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Abstract—The demonstration of table-top high average power
extreme-ultraviolet (EUV) lasers combined with the engineering of
specialized optics has enabled the demonstration of full-field microscopes that have achieved tens of nanometer spatial resolution.
This paper describes the geometry of the EUV microscopes tailored
to specific imaging applications. The microscope illumination characteristics are assessed and an analysis on the microscope’s spatial resolution is presented. Examples of the capabilities of these
table-top EUV aerial microscopes for imaging nanostructures and
surfaces are presented.
Index Terms—Extreme ultraviolet (EUV) lasers, imaging,
microscopy, nanotechnology.

I. INTRODUCTION
ULL-FIELD microscopes are the most versatile and widely
used instruments across many disciplines, from materials
to biological science. In conventional full-field or aerial optical
microscopes, the spatial resolution is limited to ∼200 nm by the
wavelength of illumination [1]. Based on the Rayleigh criterion,
the spatial resolution of an aerial microscope, Res = kλ/NAob j ,
is linearly proportional to the wavelength of the illumination λ
and constant k that varies with illumination conditions and resolution test, and inversely proportional to the numerical aperture
of the objective NAob j [2]–[4]. State-of-the-art full-field optical
microscopes have maximized NAob j by using immersion methods and angular or structured illumination [5]. Similar techniques have been implemented in lithography with the same
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goal of reducing critical dimensions [6]. Pushing the resolution of full-field microscopy to tens of nanometers, as required
for emerging nanoscience and nanotechnology applications is,
however, a challenge.
It is possible to increase the spatial resolution of full-field
microscopes beyond the limit of optical microscopes by using
illumination in the extreme ultraviolet (EUV) and soft X-ray
(SXR) regions of the electromagnetic spectrum. Although EUV
and SXR microscopy can be considered a natural extension
of conventional visible light microscopy, there are fundamental differences between the EUV/SXR and visible regions that
give rise to both difficult challenges and unique opportunities.
In particular, a large number of atomic resonances are present
at these short wavelengths, causing most materials to strongly
absorb [7]. On the other hand, the strong resonances can be
exploited to enhance image contrast. The high absorption of
EUV/SXR light in most materials also restricts the microscope’s
optics to be in the form of reflective or diffractive.
There has been significant growth in the last few years in the
implementation of SXR and X-ray microscopes that use illumination generated from third- and fourth-generation synchrotron
sources. In parallel, important developments in the optics have
been achieved, and in combination, these SXR microscopes
have reached a spatial resolution down to 12 nm [8]. A recent
review describes state-of-the-art full-field X-ray imaging with
synchrotron illumination [9]. At the same time, there has been
significant progress in the demonstration of table-top sources of
EUV/SXR light that have enabled the implementation of highresolution imaging systems with nanometer spatial resolution at
a laboratory scale [10]–[18].
Full-field microscopes based on EUV/SXR lasers were first
demonstrated by Di Cicco et al. [19] and Da Silva et al. [20].
Our group has exploited the high average power of table-top
EUV/SXR lasers for illumination of full-field microscopes that
have achieved tens of nanometers spatial resolution [21]–[26].
The main advantages of EUV/SXR lasers are the high photon
flux that is key for obtaining high-quality images with exposure
times ranging from a few seconds down to a single laser shot;
high monochromaticity that eliminates chromatic aberrations
when using zone plate optics; and high directionality that allows us to fully collect the laser output to illuminate the sample,
increasing the efficiency of the system. These properties coupled with advanced EUV/SXR optics [8], [27], [28] have made
possible the implementation of practical EUV/SXR laser-based
aerial microscopes.
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This paper summarizes two main applications of EUV/SXR
aerial microscopes: imaging of nanostructures and the actinic
inspection of EUV lithography masks. In the first application,
the short wavelength of the illumination and high photon flux
have been essential to demonstrate, for the first time, single-shot
full-field imaging at EUV/SXR wavelengths [24]. The second
application exploits resonant illumination in the implementation of a reflection table-top actinic microscope for extremeultraviolet lithography (EUVL) mask inspection [25], [26]. Until
now, similar systems have been implemented using synchrotron
illumination [29]. In each of these applications, quantifying the
illumination characteristics is key to realize diffraction limit operation of the microscope and best quality images. The second
goal of this paper is to describe an analysis of the spatial coherence of the illumination that coupled with a Fourier analysis
of the images allows us to fully characterize the microscopes
illumination and determine their spatial resolution.
This paper is organized as follows. Section II describes transmission and reflection geometries for laser-based EUV/SXR
microscopes operating at 46.9 and 13.2 nm wavelengths, respectively. In each case, the specific application dictated the
optimum geometry for the microscope. Section III presents results on the characterization of spatial coherence of the illumination and spatial resolution of EUV/SXR aerial microscopes.
Section IV presents specific imaging applications that have been
explored.
II. GEOMETRY OF A LASER-BASED, EUV/SXR
FULL-FIELD MICROSCOPE
The geometry of an EUV/SXR full-field microscope operating in transmission configuration is schematically shown in
Fig. 1(a). This wavelength scalable geometry has been broadly
implemented using synchrotron and table-top source illumination [7], [30]. A highly collimated laser beam is collected by a
condenser that illuminates the test object. A bright-field image
of the object is formed on a charge-coupled array detector by a
zone plate objective. We have implemented transmission microscopes using as illumination the output from EUV/SXR lasers
operating at wavelengths of λ = 46.9 and 13.2 nm [21], [22],
[24].
The λ = 46.9 nm microscope uses as illumination the output from a compact capillary discharge Ne-like Ar laser [11].
The laser output consists of pulses of 10 μJ energy and 1.5 ns
pulse duration providing ∼1012 photons/pulse. The laser has
been demonstrated to work at repetition rates up to 10 Hz. The
laser output is highly monochromatic (Δλ/λ < 1 × 10−4 ) that
allows the collection of images free of chromatic aberrations.
Additionally, the laser output has a high degree of spatial coherence [31]. The laser produces an annular shaped beam that
is completely collected by a 0.18 NA Schwarzschild condenser.
The condenser’s surfaces are coated with a Sc/Si multilayer, resulting in a total throughput of 13%. The condenser illuminates
the sample in a geometry in which only a portion of the annular
beam is used. This is done to reduce the fluence at the sample and minimize aberrations. This geometry, however, creates
oblique illumination [7]. The condenser is mounted on piezo-
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Fig. 1. (a) Schematic setup for the transmission microscope at λ = 46.9 nm.
(b) Schematic setup for the reflection microscope at λ = 13.2 nm designed for
the inspection of EUVL masks.

electric motion controlled stages that allow it to move parallel to
the sample plane. This is done to homogenize the illumination
and reduce coherence effects on images acquired with multiple laser shots. The microscope’s objective is a free-standing
Fresnel zone plate with 10% efficiency in the first order. This
design is used to minimize absorption at λ = 46.9 nm [32].
The characterization of the microscope presented in this paper
was carried out using a 0.32 NA objective. The objective forms
an ∼1200× magnification bright-field image on an EUV/SXRsensitive charge-coupled (CCD) array detector. The system can
be reconfigured for reflection imaging. In this case, the sample is rotated 45◦ with respect to the illumination and the CCD
detector is placed accordingly. Although there is a significant
reduction in the reflectivity at grazing incidence angles larger
than ∼20◦ , the large photon flux available at λ = 46.9 nm makes
it possible to acquire high-quality images with exposures of a
few seconds [23]. Examples of images obtained with the microscope using λ = 46.9 nm illumination are shown in Sections III
and IV.
The geometry in Fig. 1(a) was also implemented using as
illumination the λ = 13.2 nm output from a laser-pumped EUV
laser [12], [33]. The use of λ = 13.2 nm laser illumination,
which has ∼60% reflectivity in Mo/Si multilayer coatings used
in EUVL optics and reticles, allowed the demonstration of a reflection full-field microscope for the characterization of defects
in EUVL masks [25], [26].
The geometry of the λ = 13.2 nm reflection microscope was
dictated by the requirement to image the mask under the same illumination conditions of a 4 × demagnification 0.25 NA EUVL
stepper [34]. Therefore, the angle of the illumination at the mask
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was set to 6◦ and the numerical aperture of the condenser and
objective was selected to be 0.0625 NA. A schematic of the
microscope’s geometry is shown in Fig. 1(b). The illumination
was provided by the output from a laser-pumped EUV laser
operating at a wavelength of λ = 13.2 nm, in the 4d1 S0 –4p1 P1
transition in Ni-like Cd [12], [33]. The laser output consists of
EUV pulses of ∼200 nJ energy that, when operated at a repetition rate of 5 Hz, results in approximately 1 μW average power.
The temporal coherence is high (Δλ/λ < 1 × 10−4 ) and the
transverse coherence length is about 1/20 of the beam diameter [35]. This moderate spatial coherence makes the laser well
suited for matching the illumination coherence requirements of
the EUVL stepper. The microscope uses diffractive optics for
the condenser and objective. The condenser and objective were
designed with apertures to provide an optical path for image
formation and mask illumination, respectively. Both of these
nanostructured optics were fabricated by electron beam lithography [32].
The selection of the condenser and objective for the
EUV/SXR full-field microscopes is critical for maximizing photon throughput, minimizing aberrations, and enabling high spatial resolution. Zone plates typically have 5–10% efficiency,
and have the ability to produce aberration-free images when using the highly monochromatic illumination from the EUV/SXR
lasers. The choice of a zone plate objective for the EUV/SXR
microscopes is the most sensible to achieve high spatial resolution with high quality, moderate cost optics. The selection of the
condenser, on the other hand, is less stringent. When suitable
multilayer coatings are available at the wavelength of the illumination, a reflective condenser can offer higher throughput, and
larger working distance compared to a zone plate lens. This is
the case, for example, in full-field microscopes used for EUVL
mask inspection that use 13.5 nm light illumination [34]. Taking into account the efficiency of the optics and other elements,
such as filters that block spontaneous emission and mirrors that
guide the laser output toward the condenser, and using a 50%
transmissive sample, the throughput of the λ = 46.9 nm fullfield transmission microscope is 6.5 × 10−3 and that of the
λ = 13.2 nm reflection microscope is 4.4 × 10−4 . Based on
these estimates, and taking into account that the number of photons per shot is 2.4 × 1012 and 1.3 × 1010 for λ = 46.9 and
13.2 nm illumination, respectively, a longer exposure is required
at λ = 13.2 nm to capture good quality images. Experiments
show that ∼20 laser shots are needed at λ = 13.2 nm while a
single laser shot suffices at λ = 46.9 nm [24]. However, to extract relevant metrics on the print quality of EUVL mask, image
exposure was increased six times [26]. Recent improvements in
the energy output of EUV/SXR lasers at λ ∼13 nm, project a
reduction of the microscope’s acquisition time to a single laser
shot [36]. The nanosecond and picosecond time durations of the
laser pulses at λ = 46.9 and 13.2 nm, respectively, coupled with
single shot imaging capabilities make the microscopes suited for
capturing the dynamics of repetitive processes in nanostructures
and systems [37].
The selection of the optics also plays a significant role in the
quality of the resulting images. In the next section, we describe
the characterization of the microscope’s illumination in terms of

Fig. 2. Through-focus simulations of a 120-nm half-period grating imaged
with a 0.061 NA objective and 13.2 nm wavelength light performed using
SPLAT [39]. As the coherence of the optical system is increased (decrease
in m), modulation of out-of-focus maxima increases.

its degree of coherence and its influence in affecting the spatial
resolution of the microscope.
III. ASSESSMENT OF THE ILLUMINATION DEGREE OF
COHERENCE AND SPATIAL RESOLUTION
IN TABLE-TOP EUV MICROSCOPES
The coherence properties of the illumination in a full-field
microscope have a pronounced effect on the fidelity of the resulting magnified image. For microscopes based on EUV/SXR
lasers, the laser’s transverse coherence and the optics determine the coherence properties of the illumination. The degree
of coherence of the imaging system can be evaluated using the
self-imaging Talbot effect [38]. In this through-focus analysis,
magnified images, replicas of a periodic grating, are obtained
at distances d, termed the Talbot distance, that are equal to two
times the square of the grating’s period p divided by the wavelength of illumination λ. For completely coherent illumination,
the images obtained at multiples of ± 12 d show an intensity
modulation of 100%. Instead, for completely incoherent illumination, 100% intensity modulation is obtained only at the focal
plane, d = 0. Fig. 2 shows the calculated image intensity modulation versus defocusing distance d for simulated images of a
120-nm half-pitch grating obtained with a 0.061 NA objective
and λ = 13.2 nm illumination for different values of the coherence parameter m [39]. This parameter varies from completely
coherent (m = 0) to completely incoherent (m = 1) [40]. The 12
Talbot distance for this grating is d ∼4.4 μm. The through-focus
scan is ±20 μm from the focal plane.
Through-focus scans were carried out for the λ = 46.9 nm
transmission microscope and the λ = 13.2 nm reflection microscope by imaging 300- and 200-nm half-period gratings,
respectively. Images were obtained with a single laser shot at
λ = 46.9 nm while 100 shots were used at λ = 13.2 nm. The
intensity modulation of these images versus defocusing distance
is plotted in Fig. 3(a) and (b). The results of Fig. 3(a) show that at
the first 12 Talbot plane the intensity modulation reaches 100%,
indicating that the illumination in this microscope is highly
coherent, with m approaching 0. The images obtained at the first
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Fig. 3. (a) Through-focus modulation of a 300 nm half-pitch grating obtained
with the transmission microscope with λ = 46.9 nm and an NA = 0.320 zone
plate. (b) Similar analysis for a 200 nm half-pitch grating carried out with a
reflection microscope at λ = 13.2 nm and with an NA = 0.0625 zone plate
objective. Dashed lines added to guide the eye.

1
4

Talbot plane show the appearance of a grating with half the
period of that of the object with lower modulation. The results of
the through-focus analysis of Fig. 3(b) indicate a lower degree
of coherence for the reflection microscope at λ = 13.2 nm. In
this case, the modulation at the first 12 Talbot plane is significantly reduced. Comparison of this curve with the calculation in
Fig. 2 indicates that the illumination is partially coherent with a
coherence parameter of m ∼0.25.
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The effects of the illumination coherence on a full-field microscope are considered in the parameter k, in the expression of the
Rayleigh resolution. Heck and Attwood showed that depending
on the degree of coherence of the optical system and the resolution test, k varies in a nonlinear fashion with the illumination
coherence and furthermore, it is resolution test dependent [40].
Based on this analysis, and for the grating test, k equals 1 and
the predicted half-period grating resolution of the λ = 46.9 nm
microscope is 73 nm when using a 0.32 NA objective. A similar
calculation for m = 0.25 gives a value of k of 0.78 for the grating
test which when using an NAob j of 0.0625 predicts a half-period
grating resolution of 82 nm for the reflection microscope at λ =
13.2 nm. The knife-edge resolution test for m = 1 and 0.25
predicts values that are three times smaller than those of the
grating test [40].
However, there are other factors that affect the spatial resolution of an EUV full-field microscope. For example with oblique
illumination, as is the case in the λ = 46.9 nm microscope, the
numerical aperture of the objective is effectively increased, and
hence, a higher spatial resolution can be achieved. It is possible
to obtain information on the illumination conditions and extract
a cutoff frequency for the imaging system through an analysis of the frequency components of images of periodic gratings
obtained with the laser-based EUV microscopes.
Fig. 4 shows an EUV image of a 300-nm half-pitch transmission grating obtained with a 0.32 NA objective and λ =
46.9 nm illumination along with its Fourier components obtained by numerically taking the Fourier transform (FT) along
two perpendicular directions, p and q. Both of these spectra
show a cutoff frequency, taken here as the value at which the
intensity in the frequency spectrum rises above the mean noise
level by three times the standard deviation of the noise, 3σ.
Along the p-direction, the highest spatial frequency observed
is 10.5 μm−1 , corresponding to a grating half-period of 47 nm.
Instead, along the q-direction, the cutoff frequency is 5.6 μm−1 .
The cutoff frequency is identified in Fig. 4(a) and (b) by
the solid lines. Higher spatial frequency components in the
p-direction are enhanced because the illumination reaches the
sample at an angle of ∼25◦ from normal [7].
The results of this analysis show that the Rayleigh resolution
for k = 1 and 0.32 NA [dotted line in Fig. 4(a) and (b)] underestimates the spatial resolution of the imaging system in the
p-direction. The results of the FT analysis in the p-direction validate the previous independent assessment of the λ = 46.9 nm
microscope spatial resolution using the grating test [24]. Furthermore, these results provide a more complete picture of the
microscope’s illumination.
The same image analysis was performed on images from the
λ = 13.2 nm transmission and reflection microscopes. Fig. 5
shows a transmission EUV image and corresponding frequency
spectrum for a 100-nm half-pitch grating imaged at λ = 13.2 nm
with an NA = 0.132 zone plate. The cutoff frequency for this
image is 15 μm−1 corresponding to a half-period grating resolution of 33 nm in agreement with previous results [22].
Fig. 6 shows the analysis for an object consisting of two
orthogonal, 175-nm half-period gratings obtained with the reflection microscope using λ = 13.2 nm illumination and the
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Fig. 5. Image and corresponding frequency spectrum for a 100-nm half-period
transmission grating imaged at λ = 13.2 nm, with an NA = 0.132 zone plate. The
dotted line indicates the expected cutoff frequency considering the measured k
value and the nominal NA of the objective. The solid line indicates the measured
cutoff frequency.

Fig. 4. (a) Single shot image of a 300-nm half-period grating obtained with the
transmission microscope at 46.9 nm wavelength and a 0.32 NA objective. Fourier
Transform of the image (b) along the direction of the grating, p and (c) in the
perpendicular direction, q. Dotted line indicates the expected cutoff frequency
considering the measured k value and the nominal NA of the objective. The
solid line indicates the measured cutoff frequency.

0.0625 NA objective. The cutoff frequency in both directions
is 6.7 μm−1 , corresponding to a grating half-period of 76 nm.
The cutoff frequency is the same for both orthogonal directions
because the illumination in this system is more uniform in terms
of its angular spread.
The Fourier method provides a practical way of estimating
the cutoff frequency in an imaging system, and could be used
to improve the microscope’s illumination conditions and in turn
optimize its resolving power. This method complements the
more rigorous grating resolution test that allows us to construct

Fig. 6. Image and corresponding frequency spectra for 175-nm half-period
gratings imaged at λ = 13.2 nm, with an NA = 0.0625 zone plate. The spectra
in the two orthogonal directions are similar indicating that this system has
a symmetric transfer function. The solid line indicates the measured cutoff
frequency.
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Fig. 7. (a) EUV Image of a 50 nm diameter carbon nanotube on a semitransparent Si3 N4 membrane. The image was acquired at λ = 46.9 nm, using an
objective with an NA = 0.32 and single shot exposure. (b) EUV Image of the
surface of a Zr sample where grain boundaries are visible. The image was acquired at λ = 46.9 nm, using an objective with an NA = 0.19 and an exposure
time of 5 s.
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The flash imaging capabilities of the λ = 46.9 nm microscope
provide the opportunity to record repetitive dynamic phenomena in nanoscale systems. In work in progress, we have recently
demonstrated time-resolved microscopy with nanosecond temporal resolution and 50 nm spatial resolution [37]. An example
of the images that can be obtained in reflection configuration is
shown in the image of Fig. 7(b). This EUV image, captured with
15 laser shots’ exposure, corresponds to the surface of a polished Zr pellet. The image shows well-defined grain boundaries
and twins.
An EUV image obtained with the λ = 13.2–nm full-field microscope operating in a reflection mode is shown in Fig. 8. The
image corresponds to the surface of an EUVL mask from GlobalFoundries containing lines with a half-pitch of 200 nm. The
image was acquired using an objective with an NA = 0.0625 and
an exposure of 180 laser shots. The recent demonstration of a
tenfold increase in the laser output will enable to shorten the exposure to possibly a single laser shot. This is an encouraging step
toward the implementation of a high throughput at-wavelength
EUVL mask defect characterization microscope capable of capturing high-quality images with a single laser shot.

V. CONCLUSION

Fig. 8. EUV Image and corresponding frequency spectrum of the surface of
an EUVL mask from GlobalFoundries. The lines have a half-period of 200 nm.
The image was acquired at λ = 13.2 nm, using an objective with an NA =
0.0625 and an exposure time of 180 laser shots to ensure sufficient intensity for
image analysis. The solid lines correspond to the measured cutoff frequency.

the modulation contrast function of the microscope from the
measured lineout intensity modulation from grating images with
different period.
IV. APPLICATIONS
The table-top EUV/SXR microscopes described here have
been used to image different objects. The λ = 46.9 nm microscope was used to image nanostructures and surfaces in transmission and reflection configurations, respectively. An image of
a carbon nanotube is shown in Fig. 7(a). This EUV image was
obtained in transmission configuration with a single laser shot.

We have described in detail the implementation of full-field
microscopes based on EUV/SXR laser illumination. We have
also presented results on the implementation of an image analysis method that allows to characterize and optimize the microscope’s illumination to realize the best resolution and image
quality. The Fourier analysis can be used to determine the modulation contrast function of the microscope if the geometry of
the grating is known, for example, from a scanning electron
micrograph image. Capitalizing on the high throughput of the
EUV/SXR-laser-based microscopes, it will be possible to implement in situ optimization of the illumination using the analysis
described here.
Examples of the capabilities of EUV/SXR full-field microscopes to capture high-quality images of nanoscale objects with
short exposure down to a single laser shot were also presented.
One aspect of the illumination that has yet to be exploited is
the controllable degree of spatial coherence of the illumination.
This, coupled with the high throughput of the EUV/SXR laser
output, will make it possible to implement geometries where
phase can be exploited as in differential interference contrast
imaging [28], [41], [42].
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