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Abstract: New diffractive imaging techniques using coherent x-ray beams
have made possible nanometer-scale resolution imaging by replacing the
optics in a microscope with an iterative phase retrieval algorithm. However,
to date very high resolution imaging (< 40nm) was limited to large-scale
synchrotron facilities. Here, we present a significant advance in image
resolution and capabilities for desktop soft x-ray microscopes that will
enable widespread applications in nanoscience and nanotechnology. Using
13nm high harmonic beams, we demonstrate a record 22nm spatial
resolution for any tabletop x-ray microscope. Finally, we show that unique
information about the sample can be obtained by extracting 3-D information
at very high numerical apertures.
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1. Introduction

The quest to understand structure, dynamics and function at the nanoscale continues to drive
new ultrahigh-resolution imaging technologies. Electron microscopy is well established as a
powerful method for obtaining images with sub-optical wavelength resolution, but cannot be
applied to thick (i.e. >~100nm) samples, and suffers from a relatively low image contrast in
most cases. Super-resolution optical imaging techniques such as multiphoton microscopy [1],
stimulated emission depletion microscopy (STED) [2,3], photo-activated localization
microscopy (PALM) and stochastic optical reconstruction microscopy (STORM) [4,5] have
made impressive progress using visible light for super-resolution imaging. However, these
techniques rely on scanning or on sparsely emitting labeled samples, where the centroid of
single fluorescent molecules in the sample can be located down to 10 nm precision.
Techniques that require labeling are useful when functional groups can be reliably and
selectively labeled. However, this approach is invasive and requires considerable prior
knowledge of the system. Powerful and widely-used label-free techniques such as
multiphoton [6] or CARS microscopy [7] avoid these issues, but require scanning and yield
only modestly-higher spatial resolution than conventional techniques such as confocal
microscopy.

Soft x-ray microscopy is a general-purpose nanoscale imaging technique that
complements electron and visible wavelength microscopies because it can penetrate thick
samples (for 3-D imaging) and achieve very high spatial resolution with the added advantages
of elemental and chemical specificity. To date, soft x-ray microscopy has been implemented
primarily using light from synchrotron radiation facilities, with demonstrated spatial
resolutions as high as 15 nm using zone plate based microscopes [8]. Soft x-ray microscopy
has also proven to be uniquely capable of 3-D tomographic imaging of single cells with ~50
nm spatial resolution [9,10] and in 2-D with 11 nm resolution [11]. In exciting advances
during the past decade, x-ray coherent diffractive imaging (XCDI) has emerged as a
complementary approach to zone plate microscopy, provided that the illuminating beam is
highly spatially coherent [12]. In XCDI, an object is illuminated with a coherent beam of
light, and the light scattered from the object is then recorded using a CCD detector (see
Fig. 1). An iterative phase retrieval algorithm can recover an image from the scattered-light
diffraction pattern, essentially replacing the objective lens with a computer algorithm. XCDI
has now been successfully implemented using a variety of coherent soft x-ray sources,
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including synchrotrons [12-16], and x-ray free-electron lasers (XFELSs) [17,18] in both single
and multiple shot imaging modes. Using XCDI, the highest spatial resolution obtained to-date
are 7 nm and 40 nm using synchrotron and XFEL sources, respectively [19,20].

However, despite the clear potential for x-ray microscopy to enable rapid advances in the
nano- and bio-sciences, only a few of these microscopes exist worldwide, primarily because
they can only productively be located at a small number of large synchrotron or x-ray free
electron laser light sources. Although incoherent laser plasma-based soft x-ray sources can
also be used for illuminating a zone-plate microscope, they have spatial resolutions limited by
the zone plate and require exposure times on the order of several minutes [21]. Furthermore,
for a host of scientific and technological grand challenges, there is a need for a widely
available tool that can capture dynamics and structure with sub-10 nm spatial resolution and fs
temporal resolution. These grand challenges include understanding how function is related to
nanoscale inhomogeneities in catalytic, biological and energy-conversion systems, how heat
dissipates in next-generation data storage devices, or how to design and characterize next
generation integrated circuits in support of the relentless drive to shrink device dimensions.

Fortunately, in recent years rapid advances in compact coherent short wavelength light
sources based on high harmonic generation and x-ray lasers have opened up new capabilities
in tabletop soft x-ray microscopy. In past work, by using diffractive zone-plates as the
objective and condenser in a conventional microscope configuration, record image resolutions
of 38 nm were achieved using a 13 nm short-wavelength laser [21-25]. Other recent work
using 30 nm wavelength high-harmonic beams (HHG) to implement soft x-ray coherent
diffractive imaging achieved spatial resolutions of 50 nm with relatively long integration
times of 80 minutes [26], and single shot imaging with 125 nm spatial resolution using longer
wavelength harmonics [27].

Here, we present a significant advance in image resolution, data acquisition times and
imaging capabilities for desktop soft x-ray microscopes that will enable widespread
applications in nanoscience and nanotechnology. We demonstrate a new record spatial
resolution of 22 nm for any compact light-based microscope using any light source or imaging
methodology. Moreover, spatial resolutions of 25 nm can be obtained in only 30 seconds.
Finally, we demonstrate 3-D reconstructed images made possible by collecting and
deconvolving at high numerical apertures (NA) of 0.6 - 0.8 using ankylography [28]. This
allows us to gain information about the sample not possible using other approaches. Our
XCDI transmission microscope is driven by a 4W desktop femtosecond laser similar to that
widely used in many laboratories worldwide. In the future, it will be straightforward to scale
this microscope to sub-10 nm spatial resolution. In the case of reversible processes where
stroboscopic accumulation of data is possible, the inherent temporal resolution of this XCDI
high harmonic microscope is ~10 fs. Moreover, since single shot HHG imaging has already
been demonstrated, the temporal resolution is limited only by the bandwidth that can be
successfully deconvolved.

In the implementation of coherent diffractive imaging used for this work, the requirements
for successfully recovering an image are: (1) illumination of the object with a coherent plane-
wavefront with well-characterized and reasonably narrow spectral bandwidth; (2) isolation of
the sample, where scattered light all originates only from the object region; and (3)
oversampling of the scattered light, where the diffracted light pattern must be recorded with
sufficient resolution to remove the ambiguity introduced by the fact that the CCD detector
only records an intensity pattern, and loses the optical phase information required for simple
Fourier transform reconstruction of an image. If these requirements are met, XCDI has several
significant advantages over conventional microscopy. First and foremost, the obtainable
image resolution is no longer limited by the optics. This is in contrast to zone plate imaging,
where the spatial resolution is limited by the width of the outermost-zone that can be
fabricated, fundamentally limiting this technique to the resolution of current nano-fabrication
capabilities. Second, XCDI is more photon-efficient, since all scattered photons from the
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sample are detected [29]. This reduces both source flux requirements and radiation exposure
to the sample. However, the drawbacks of XCDI include the requirement for a coherent
illumination source, and need for a computer deconvolution to obtain an accurate image.
These disadvantages have been convincingly addressed over the past decade, by faster
algorithms and computers, higher flux coherent soft x-ray light sources based on x-ray free
electron lasers and high harmonic sources, and a wide range of successful image retrievals.

Fig. 1. Experimental configuration for tabletop soft x-ray coherent diffractive imaging. A
femtosecond laser is focused into a gas-filled waveguide. Bright, coherent 13 nm high
harmonic beams are produced and focused into the sample. The resultant diffraction pattern is
captured on a CCD camera and the image is retrieved using an iterative phase retrieval
algorithm.

2. Methods

Figure 1 shows a schematic of the tabletop high harmonic generation (HHG) source and
microscope used in this work. Light from an ultrafast Ti:sapphire laser-amplifier system
(KMLabs Dragon , 2 mJ pulse energy, 780 nm wavelength, 2 kHz repetition rate, 25 fs pulse
duration) is focused into a 5 cm long, 150 um diameter, helium-filled hollow waveguide to
generate fully coherent high-harmonic beams around 13 nm [30]. An increased high harmonic
flux at 13 nm was critical to our experiments, in order to significantly enhance the spatial
resolution with much reduced exposure times. The waveguide geometry allows a long
interaction length to establish excellent laser and HHG modes that can be fully phase matched
and fully spatially coherent [30-32]. Moreover, at 13 nm wavelength, the nonlinear medium
(He) is strongly absorbing, and the gas pressures required for phase matching are very high
(1 atm). Unless the high harmonic beam emerges into vacuum over a sharp gas density
gradient, the losses due to phase mismatch in the end sections and gas absorption can be
significant.

To reject the laser light that co-propagates with the high harmonic beam, we use a
combination of a Brewster-angle silicon substrate coated with ~210 nm of ZrO, [33,34],
combined with two 200 nm thick Zr filters. The Brewster plate absorbs nearly all of the
infrared light and reflects ~60% of the HHG beam, while the filters each have a calculated
transmission of 50% at 13 nm. The broadband EUV light is then spectrally filtered and
refocused onto the sample using a pair of 73% efficient multilayer reflectors centered at 12.8
nm (1 flat and one 1 m ROC), resulting in a flux of >10° photons/s at the sample. After
illuminating the sample, the scattered light is collected in the far field using a back-
illuminated, x-ray sensitive CCD detector with 13.5 micron square pixels on a 2048x2048
array (Andor iKon DO436). In the far field, the diffraction pattern is related to the exit wave
of the object by a Fourier transform. Using the Hybrid Input-Output (HIO) phase retrieval
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algorithm [35], it is possible to recover the phase information and consequently an image of
the object.

Two different test objects were used to test the spatial resolution of our XCDI desktop
microscope, shown in SEM images in Fig. 2(a) and 2(e) (referenced hereafter as J407 and
J409). Raw diffraction data are shown in Fig. 2(c) and 2(g), while reconstructions are shown
in Fig. 2(b) and 2(f). Before reconstructing the image, the raw data must be preprocessed to
improve the convergence of the iterative algorithm. First, hot pixels inherent to the CCD chip
are removed, and cosmic rays appearing in the final scatter pattern are identified and removed.
In some cases, filtering was performed in the Fourier space of the scatter pattern. Finally, the
full diffraction pattern was binned by a factor of eight for sample J407 and sixteen for sample
J409. The binning process combines photon counts from adjacent pixels into a single pixel,
increasing signal to noise and decreasing the overall grid size for the calculation.

«—200m  22.60m_y,

Fig. 2. Sub-25nm resolution confirmed using a knife-edge test. (a), (e) Scanning electron
microscope images of samples J409 and J407 respectively. (b), (f) Object intensities
reconstructed using the HIO algorithm. (c), (g) Scatter patterns for objects J409 and J407
respectively. (d) Lineout showing an edge with a ~22nm 10% to 90% dimension. (h) Object
J407 displays minimum feature sizes of ~50nm (e diameter) providing a rough estimate of
resolution. The lineouts in (d) and (h) were taken along profiles marked in (b) and (f) by white
dashed lines.

After the data was filtered, several well-established iterative phase retrieval algorithms
were implemented to reconstruct the amplitude and phase of the images, including difference
map [36], HIO [35] and RAAR [37]. All of these algorithms converged to the same final
object amplitudes. For the results shown in Fig. 2, we used the HIO algorithm, replacing the
diffraction amplitude with experimental data after each iteration to serve as as the Fourier-
domain constraint, and a shrinking support [38] as the object-space constraint. The details of
the full iterative algorithm are as follows: the HIO algorithm was allowed to converge, after
which 1000 final iterations were averaged together to form one independent reconstruction.
Thirty such fully independent reconstructions were averaged together to form the solution.
Because independent solutions to the phase retrieval are equivalent except for the center
positions of the image, independent reconstructions must first be registered with one another
using sub-pixel cross-correlation and then interpolation [39].

3. Results and discussion

The data for object J407 (Fig. 2(e)-2(h)) were obtained with the CCD placed 3.6 cm past the
object, corresponding to a NA of ~0.36. This allows for a maximum half-pitch resolution
using coherent illumination of Arp, = 0.5 A/NA ~18nm, calculated using the Rayleigh criterion
for coherent illumination. The lineout shown in Fig. 2(h) was taken along the profile marked
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in Fig. 2(f) by a dashed, white line. The e diameter of this nano-fabricated feature is ~50 nm,
which provides an upper limit for our imaging resolution. Object J409 (Fig. 2(a)-2(d)) was
placed 4.6cm from the CCD, corresponding to a NA ~0.28. Using NA = 0.28 the half-pitch
resolution would be Ary, ~23nm. However, Fig. 2(b) clearly shows a strong signal to noise
ratio out to the corner of the CCD which increases the NA to 0.4, giving an angle-dependent
Rayleigh criterion resolution between 17nm and 23nm. The Rayleigh criterion states the
maximum resolution of an imaging system, Ary,, as the ability to resolve two points spaced by
2 X Aryp. In our case however, the sample simply does not contain features this small (the
smallest feature is 50 nm). A conventional alternative to the Rayleigh criterion is to test the
distance over which an edge makes a transition from dark to light by measuring the distance
between 10% and 90% of the maximum sample intensity. This method is known as the knife-
edge test, and the results of such a test are shown in Fig. 2(d). Both edges in Fig. 2(d)
transition from dark to light in a distance ~22nm, in excellent agreement with the resolution
expected based on the NA used for this image. We note that the half-pitch resolution
calculated using the Rayleigh criterion is usually directly associated with the distance
measured using the knife-edge test. However, we point out that the relationship between
resolutions measured using the knife-edge test and the Rayleigh criterion is actually closer to
Arge #85% Arge, yielding a resolution of 23 nm, in excellent agreement with our data.

After reconstructing the object from its scatter pattern, the pixel size was decreased by a
factor of 16 in the images plotted in Fig. 2(b), 2(f) in order to accurately ascertain the 10%
and 90% points of the intensity across an edge. The pixel size was modified via Fourier
transform, zero-padding interpolation. Even though the pixel sizes in Fig. 2(b), 2(f) were
significantly decreased, no information was added because both objects were originally
sampled at a frequency greater than the Nyquist frequency.

While the knife-edge test is convenient and provides an accurate resolution measure of an
edge transition, a somewhat more powerful tool is the phase-retrieval transfer-function
(PRTF), defined as

PRTF(f)= > o(f). 1)

f =const

The diffraction phases ¢(f) are averaged over constant frequency contours to produce the
PRTF, which takes a value of 1 where the iterative algorithm produced perfect convergence
consistently, and a value near 0 where the algorithm continually failed to converge. Before
using Eqg. (1) as a measure of the reconstructed image resolution, we constructed a Weiner
filter [40] of the form

W(f)= % 2
ISCE) +|N(P)

where S(f) is the power spectral density of the measured diffraction pattern and N(f) is a

measure of the noise trend, taken to be a constant O<N<1 for our filter. We implemented the

Weiner filter to produce an improved measure of image quality as WPRTF(f) = W(f)PRTF(f),

which is shown in Fig. 3.
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Fig. 3. Filtered phase-retrieval transfer-function. Features in the WPRTF provide a measure of
the smallest sample features and the image resolution of reconstructed images. For example,
the WPRTF for sample J407 shows a “knee” structure around 50nm half-period resolution,
which corresponds to the feature size of the slots of ~50nm. The cutoff WPRTF values are
between 19 and 22nm, in excellent agreement with the knife-edge measurements shown in
Fig. 2.

Two critical features in the WPRTF can be used to express different types of image
resolution. The WPRTF displays a “knee” type structure where the slope increases rapidly in
the negative direction. The point where the slope changes is interpreted as the minimum
feature size in the sample. This is evident for sample J407, where the minimum sample feature
size from the SEM image and our retrievals is ~50nm, in excellent agreement with the
position of the “knee” in the WPRTEF. The second feature is the cutoff value of the WPRTF,
which can be interpreted as the maximum resolution achieved in the reconstruction. The
cutoff value for sample J407 displays a maximum resolution of ~19nm, while the cutoff value
for sample J409 indicates a maximum resolution of ~22nm, in excellent agreement with the
knife-edge measurement and NA of the imaging system. Non-uniform illumination accounts
for the variation in brightness over the reconstructed image, because the 13 nm beam was
focused at the sample to a spot size not much larger than the sample itself.

While independent reconstructions may only take ~1 min on a standard personal
computer, the limiting factor for near real-time imaging using tabletop high harmonic x-ray
sources is the limited amount of available photon flux. By increasing the x-ray flux at the
sample to a value of >10%photons/s, Fig. 4 displays sample J409 reconstructed after on-chip
binning (performed by the Andor camera) to a grid size of 256x256 pixels using significantly
shorter exposure times. The knife-edge test demonstrates a spatial resolution of ~25 nm in an
image acquisition time of only 30 seconds.

Since in our initial experiments the diffraction patterns (Fig. 2(c), 2(g)) clearly extended
beyond the edges of the CCD chip, we shortened the sample-to-CCD distance to just over 10
mm, corresponding to a NA = 0.79. It is well known from diffraction tomography that when
collecting a pattern at such large angles, the 2-D pattern can actually be mapped onto a
spherical shell of radius 1/ A in the 3-D Fourier transform space, termed the Ewald sphere. It is
important to note that for a thick sample (relative to the 2-D projection of the object in the
direction of illumination) in combination with diffraction collection at a high NA, there is
modulation in the pattern due to the depth information encoded in the 3-D pattern. In this
case, the curvature correction described in previous work [41] does not recover the intensity
of the 2-D Fourier transform of the object. To accurately recover the object to the resolution
corresponding to the NA, a 3-D reconstruction technique — such as ankylography or
tomography - must be employed.
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Fig. 4. Sub-30nm resolution from a 30 second exposure. Increases in HHG flux enabled by
better differential pumping have led to a dramatic decrease in required exposure times. This has
enabled 25 nm spatial resolution in an image with only 30 second exposure time.

In the 0.79-NA geometry, the diffraction pattern was above the noise level out to an angle
corresponding to ~0.6 NA. This data was mapped onto the Ewald sphere as described in
Raines et al. [28] and the result is shown in Fig. 5(a). In this case the spherical shell is
positioned in a 3-D cube, and the points in the cube where data is absent must be retrieved in
addition to the phase at the known intensity points. The 0.6 NA imaging allows a best possible
resolution Ary, Of 10 nm in the x and y dimensions and 32 nm in the z dimension. An
isosurface rendering of the resulting 3-D reconstruction is shown in Fig. 5(b), while a movie
of the 3-D reconstruction is shown in Media 1. Since the walls of the sample are very
absorbing at 13 nm, not all x-rays initially scattered reach the detector. Thus, this particular
sample is not ideal for 3-D image reconstruction. Nevertheless, we are able to see that the
sample was tilted by ~10 degrees with respect to the detector (Fig. 5(c)) and also extract the
relative size difference between features in the sample. This is interesting because the sample
was fabricated on a 50-100 nm thick silicon nitride membrane. Thus, the scanning electron
microscope images shown in Fig. 2(a), 2(e) can only be taken from the front side, where the
different etch depths are not apparent. In the future, the robustness of this high-NA 3-D
imaging may be improved by illuminating an object with a broad bandwidth (e.g. several
adjacent harmonics), thus filling in a significantly larger portion of the cube, using an
extension of the technique demonstrated in Chen et al. [42]

3. Conclusion

In conclusion, we have significantly advanced imaging resolution for desktop-size soft x-ray
microscopes by demonstrating a new record spatial resolution of 22 nm. By increasing the 13
nm high harmonic flux by 10— 100x, image resolutions of 25 nm can be obtained in only 30
sec. Moreover, we can extract information about the etch depth in the sample that cannot be
obtained using electron microscopy. Advances in bright high harmonic sources at even shorter
1 nm wavelengths [43] will allow high contrast, elemental and chemical specific nano and bio
imaging. Moreover, since EUV lithography will use light at 13 nm, and first-generation EUV
lithography is expected to produce feature sizes of 22nm, the demonstrated resolution is
capable of providing detailed image information on EUV lithographic masks or nano bit
patterned data storage media [44]. Finally, dynamic imaging with unprecedented combined
spatial (< 10 nm) and temporal resolution (< 10 fs) will be possible in the future.

#152373 - $15.00 USD  Received 5 Aug 2011; revised 27 Aug 2011; accepted 28 Aug 2011; published 25 Oct 2011
(C) 2011 OSA 7 November 2011/ Vol. 19, No. 23 / OPTICS EXPRESS 22478


http://www.opticsinfobase.org/ome/viewmedia.cfm?uri=oe-19-23-22470&seq=1

Fig. 5. (Media 1) Demonstration of ankylography with a high-NA diffraction pattern. (a)
Diffraction pattern mapped onto the surface of the Ewald sphere accompanied by a projection
onto the plane. (b) Isosurface rendering of the 3-D ankylographic reconstruction. (c) Same as in
(b) showing tilt of sample with respect to the detector. (d) Same as in (b) showing the relative
size difference between features in the sample with emphasis in the z-direction, accompanied
by a projection onto the plane.
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