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We have acquired images with a spatial resolution better than 38 nm by using a tabletop microscope that
combines 13 nm wavelength light from a high-brightness tabletop laser and Fresnel zone plate optics. These
results open a gateway to the development of compact and widely available extreme-ultraviolet imaging
tools capable of inspecting samples in a variety of environments with a 15– 20 nm spatial resolution and a
picosecond time resolution. © 2006 Optical Society of America
OCIS codes: 180.7460, 110.7440, 140.7240.

Applications in nanoscience and nanotechnology demand nanometer-scale spatial resolution imaging
tools. At present, the best spatial resolution for
photon-based microscopes, 15 nm, has been obtained
by using soft-x-ray illumination from a synchrotron
source.1 However, the widespread use of shortwavelength microscopy requires the development of
more compact and more widely accessible instruments. Here we establish a path to the realization of
very high-resolution (e.g., 15 nm) tabletop analytical
imaging tools. By combining the 13 nm wavelength
output from a tabletop laser with zone plate optics,
images with sub-38 nm resolution were obtained
with exposures as short as several seconds. This type
of compact microscope that takes advantage of the
high brightness, high monochromaticity, and directionality of new tabletop soft-x-ray lasers will allow
imaging of objects in a variety of environments.
In addition to the experiments conducted at synchrotron facilities, a variety of imaging experiments
have been carried out by using both coherent and incoherent short-wavelength sources.2–10 Early imaging work with short-wavelength lasers demonstrated
submicrometer resolution with a recombination laser
at  = 18.2 nm.3 A resolution of 75 nm was reported for
the very large fusion-driver laser NOVA used to
pump a soft-x-ray laser 共 = 4.48 nm兲, which was limited to ﬁring several shots a day.4 In the past several
years smaller-scale short-wavelength sources including high-order harmonics,5,6 extreme-ultraviolet
(EUV) lasers,7,8 and incoherent laser-plasma-based
sources9,10 have been used for submicrometer resolution imaging. Of these experiments, the best performance in terms of spatial resolution, reported as sub100 nm, has been obtained with an incoherent lasercreated plasma source emitting at  = 3.37 nm in a 2
steradian angle.10
Our tabletop imaging system, schematically shown
in Fig. 1, is based on a highly directed laser source
0146-9592/06/091214-3/$15.00

that allows for efﬁcient collection of light. The illumination source is a 5 Hz repetition rate tabletop laser,
capable of generating highly monochromatic light
共⌬ /  ⬍ 1 ⫻ 10−4兲 with microwatt average power at
wavelengths near 13 nm.11,12 A condenser zone plate
collects the laser light and focuses it onto the test
pattern, and an objective zone plate forms the image
of the test pattern onto a backilluminated charge
coupled detector (CCD). The EUV laser light is generated by ampliﬁcation of spontaneous emission in a
transient population inversion created by collisional
electron impact excitation in a line focus lasercreated plasma. The plasma is produced by heating a
4 mm long slab target at grazing incidence13,14 with a
high-intensity optical laser pulse from a chirped
pulse ampliﬁed Ti:sapphire laser system. To conduct
the imaging experiments described in this Letter, laser average powers of 1 – 2 W at  = 13.9 and 
= 13.2 nm were produced in transitions of nickellike
silver and cadmium ions, respectively, by heating
precreated plasmas of these materials with laser
pulses of 1 J energy and about 8 ps duration impinging at an optimized grazing incidence angle of

Fig. 1. (Color online) Schematic diagram of the 13 nm
wavelength imaging system.
© 2006 Optical Society of America
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Fig. 2. Large-ﬁeld-of-view image of a set of radial spokes
obtained with a ⌬r = 80 nm zone plate at 13.9 nm laser
wavelength illumination in a 20 s exposure. The lines resolved in the center of the pattern are at a 60 nm
half-period.

23°.11,12 The EUV laser output is highly directional,
characterized by a divergence of ⬃7 mrad in the
plane of incidence of the pump beam.
The condenser and objective zone plates were fabricated by electron beam lithography15 in a 120 nm
thick nickel ﬁlm supported by a 100 nm Si3N4 membrane that is ⬃40% transparent to the incident
13 nm light. The condenser zone plate has a diameter
of 5 mm and consists of 12,500 zones of decreasing
width down to 100 nm. It has a numerical aperture
NA= 0.07 and a focal distance of 38 mm for the wavelength of 13.2 nm. Two different objective zone plates
were used. One has a diameter of 0.2 mm and contains 625 zones with an outermost zone width 共⌬r兲 of
80 nm. The second one has a 0.1 mm diameter with
⌬r = 50 nm. Chromatic aberrations are negligible as a
result of the inherently high monochromaticity of the
EUV laser light. Images were recorded with a thermoelectrically cooled CCD camera with a backilluminated 2048⫻ 2048 array of 13.5 m ⫻ 13.5 m pixels.
Microscope magniﬁcations of 290– 1750⫻ were obtained by selecting objective working distances very
close to its focal length and objective zone plate to
CCD camera distances in the 0.335– 0.635 m range.
The microscope’s performance was evaluated by
imaging a test pattern consisting of a thin metalized
membrane with openings of various shapes and dimensions that was also fabricated by electron beam
lithography by the same process described for the
zone plates.15 This pattern includes a set of lines and
spaces with nominal 1:1 line/space ratios with halfperiods ranging from 38 to 310 nm. The sample also
contains a set of 64 radial spokes decreasing in width
down to ⬃40 nm as they converge toward the center
of the circular pattern. Figure 2 shows an image of
the radial spoke pattern obtained with the objective
zone plate of ⌬r = 80 nm, using  = 13.9 nm illumination and an exposure time of 20 s (100 laser pulses at
a 5 Hz repetition rate). The central part of the image
shows lines with a 60 nm half-period that are clearly
visible. The acquisition of images like this, which
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have a relatively large ﬁeld of view of ⬃12 m
⫻ 20 m, is facilitated by the high brightness of the
laser and its directionality, which allows the condenser to efﬁciently collect the laser emission and focus it onto the test pattern.
The characteristics of both the optics and the illumination play a role in determining the spatial resolution of the zone plate microscope, deﬁned here as
the half-period of the smallest set of dense lines for
which the modulation depth in the image’s intensity
proﬁle (lineout) is 26.5% or better (Rayleigh-like
modulation16). The resolution can be expressed as
k1 / NA, where k1 is an illumination-dependent and
resolution test-speciﬁc constant,  is the wavelength,
and NA is the numerical aperture of the objective.16
For a zone plate used at high magniﬁcation NA
=  / 共2⌬r兲,17 and the spatial resolution deﬁnition simpliﬁes to 2k1⌬r. In our EUV microscope the illumination at the object plane is partially coherent as a result of the combined effect of the condenser and the
partial coherence of the source. Considering the
slightly off-axis illumination taking place in our experiment, we estimate k1 ⬇ 0.32,17 which suggests a
spatial resolution limit for the instrument of about
32 nm.
The actual spatial resolution of the microscope was
experimentally determined by imaging the portion of
the test pattern containing the periodic lines and
spaces. Figure 3 shows images of gratings with the
smallest available half-periods of 50 and 38 nm with
a nominal 1:1 line/space ratio. The images were obtained with the ⌬r = 50 nm objective at  = 13.2 nm by
using a 20 s exposure. The ⬃70% intensity modulation in the image of the smallest lines clearly demon-

Fig. 3. Images of the (a) 50 and (b) 38 nm half-period line
patterns obtained with a ⌬r = 50 nm zone plate and 13.2 nm
wavelength laser illumination by using a 20 s exposure
time. The cross section of the 38 nm lines image demonstrates that the microscope resolution is better than 38 nm.
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strates that the spatial resolution of the microscope
is better than 38 nm, to our knowledge the highest
resolution demonstrated to date with a tabletop
short-wavelength imaging system. This result is
made possible by the combination of the highbrightness illumination provided by the EUV laser
and nearly aberration-free diffractive optics. The
resolution of the microscope reported here could be
further improved by using an objective zone plate
with smaller outermost zone width and increased numerical aperture. For example, the use of a zone
plate with an outer zone width of 20 nm could potentially yield images with a resolution of ⬃15– 18 nm
with 13 nm wavelength laser illumination. Additional improvements in resolution can be expected to
result from future extensions of high-repetition-rate
tabletop lasers to shorter wavelengths. Furthermore,
the high brightness and short pulse duration of the
compact EUV laser will permit time-resolved imaging of ultrafast phenomena in many applications.
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