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Subwavelength coherent imaging of periodic
samples using a 13.5 nm tabletop
high-harmonic light source
Dennis F. Gardner1*, Michael Tanksalvala1, Elisabeth R. Shanblatt1, Xiaoshi Zhang2,
Benjamin R. Galloway1, Christina L. Porter1, Robert Karl Jr1, Charles Bevis1, Daniel E. Adams1,
Henry C. Kapteyn1,2, Margaret M. Murnane1,2 and Giulia F. Mancini1
Coherent diffractive imaging is unique, being the only route for achieving high spatial resolution in the extreme ultraviolet
and X-ray regions, limited only by the wavelength of the light. Recently, advances in coherent short-wavelength light
sources, coupled with progress in algorithm development, have signiﬁcantly enhanced the power of X-ray imaging.
However, so far, high-ﬁdelity diffraction imaging of periodic objects has been a challenge because the scattered light is
concentrated in isolated peaks. Here, we use tabletop 13.5 nm high-harmonic beams to make two signiﬁcant advances.
First, we demonstrate high-quality imaging of an extended, nearly periodic sample for the ﬁrst time. Second, we achieve
subwavelength spatial resolution (12.6 nm) imaging at short wavelengths, also for the ﬁrst time. The key to both advances
is a novel technique called ‘modulus enforced probe’, which enables robust and quantitative reconstructions of periodic
objects. This work is important for imaging next-generation nano-engineered devices.

S

hort-wavelength light in the extreme-ultraviolet (EUV) and soft
X-ray regions of the spectrum is attractive for high-resolution
imaging, due to the inherent elemental and chemical-speciﬁc
contrast in this spectral region resulting from electronic resonances1–3.
Recent advances in coherent short-wavelength light sources, including
tabletop high-harmonic generation4–6 and large-scale synchrotron and
free-electron laser facilities7, combined with coherent imaging
methods, is leading to unique new imaging capabilities8–15. Coherent
diffractive imaging (CDI) techniques16,17 are particularly attractive
for EUV and X-ray imaging, because they address critical limitations
in short-wavelength imaging: indeed, most X-ray optics are costly,
imperfect, lossy and cannot reach diffraction-limited spatial
resolution18. Fortunately, by using CDI, it is now possible to achieve
diffraction-limited spatial resolution at short wavelengths for the ﬁrst
time. Moreover, CDI is the most photon-efﬁcient form of imaging
because there are no optics between the sample and the detector19.
In CDI, the amplitude of the scattered light from an object is
directly collected on the detector, without the need for any imageforming optics. Although the phase of the light is lost by recording
only the diffracted intensity, this can be recovered computationally
using iterative phase-retrieval algorithms20–26. Once the phase of the
light is known, the diffracted light can be computationally propagated to the sample plane to retrieve a complex-valued image of
the object. For the algorithm to converge to a unique solution, the
diffraction intensity must be adequately sampled at the spatial
Nyquist frequency to regain phase information in the complexvalued diffraction signal27. Initial implementations of CDI used
mostly pinhole-like test samples that permitted the use of an
isolation constraint on the object itself, facilitating phase retrieval17,28. However, because the object was isolated, these approaches
to CDI could not easily be used to image extended objects of relevance to material science and other applications. Furthermore,
these approaches cannot separate the illumination from the object.

More recently, a particularly powerful approach to CDI known as
ptychography29–33 has made it possible to image extended objects by
acquiring multiple diffraction patterns from overlapping areas of the
sample. Redundant information collected during the scan is harnessed
to reconstruct the amplitude and the phase of the sample, as well as
the amplitude and phase of the illuminating wave (that is, the
probe)31,34. Using ptychography, the isolation constraint is applied
directly to the illumination beam instead of the sample, thus enabling
diffraction-limited full-ﬁeld imaging of complex extended objects35,36.
For non-periodic samples, ptychography can reliably solve for the
sample and illumination simultaneously. However, periodic samples
pose a particular challenge due to the lack of diversity in the diffraction patterns, resulting in poor convergence of the phase-retrieval
algorithm16,17,27,31,37,38. Moreover, the spatial resolution achieved so
far has been limited to 1.3 times the wavelength for real-world
objects under good reconstruction conditions36.
In this Article, for the ﬁrst time we achieve a subwavelength resolution of 0.9λ of an extended sample in the EUV region using a
tabletop 13.5 nm high-harmonic light source. We also demonstrate
high-ﬁdelity, full-ﬁeld, quantitative imaging of near-periodic objects
for the ﬁrst time. The key to achieving high-ﬁdelity imaging of periodic samples is a novel technique we termed a ‘modulus enforced
probe’ (MEP). MEP is based on collecting a single image of the
unscattered direct beam on the detector. This additional measurement is then used within a novel algorithm based on the extended
ptychographic iterative engine (ePIE)34 to highly constrain the
guess for the illumination beam. Crucially, because the total
power in the input beam is measured by recording the direct
beam, this method allows quantitative39 amplitude and phase information retrieval for both the sample and illumination. The MEP
technique also minimizes reconstruction artefacts due to crosstalk
between the sample and the illumination and allows for a much
faster convergence and improved robustness of the algorithm,
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Figure 1 | MEP X-ray microscopy with 13.5 nm EUV light from a tabletop
high-harmonic source. Multilayer mirrors are used to select and focus a
single harmonic onto the ZP sample. Light scattered from the sample, as
well as some background light, is collected on an EUV sensitive CCD. The
sample is raster-scanned and the diffraction from each position is collected.
Inset: SEM image of the sample.

even in the presence of noise. This experimental demonstration is,
to our knowledge, the best wavelength-to-resolution ratio for any
full-ﬁeld, non-isolated-sample, CDI-based microscope. Finally, the
13.5 nm wavelength and the ability to reliably image near-periodic
objects are technologically relevant in support of the development
of next-generation EUV lithography, nanoelectronics, data storage
and self-assembled nanostructures as well as functional imaging
of nano-enhanced devices.

Experimental set-up and MEP methodology
We generated bright, phase-matched, high-harmonic beams (HHG)4–6,40
by focusing an ultrafast 800 nm laser into a helium-ﬁlled waveguide at 1 atm pressure (KMLabs XUUS 4.0). Most of the residual
laser light is removed by a rejecter optic placed at an angle near
glancing incidence, followed by one 600-nm-thick Zr ﬁlter. A single
harmonic order at a wavelength of 13.5 ± 0.2 nm is then selected
and focused onto the sample using a pair of Si/Mo multilayer
mirrors (Fig. 1). The sample, a zone plate (ZP) with 150-nm-thick
polymethylmethacrylate (PMMA) rings on a 50 nm silicon nitride
window, was aligned perpendicular to the beam and placed at the
focus (≈2 µm diameter, see Fig. 5). A scanning electron microscope
(SEM) image of the ZP sample is shown in the inset of Fig. 1.
The sample was scanned in the focus of the EUV beam in a rectilinear pattern with 121 (11 × 11) positions with nominally 0.88 µm
between adjacent positions. To prevent periodic artefacts being
introduced by the scan grid itself, a random offset of ±20% of the
step size was added to each scan position41. At each scan position,
light scattered by and transmitted through the sample is detected
on a back-illuminated charge-coupled device (CCD) placed
22.6 ± 0.2 mm from the sample. As shown in Fig. 1, stray HHG
light that bypasses the multilayer mirrors is also detected as background
light on the detector. To maximize the numerical aperture (NA) of
the microscope, the sample was scanned in the top right region,
such that the strongest diffracted light scattered along the diagonal
of the detector. The diffracted light was detected at an NA of 0.54.
At this NA, the Abbe diffraction-limited resolution, Δr, is given by
Δr =

λ
= 12.5 nm ± 0.2 nm
2NA

(1)

Using our novel MEP methodology, the sample was then moved out of
the EUV beam path and a single image of the direct, unscattered HHG
illumination was collected at the detector (Supplementary Fig. 1). This
procedure can be carried out before or after acquisition of the ptychographic data set. In an alternative approach, MEP can also be applied
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by separating the direct current (DC) or undiffracted beam from the
rest of the diffraction pattern. This is especially effective when it is not
practical to collect the direct beam on the detector—for example, due
to a limited range of scanning stages, or samples that are too large to
be removed from the beam path. We used the latter approach in
our experiment.
The undiffracted beam was calculated by applying a 30%
threshold to the scatter pattern, isolating the DC peak, which
served as the MEP constraint (see Supplementary Section 5). To
quantify the ﬂux in the input beam, we statistically averaged
several CCD measurements of the undiffracted beam. In a reﬂection
geometry (rather than the transmission geometry presented in this
Article), a measurement of the reﬂected beam off a smooth surface
can be used as the undiffracted beam. If the reﬂectance of the reference surface is known, then the undiffracted beam data can be scaled
appropriately to yield the quantitative reﬂectivity of the sample39.

MEP algorithm implementation
Figure 2 displays the general working principle of the MEP algorithm. The MEP ptychographic experiment is composed of two
data-taking steps. In the ﬁrst stage, the ptychographic data set is collected by stepwise scanning of the sample in a coherent EUV beam.
In the second step, the direct beam is collected at the detector by
moving the sample out of the way of the incident beam. The
novel probe constraint, which uses the measured probe intensity
on the detector, PI (u), where u is the spatial frequency coordinate
vector on the detector plane, can be implemented in many phasediverse CDI techniques31,32,34,42.
A ﬂowchart of how the MEP constraint is employed within the
ptychography algorithm at each iteration j, after updating the object
and probe, is given in Fig. 2. The updated probe amplitude is propagated to the detector plane, forming a guess of the probe on the detector given by P Gj (u) = F [Pj+1(r)], where Pj+1(r) is the updated probe, r
is the spatial coordinate vector at the sample plane, F is a propagator
from the sample plane to the detector plane and P Gj (u) is a guess of
the probe at the detector plane. Here, we apply a modulus constraint
to the probe guess enforcing the probe measurement. This gives
P Mj (u) =

 P Gj (u)
PI (u) 
2


P Gj (u)

(2)

This modulus-constrained probe guess is propagated back to the
sample plane, F –1, forming a further updated probe guess:


′
(r ) = F −1 P Mj (u)
(3)
PGj+1
which is consistent with the measured probe intensity. The new
probe guess, P′Gj+1 is now fed back into the algorithm.
This additional constraint to the probe is analogous to the errorreduction algorithm as described by Fienup20, but instead of using
error reduction to solve for the object, it is used within the ptychography algorithm to further constrain the probe guess. The MEP
constraint provides additional information for the ptychography
algorithm, thereby improving the convergence speed (see
Supplementary Section 1).

Subwavelength CDI of extended near-periodic objects
Reconstructed intensity images of the ZP sample, obtained with the
ePIE ptychography algorithm34 with and without the novel MEP
constraint, are displayed in Fig. 3b,c, respectively. The high-ﬁdelity
ptychographic reconstruction obtained with MEP (Fig. 3b) is compared to the SEM shown in Fig. 3a. The SEM image shows an
inverted contrast with respect to Fig. 3b, due to the reﬂection
mode of the SEM, as opposed to our ptychographic CDI transmission
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Figure 2 | Schematic layout of the MEP constraint within the ptychography algorithm. The ptychography algorithm starts with a guess of the object and
probe, and then uses the set of diffraction measurements and the overlap of adjacent positions to iteratively update the object and probe guesses. The
updated probe is further constrained with the measurement of the probe on the detector. This MEP-constrained probe is fed back into the ptychography
algorithm, yielding faster convergence towards a unique solution.
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Figure 3 | Record 0.9λ subwavelength-resolution full-ﬁeld imaging using 13.5 nm light and MEP. a, SEM image of the ZP sample. b, Ptychographic
reconstruction of the sample, in the same region, obtained with the novel MEP constraint. The MEP constraint allows the algorithm to solve for the absolute
transmissivity of the sample, which enables unique quantitative imaging capabilities. The contrast of the transmission EUV image is inverted with respect to
the SEM image in a, obtained in reﬂection mode. c, Ptychographic reconstruction without the MEP constraint. Without the additional constraint, unphysical
transmission values are obtained. The scale bar in c also applies to a and b.

microscope. The full, reconstructed images, as well as the retrieved
phase images, are provided in the Supplementary Information.
Although the width of the rings in the ZP have a radial dependence proportional to 1/r, with r = 40 µm for the radius of the
outermost ring, the PMMA rings within the 5.65 × 5.65 µm2 area
shown in Fig. 3b,c constitute a periodic arrangement of lines. The
periodicity of these features represents a major challenge in traditional ptychographic CDI due to the lack of diversity in the
diffraction patterns, leading to poor convergence of the phaseretrieval algorithms. As a result, when the MEP methodology is
not applied, ringing artefacts indicated by stripes in the image are
seen in the reconstruction (Fig. 3c).
The highlighted regions of Fig. 3b,c show the periodic arrangement of eight PMMA lines with 110 ± 10 nm width spaced by
90 ± 10 nm of Si3N4. The high-ﬁdelity image obtained with MEP

(blue outlined inset to Fig. 3b) is compared to the same region
imaged without applying MEP (orange outlined inset to Fig. 3c)
and to the image obtained with the SEM (black outlined inset to
Fig. 3a). A proﬁle across a ZP PMMA feature was selected (blue
line, inset to Fig. 3b) for the reconstruction obtained with the
MEP constraint. The corresponding lineout is shown in Fig. 4a as
blue circles and was ﬁtted to an error function. The 10–90%
width of the ﬁt (r 2 better than 0.97) is better than our reconstruction
pixel size, dx, given by
dx =

λz
= 12.6 nm ± 0.2 nm
Npx

(4)

where λ is the wavelength, z is the distance from the CCD to the
sample, N is the number of pixels on the detector and px is the
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Figure 4 | Zone plate lineout and height map. a, Proﬁle of a ZP feature with (blue) and without (orange) the MEP constraint. The data points of the proﬁle
are ﬁtted to an error function. The 10–90% width from the ﬁt of the data with the MEP constraint supports 12.6 nm subwavelength resolution. b, Height map
of the ZP sample, obtained from the phase using the MEP constraint. The vertical scale bar has been scaled by 1/5. The blue plane shows the location of the
lineout in a.

effective pixel size with on-chip binning. The agreement between
the 12.6 nm resolution supported by the lineout of the zone plate
feature and the 12.5 nm Abbe limit demonstrates that the algorithm
was able to converge to a solution limited only by the NA of the data,
thus demonstrating subwavelength EUV imaging for the ﬁrst time.
For analysis of the reconstruction without the MEP constraint, ten
parallel and adjacent proﬁles were averaged (orange line, inset to
Fig. 3c), due to the presence of artefacts in the image. The corresponding lineout is shown by the orange squares in Fig. 4a and is
ﬁtted to an error function (r 2 better than 0.98). The 10–90% values
of the ﬁt support a 60 nm resolution without the MEP constraint.
In addition to the high spatial resolution of 0.9λ, we can also
obtain topographical information from the phase images. The
phase information from the inset of Fig. 3b was used to generate
a three-dimensional rendering of the ZP in Fig. 4b. The reported
values of PMMA43 were used to calculate the height of the ZP
features as 180 ± 40 nm. The phase images of the ZP are presented
in the Supplementary Information (Supplementary Figs 4 and 5b).
An important implication of the enforcement of the total power
of the illumination during image reconstruction is that the reconstructed amplitude image encodes the absolute transmission from
the sample, as shown in Fig. 3b. This capability enables quantitative
a

c

With MEP

No MEP
15k

Probe
intensity

imaging, the importance of which has been recently demonstrated
with EUV reconstructed absolute phase-diverse transmissivity/
reﬂectivity-CDI on buried layered structures39.
Most importantly, the MEP constraint brings the unique capabilities of enabling reconstructions of periodic objects by minimizing the crosstalk between object and probe, as demonstrated by the
smooth and continuous amplitude and phase retrieved for the illumination (Fig. 5a,b). Without the MEP constraint (Fig. 5c,d), the
illumination exhibits ringing artefacts. Crosstalk between the illumination and object (Fig. 3c) is present, because the algorithm transfers power between the object and probe, which results in unreliable
transmission values for the sample. Furthermore, the ptychography
algorithm converges faster with the MEP constraint, especially in
the presence of a poor initial probe guess, and the MEP constraint
improves robustness in the presence of background. A detailed discussion on the MEP constraint effects on algorithm convergence
and the effects of Gaussian and Poisson noise are reported in the
Supplementary Section 1.
We note that previous work suggested subwavelength resolution
in the EUV from a toy, pinhole-like sample, with algorithms that use
a low degree of data redundancy and are not capable of imaging
extended or periodic objects28. Even for relatively thin samples,
these methods do not produce reliable resolution limits, especially
due to the fact that modulations in the exit surface wave can lead
to artiﬁcially high spatial frequency content not found in the
object. Furthermore, the estimated spatial resolution was based
solely on the phase-retrieval transfer function and did not include
more direct measurements like the knife-edge test.
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Figure 5 | Minimization of artefacts in the reconstructed illumination with
probe enforcement. a,b, Intensity (a) and phase (b) of the EUV illumination
at the sample plane with the MEP constraint. The intensity of the
illumination is shown in detector counts. c,d, Intensity (c) and phase (d) of
the illumination without the MEP constraint. Without the MEP constraint
there is crosstalk between the illumination and sample leading to poor
decoupling. The scale bar in a is common to all panels.
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We demonstrated 0.9λ spatial resolution imaging of a periodic
extended object with 13.5 nm EUV light from a high-harmonic
source, by applying a novel modulus enforced probe technique.
Without the MEP constraint, the reconstructed image is characterized by lower ﬁdelity (60 nm resolution) and by crosstalk between
the object and the probe. With MEP, we achieve 12.6 ± 0.2 nm
spatial resolution imaging, which agrees with the theoretical resolution of 12.5 ± 0.2 nm corresponding to the NA. This represents,
to our knowledge, a record wavelength-to-resolution ratio for fullﬁeld imaging of an extended object with any EUV/X-ray source.
Moreover, our work presents the ﬁrst high-ﬁdelity image of a
periodic sample using a lensless imaging technique.
Ongoing research that requires more advanced imaging techniques such as multiplexed wavelength imaging11,44,45, undersampling46,47 and thick samples48,49 will all beneﬁt from the MEP
constraint. In all these cases, the ptychography algorithm is tasked
with solving for more than just a single sample and illumination.
The additional information introduced by the MEP constraint will
NATURE PHOTONICS | VOL 11 | APRIL 2017 | www.nature.com/naturephotonics
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reduce the number of unknowns in the algorithm, helping with convergence and stability.
Future studies can employ the EUV and X-ray spectral region for
chemical and elemental speciﬁcity. Furthermore, illumination with
shorter wavelengths is possible using either tabletop high-harmonic
sources or large-scale synchrotrons and X-ray free-electron lasers,
which in the future can enable nanometre or even atomic-scale
resolution of a broad range of next-generation nanoelectronics,
data storage and nano-engineered systems.

Methods
Methods and any associated references are available in the online
version of the paper.
Received 24 October 2016; accepted 12 February 2017;
published online 20 March 2017
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Methods

Experimental layout. The driving laser was a KMLabs Dragon centred at a
wavelength of 785 nm, with 2 mJ pulse energy, 23 fs pulse duration, and a repetition
rate of 3 kHz. The laser was focused and coupled into a 150-µm-diameter capillary,
ﬁlled with 500 torr of helium, and carefully engineered to phase-match the
generation of harmonics at 13.5 nm. The second multilayer mirror had a radius of
curvature of 100 mm. The angle of incidence on the mirrors was estimated to be
2 ± 0.5° from normal. The beam size at the focus was measured using a knife-edge
method to be ∼2 ± 0.5 µm in diameter. The EUV light was detected on an Andor
iKon with an array of 2,048 × 2,048 square pixels (side length of 13.5 µm).
The collected diffraction patterns were binned by 2, on-chip, and cropped to
900 × 900 pixels. At each scan position, two accumulations were taken with 4.25 s
exposures at 1 MHz pixel readout rate.
Image reconstructions. The reconstructions were carried out in four stages with
the ePIE algorithm, as described in ref. 34. In one set of reconstructions, we
modiﬁed the ePIE algorithm and implemented our MEP constraint. A binary
mask was used to block the stray background light in the ﬁrst two stages. In the
ﬁrst stage, we used a calculated probe through the beamline and an object guess of
unity. The algorithm performed 950 iterations, with probe updates allowed after
100 iterations. In the second stage, we re-initialized the object guess to unity and
fed in the probe from the end of stage 1. Stage 2 was allowed to run for 700
iterations with updates allowed to the probe after iteration 100. In the third stage,
we used the probe from the end of stage 2 and the object guess was re-initialized to
unity. At this stage, we let the algorithm ﬁll in data in the masked-off background
region. In other words, the modulus constraint was not enforced in the stray
background region. Stage 3 ran for 10,000 iterations with probe updates allowed
between iterations 2,000 and 9,000. Finally, in stage 4, we fed in both the object
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and probe from the end of stage 3. The algorithm was allowed to continue to
extrapolate values, and position correction was performed as described in ref. 50
between iterations 2,000 and 9,000 (ref. 50). The probe was allowed to update
between iterations 2,000 and 9,000. The ﬁnal reconstructions and retrieved
probes, obtained after 10,000 iterations, are shown in Figs 3 and 5 and in the
Supplementary Information. For NA values higher than the 0.54 presented in this
work, the curvature of the diffraction on the Ewald sphere must be taken into
account before carrying out the image reconstruction.
2+1D phase reconstruction. The intensity images of the ZP were used to create two
binary masks: a mask for the PMMA features and a mask for the Si3N4 substrate. A
threshold of 1/3 of the theoretical transmission of Si3N4 (ref. 43) was used to separate
the materials. The phase of the substrate was ﬁtted to a second-order plane. The
ﬁtted phase plane was subtracted from the entire phase image. Values less than –π
were wrapped around to lie between –π and π. Within the PMMA mask, values less
than three times the standard deviation of the substrate phase were increased by π to
unwrap the phase. The phase values were converted to height using the reported
index of refraction values in ref. 43 and a wavelength of 13.5 nm. The rendered image
was interpolated onto a 4× larger grid and the vertical scale was scaled by 1/5.
Data availability. The data that support the plots within this paper and other
ﬁndings of this study are available from the corresponding author upon
reasonable request.
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