ago, one of which is a reflection X-ray
microscope.

The main interest in developing a soft X-ray reflection imaging microscope is its
potential application to the observation of surfaces ( or membranes ) of biological cells and
to the high resolution inspection of lithographic products. Optical lithography is already
able to produce 0.5 um feature size. Significant efforts are being made in the US and the
abroad to produce even smaller feature size for the next generation of integrated circuits.
There is an increasing demand for the detection of defects and the inspection of masks with
a precision of 0.1 um or better. Although reflectivities of materials in the soft X-ray
spectral region are generally low, there is a significant variation in the reflectivity from
material to material, allowing high contrast so that a reflection x-ray microscope could
image the surfaces of specimens. This principle can aiso be applied to biological cells
labeled with high-Z material ( for example, Au ). The sufficient difference in the
reflectivity between component elements ( carbon, oxygen, and nitrogen ) of biological cell
and labeling materials ( e. g. Au ) allows a good contrast image. Recent progress in the X-
ray technology and the inherent properties of X-ray provide good opportunities to develop
a tool to meet such a demand in the near iuture. The success of this experiment offers a
path toward the development of a novel microscope offering real time analvsis at 25 to 50

nm resolution with inherent sensitivity to material composition.
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Three optical configurations have been investigated for use in high resolution x-ray
imaging: Wolter®’, zone-plate8, and Schwarzschild configuration®. The Schwarzschild
configuration is an achromatic system, unlike the zone plate configuration. The
Schwarzschild configuration also makes it possible to construct an objective with no
spherical aberration, astigmatism or coma.!?

Several attempts have recently been made to develop X-ray optical system based on
the Schwarzschild configuration.!!*1* These experiments have used synchrotron!? or laser-

1113 35 X-ray sources. The Schwarzschild optics have been used in

produced plasma
various ways: as imaging optics!!, as a demagnifier'2 and as focusing optics!3. The spatial
resolutions of 0.2 - 0.5 yum have been demonstrated.

In this Letter we present the important step toward the development of a soft X-ray
reflection imaging microscope using the Schwarzschild configuration. A magnetically-
confined, recombination-pumped C VI 18.2 nm laser developed in 1985 at PPPL!#415 was
used as an X-ray source for the microscope. The Schwarzschild optics used in our
experiments were manufactured by T.R. Optics, Ltd., in England!®. Surfaces of the
optics were polished to the very high surface finish ( ~ 0.5 nm rms surface roughness).
The Schwarzschild mirror system comprises a concave and a convex mirror. The diameter
of the large concave mirror is 66.3 mm and its radius of curvature is 68.5 mm. The small
convex mirror is 14.5 mm in diameter with the radius of curvature being 23 mm. The
Schwarzschild mirror system has a numerical aperture of 0.4 and a focal length of 14 mm.
Multilayer coating and the measurement of its reflectivity!” were done by the Advanced
Optics Group of the Lawrence Livermore National Laboratory. The multilayer coating
consists of 15 layer-pairs of molybdenum and silicon layers, whose thicknesses are ~3 nm
and ~9 nm, respectively. Figure 1 shows the measured and calculated reflectivity of the
multilayer-coated mirror in the vicinity of 18.2 nm. The calculation of the reflectivity was

done using a code developed by Oxford Research Group.!'® This calculation assumes the

abrupt transition and perfect smoothness between Mo and Si layers. Although this code is
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capable of modeling interdiffusion between layers, this option was not used because of the
lack of experimental data. The important conclusions are the matching of the shape of
reflectivity curves; especially, the location of the peak, B, and the side lobes, A and C, and
other structures. The discrepancy of the factor of 2 in magnitude between the measured and
calculated reflectivity is assumed to be due to scattering due to surface roughness of the
optics and to interlayer diffusion in the multilayer coating.

The Schwarzschild mirror system was used in two sets of experiments. The
purpose of the first set of experiments was to test the Schwarzschild optics in the
transmission imaging configuration; on the other hand, the goal of the second set of
experiments was to demonstrate the principle of a soft X-ray reflection microscope. Figure
2 shows the experimental set-up in which transmission imaging experiments were
performed. The 18.2 nm soft X-ray laser has a rather large divergence ( 5 - 10 mrad)!?
due to the single-pass amplification ( It does not have cavity mirrors around the gain
medium). A one-to-one transfer ellipsoidal grazing incidence mirror was used to collect and
focus the 18.2 nm radiation onto a Cu TEM ( Transmission Electron Microscope) # 400
grid. The transfer mirror is made from Al substrate, figured to a ellipsoidal shape with a
diamond tool, plated with nickel and coated with rhodium. The mirror assembly has four
translators for the precise control of the mirror position. The numerical aperture of this
ellipsoidal mirror is 0.1. Since the numerical aperture of the central obstruction of the
Schwarzschild mirror system used in this experiment is larger ( 0.17 ) than that of the
ellipsoidal mirror, the Schwarzschild mirror system was tilted at 15° off axis. An 80 nm
thick Al filter, with a coating of 10 nm of carbon film, was placed before the Cu TEM #400
grid ( peniod is 63 pm) to block out VUV, UV and visible light. The transmission of the
filter is about 56% at 18.2 nm. The TEM grid was illuminated by light passing through the
filter and imaged by the Mo/Si multilayer-coated Schwarzschild mirror system with a
magnification of 22 onto Kodak 101-07 X-ray film. Figure 3 shows the recorded picture.

-

After we obtained the image as shown in Fig. 3, we intentonally reversed an X-rav film 1o
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double check that the exposure was done by X-rays. If there were any longer wavelength
light (especially, visible light) passing through the Al filter in front of the TEM grid, it
would expose a reversed X-ray film ( The film is thick so that all X-rays would be
absorbed in the backside of the film before it gets the emulsion surface). We did not
observe any exposure with a film being reversed. Due to the much lower beam energy of
the 18.2 nm soft X-ray laser than at its best performance, multiple shots (8) were required
to record a picture with a good contrast as shown in Fig. 3. The specimen field of view is
1.3 mm by 0.7 mm. The image was scanned with a densitometer to produce the trace
shown in Fig. 4. The spatial resolution was found to be ~0.7 um at 25-75% contrast.

Once the Schwarzschild optics were verified to function properly, the optics were
rearranged 1n the reflection imaging configuration as shown in Fig. 5. The 18.2 nm laser
beam was aligned to a reflection object which was constructed by evaporating gold onto a
polished glass surface through a TEM #200 grid. The angle of incidence of the 18.2 nm
laser beam to the reflection object was limited by our vacuum chamber adjustment to 70° (
or the angle of 20° between the reflection surface and the incident beam ), at which the
reflectivities of Au and a glass are calculated to be ~35% and ~1.5 %, respectively. The
difference in the reflectivity at this angle between gold and glass is large enough to produce
a good contrast image. The image of the reflection object recorded on Kodak 101-07 X-ray
film is shown in Fig. 6. The dark lines represent the glass part of the reflection object,
while the white areas represent the gold part.

In conclusion, we have verified the operation of the Schwarzschild optics using an
18.2 nm laser. The same optics were used to demonstrate the feasibility of a soft X-ray
reflection microscope which relies on the difference in reflectivity from material surfaces
for contrast. Further efforts are already underway toward increasing the magnification from

16 to 100 and replacing X-ray films as a recording medium with a CCD detector.
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Figure Captions

Fig. 1. (a) The measured reflectivity of the Mo/Si multilayer-coated mirror in the vicinity of
18.2 nm. The reflectivity of the mirror is about 20% at 18.2 nm. (b) The calculated
reflectivity of the mirror. The abrupt transition and perfect smoothness between Mo
and Si layers are assumed in this calculation. The discrepancy between the
measured and calculated reflectivity may be attributed to the interdiffusion of one
layer into another and the possible surface roughness in the interface

Fig. 2. The experimental layout in the transmission imaging configuration.
The Schwarzschild mirror system was tilted at 15° off axis because the numerical
aperture of the focusing ellipsoidal mirror is smaller than that of the central
obstruction of the Schwarzschild mirror system.

Fig. 3. The picture of image of a TEM #400 Cu grid with a magnification of 22 recorded
on Kodak 101-07 X-ray film in the transmission imaging configuration.

Fig. 4. The densitometer scan of the image shown in Fig. 3. The spatial resolution of 0.7
pum is demonstrated at 25-75% contrast.

Fig. 5. The experimental layout in the reflection imaging configuration. The angle between
the reflection surface and the incident beam is set to be 20°. The Schwarzschild
mirror system was tilted at 15° off axis.

Fig. 6. The picture of image of a reflection object in the reflection imaging configuration.
The reflection object was constructed by evaporating gold onto a polished glass
surface through a TEM #200 grid. The image was recorded on Kodak 101-07 X-
ray film. The dark lines represent the glass part of the reflection object, while the
white areas represent the gold part. The magnification was 16 in this case.
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