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Abstract Ptychography is a diffraction-based X-ray
microscopy technique in which an extended sample is
scanned by a coherent beam with overlapped illuminated
areas and complex transmission function of the sample is
obtained by applying iterative phase retrieval algorithms to
the diffraction patterns recorded at each scanned position.
It permits quantitatively imaging of non-crystalline speci-
mens at a resolution limited only by the X-ray wavelength
and the maximal scattering angle detected. In this paper,
the development of soft X-ray ptychography method at the
BLOSU1A beamline of Shanghai Synchrotron Radiation
Facility is presented. The experimental setup, experimental
parameters selection criteria, and post-experimental data
analyzing procedures are presented in detail with a pro-
spect of high-resolution image reconstruction in real time.
The performance of this newly implemented method is
demonstrated through the measurements of a resolution test
pattern and two real samples: Pt—Co alloy nanoparticles
and a breast cancer cell. The results indicate that strong
scattering specimens can be reconstructed to sub-20 nm
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resolution, while a sub-25 nm resolution for biological
specimens can be achieved.
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1 Introduction

Since its first demonstration in 1999 [1], the coherent
diffraction imaging (CDI) method has drawn extensive
research interest and leads to the development of special-
ized instruments at synchrotron radiation facilities [2—10],
X-ray free-electron lasers [11-14], and tabletop soft X-ray
laser sources [15-17]. As a novel and powerful X-ray
microscopy technique, CDI can deliver 2D or 3D high
spatial resolution images of non-crystalline specimens.
Unlike forming images with optical elements in traditional
microscopes, a far-field diffraction pattern is recorded at an
oversampling level [18, 19] and a subsequent phase retrie-
val iterative calculation is applied to reconstruct the sample
image in CDI. CDI overcomes shortcoming of traditional
X-ray microscopy methods, where the resolution is limited
by performance of the X-ray optical elements, while the
spatial resolution of CDI is limited only by the X-ray
wavelength and the maximal scattering angle detected.

As a newly emerging CDI method, ptychography (also
called “scanning CDI” or “ptychographic CDI”) recon-
structs complex transmission function of the sample from the
whole set of diffraction patterns recorded as the sample is
scanned across by X-ray beams (a localized wave field, often
referred as a “probe”). The areas illuminated by the probe at
adjacent scan positions are physically overlapped. As a
consequence, each given sample area contributes to a series
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of diffraction patterns recorded, providing a significant
amount of data redundancy in the dataset. Due to such
redundancy in the recorded dataset, it is possible to: retrieve
the amplitude and phase of complex transmission function of
the sample and the probe wave field simultaneously [20, 21];
obtain super-resolved sample image by extrapolating the
diffraction patterns beyond the detector aperture [22];
recover experimental uncertainties such as probe position
errors [23-25]; and reconstruct stationary mixed states in the
probe radiation, the sample and the detector plane [26].
Therefore, various types of information can be obtained from
ptychography, in which the most attention-getting ones are
the amplitude and phase image of sample transmittance. The
sample amplitude image reflects the absorption of X-ray by
the sample, while the phase image reflects the phase-shift of
the light wave passing through the sample. Ptychography
also removes the restrictions of classical CDI, such as the
necessity to prepare isolated specimens with lateral size
much smaller than that of illumination spot, and permits
high-resolution imaging of specimens with unlimited lateral
extent. Ptychography also improves iterative convergence,
avoids algorithm stagnation, and non-unique solutions,
which often happen in classic CDI.

The experimental setup of soft X-ray ptychography
[27-29] shares a number of similarities with scanning
microscopy techniques, such as the scanning transmission
X-ray microscopy (STXM) [30], in that a probe scans
across the sample with the transmitted (or diffracted) wave-
field intensities recorded. Therefore, ptychography is the
most suitable CDI method for STXM beamlines. In this
paper, the detailed information of the soft X-ray ptychog-
raphy method developed at the STXM endstation of the
BLO8UIA beamline at Shanghai Synchrotron Radiation
Facility (SSRF) is presented together with the results of
demonstration experiment.

2 Experimental setup

SSRF operates at 3.5 GeV electron beam energy of the
storage ring. The soft X-ray spectromicroscopy beamline
provides photon beams of 250-2000 eV, covering the
absorption edges of major elements (K-edge of C, N, O, F,
Na, Mg, Al and Si, and L-edge of P, S, Cl, K, Ca, Fe, Cu
and Zn) in biology, environmental science, materials sci-
ence and other fields. The detailed information of the
BLOSUIA beamline layout including front-end, branches
and experimental endstations can be found elsewhere
[31-34]. The soft X-ray ptychography method was devel-
oped based on the STXM endstation of this beamline. By
replacing just the photomultiplier tube (PMT) detector with
a direct X-ray CCD detector, the STXM setup can be easily
adapted for ptychography.
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The experimental setup is shown in Fig. 1. A #200 pm
FZP (Fresnel zone plate) having a 80 pm central stop and
30 nm outermost zone width (mounted on the ZP holder) in
combination with a @70 pm order sorting aperture (OSA)
is placed downstream of the X-ray exit window, allowing
only the first-order focused X-ray through and blocking the
direct X-ray beam and all higher-order contributions. The
sample holder is mounted on a 2D piezostage with an
interferometric feedback control and closed-loop operation
allowing for long-term stability and high scan precision.
The scanning positional accuracy is limited by stage
vibration and the interferometer noise and is estimated at
1-8 nm (RMS). As the resolution of ptychographic imag-
ing does not depend on the illumination spot size on
sample, specimens can be placed out of FZP focus. For all
the measurements described below, we place sample
51.4 pm downstream of the FZP focus. The diffraction
patterns are recorded at far field using a 16-bit PI-
MTE:2048B ultrahigh vacuum compatible soft X-ray CCD
detector, which is placed 74 mm downstream of the sample
holder. A square cone mask is placed in front of the CCD
detector to prevent stray light from the laser interferometer.
The CCD chip has a 2048 x 2048 imaging array with
13.5 um x 13.5 um pixel size. The experiments are per-
formed at 1.33 x 107> Pa (107> Torr) in the STXM
chamber, and the CCD chip temperature is —50 °C to
reduce the thermal noise and minimize the dark current. A
read-out time is 4.5 s/frame in diffraction data acquisition.

3 Criteria of selecting experimental parameters
Experimental parameters to guarantee high-quality

diffraction patterns for subsequent image reconstructions
are discussed in this section. Figure 2 shows schematically
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Fig. 1 The experimental setup for ptychography method in the STXM
chamber. The FZP was mounted on the ZP holder. The visible light
microscope (VLM), the photodiode (PD) and the PMT detector are out
of the optical path during the experiments. (Color figure online)
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the soft X-ray ptychography geometry with the key
parameters.

We use the reconstruction algorithm based on discrete
Fourier transform (DFT). It is valid only for diffraction
patterns recorded in the far-field condition:

D;robe/()“DSd)< <1, (1)

where Dpope is the diameter of the illumination spot
(probe) on sample, 4 is the wavelength, and Dy is the
sample—detector distance. When the sample is placed out
of FZP focus and the offset distance is larger than the depth
of FZP focus, the probe diameter (based on the geometry of
the first-order focusing of FZP) can be calculated as:

Dprobe = dzsz/f7 (2)

where d, is the offset distance of the sample from the FZP
focal plane, D, is the FZP diameter, and f is its focal
length. By tuning the defocus distance d,, a probe of an
arbitrary size can be obtained in a ptychography experi-
ment. Note that if the sample is placed at the focal plane of
the FZP, the effective probe size is usually 20% larger than
the nominal outermost zone width [35].

The illumination probe overlapping ratio (Fig. 2) is
defined as:

OR=1-— ‘X/Dprobe, (3)

where a is the probe scanning step size. OR > 60% is
necessary for confident image reconstruction [36, 37]. If
the sample is at the focus of the FZP, ptychographic
experiments should be conducted with a scanning step size
that is comparable to the outermost zone width of the FZP.
Using a defocus mode in the ptychography measurements
allows for a larger scanning step size and can tolerate the
machine instability in the data acquisition, but this mode
results in a photon density decline in the illuminated area
of the sample, and so does the intensity of diffraction
signals and the signal-to-noise ratio, accordingly.
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Fig. 2 Schematic layout of the soft X-ray ptychography with key
parameters. The overlapped probe illuminated fields on sample is also
shown. (Color figure online)

As shown in Fig. 3, once Eq. (1) is satisfied, if the
sampling interval for an N x N array on the detector plane
is A4 (i.e., the CCD pixel size), the pixel size A; on the
sample plane is determined by scaling of the discrete
Fourier transform (DFT):

As = )vDsd/Lda (4)

where 4 is the wavelength, Dy, is the propagation distance
of the sample exit wave, and Ly = NA, is the lateral width
of the whole CCD chip. This relationship is extensively
used throughout the image reconstruction process. The
lateral size of the field of view on the sample plane for each
scan position (the “CDI window”) in a ptychography
experiment is:

Ly = NAs = Dy /Aq. (5)

To meet the oversampling requirements [18, 19] in the
sample plane (real space), the probe size used in the
experiment should be smaller than the CD window:

Dprobe < LS . (6)

As the CDI window is determined by Egs. (5), (6) is
equivalent to the oversampling requirements on Dy and Ay
in the detector plane and is more convenient to use, espe-
cially when the sample is out of focus.

4 Data preprocessing and real-time image
reconstruction

The recorded diffraction patterns must be properly
processed before employing the iterative phase retrieval
algorithms. The pre-reconstruction processing includes
background noise removal, image cropping and binning.

As shown in Fig. 4, in order to remove the stray light
scattering, CCD dark current, thermal or read-out noise and
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Fig. 3 Relationship between the sampling interval (i.e., pixel size) on
the sample plane (real space) and that on the detector plane (frequency
domain) which is determined by the scaling of the DFT. (Color
figure online)
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Fig. 4 Background noise removal and image cropping. (a) A typical
raw diffraction pattern sized at 2048 x 2048 from the whole CCD
chip. (b) The CCD dark image where the non-uniformly distributed
background noise is clearly shown. (¢) The diffraction pattern cut out
from the red dashed 1200 x 1200 square area in (a) after employing

non-uniformities across the CCD chip, the pre-reconstruc-
tion processing begins with background noise removal. We
use the difference minimization noise removal method,
which is suitable for most ptychography datasets with clean
diffraction patterns for image reconstruction. In this
method, a reference area R in each diffraction pattern and
in the CCD dark image is selected, in which the diffraction
signals are negligible, and a rescaling factor o; is calculated
by minimizing the difference between the R areas using the
least-squares method as follows:

o = Zx,yER IM,i(xa y)ID(X,y)
l Zx,yeR 112) (‘x7 y) ,

where Iy (x,y) is the measured intensity of the ith
diffraction pattern and Ip(x,y) is the measured intensity of
the CCD dark image. The effective diffraction patterns are
then:

(7)

Lt = Iwi(x,y) — ailp(x,y). (8)

After background noise removal, the center of diffrac-
tion patterns is positioned and the diffraction patterns are
cropped and binned. The binning operation is to take
m x n pixels and average their intensity in a new pixel,
which improves the signal-to-noise ratio of the recorded
diffraction patterns.

The clean diffraction patterns are then used in the iter-
ative phase retrieval computations to obtain the sample
image and/or the probe image. We have implemented a
number of iterative phase retrieval algorithms, including
ptychographic iterative engine (PIE) [38], extended PIE
(ePIE) and parallel PIE (pPIE) [21], position-correction
PIE (pcPIE) [24], nonlinear optimization (NLO) [39],
mixed-states PIE (msPIE) [26], up-sampling PIE (sPIE)
[40], etc. Two HP-820z workstations are installed at the
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the difference minimization noise removal method. The reference
areas R used in the noise removal are also shown. All images are
displayed in log-scale with color scale bar showing intensity counts.
(Color figure online)

BLO8UIA beamline for real-time image reconstructions.
Each workstation has two Intel Xeon E5-2670 2.6 GHz
CPUs (8 cores per CPU, 16 cores total) and 32 GB mem-
ory. One workstation has an NVIDIA GeForce GTX
TITAN Z GPU card (stacked with 5760 CUDA cores and
12 GB on-board memory) and the other has an NVIDIA
TESLA K40 GPU card (stacked with 2880 CUDA cores
and 12 GB on-board memory). The reconstruction codes
are built and run using MATLAB language. Making use of
the MATLAB built-in functions that support CUDA GPU
acceleration (such as fast Fourier transform), real-time
reconstructions can be realized. For example, using a
dataset including 100 diffraction patterns sized
1200 x 1200 (without binning), sample transmission and
probe wave field can be reconstructed simultaneously with
300 ePIE iterations in 5 min using the workstation equip-
ped with the TITAN Z card.

5 Results and discussion

We have imaged various samples using the ptychogra-
phy method developed at the STXM beamline. In this
section, we illustrate three typical examples: a Siemens star
resolution test pattern, Pt—Co alloy nanoparticles, and a
breast cancer cell.

5.1 Resolution test pattern

A Siemens star resolution test pattern (a lithographically
fabricated star-shaped gold nanostructure deposited on a
silicon nitride window) was measured by 708 eV X-rays,
and the estimated probe size was ~3 pum. Using a
1200 x 1200 array of the CCD chip (diffraction patterns
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were binned by 2 x 2 in reconstruction), the pixel size of
the reconstructed image was 8.0 nm. A 10 x 10 raster grid
of the sample positions was scanned with a 500 nm step
size, and the exposure time at each position was 400 ms.
Counting on the read-out time of CCD, it took about 8 min
to acquire 100 diffraction patterns from a
7.5 pm x 7.5 pm square region of the test pattern.

To deal with the influence of finite spatial coherence
within the probe radiation and to improve the reconstructed
image quality, the mixed-states algorithm (multi-mode
probes) was used [41]. The reconstructed amplitude and
phase images of the test pattern are shown in Fig. 5a, b,
respectively. The 30-nm spokes in the center area are
clearly imaged in both images. However, in the phase
image, phase wrapping occurs in the center area. Figure 5c
shows the magnified version of the red dashed square part
in Fig. 5a and is compared with the scanning electron
microscope (SEM) image (Fig. 5d) and the STXM image
(Fig. 5f, 15-nm scanning step) of the same area. The details
in ptychography results are in agreement with the SEM
image; particularly in the phase image, the phase wrapping
areas are highly consistent with the contaminated areas in

the SEM image. The STXM image quality is limited by the
focus spot size of the FZP and has the worst image quality.

To quantitatively estimate the achieved spatial resolu-
tion, we made use of the azimuthal-averaged power spec-
tral density (PSD) and the Fourier ring correlation (FRC)
method. The PSD was obtained by averaging the squared
modulus of the DFT of the image over all azimuths of the
2D DFT, and a multiplicative Kaiser—Bessel window
function was applied prior to the DFT to minimize errors
originating from truncations at the edges of the image [42].
The spatial resolution was determined by the critical fre-
quency where the PSD curve significantly deviates from a
power law decay into a regime dominated by random
fluctuations (~ constant). The PSD curves of Fig. 5c, e are
shown in Fig. 6a, b, respectively. The PSD-derived spatial
resolution of the ptychography image is 8 nm (61.7 pm™"),
which is almost equal to the pixel size of the reconstructed
image, whereas resolution of the STXM image is 32 nm
(15.6 um_l). The FRC [43, 44] method was also used to
evaluate the resolution of the ptychographic reconstructed
image, by measuring the spatial frequency dependence of
the cross-correlation of intensity of the Fourier transforms

Fig. 5 Experimental results of the Siemens star resolution test
pattern. Scale bar 1 pum. The reconstructed amplitude and phase
images of the scanned area in ptychography are shown in (a) and (b),
respectively. Phase wrapping can be seen in the central area of (b).
(c—f) show images of the red dashed squared area in (a) obtained by

(c¢) ptychography, (d) SEM and (e) STXM. The gray scale bar in
amplitude images denotes the transmission ratio which is dimension-
less and less than 1, while the unit of gray scale bar is radian in the
phase image and photon count in the STXM image, respectively.
(Color figure online)
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Fig. 6 Spatial resolution comparison of the ptychography method
(a) and the STXM method (b) using PSD analysis. (¢) The FRC
resolution analysis of the ptychography reconstructions. The half-bit

Fig. 7 Experimental results of
the Pt—Co alloy nanoparticles.
Scale bar 1 pm. (a) The
reconstructed amplitude image
of the scanned area using
ptychography method. (b) The
STXM image of the same area
as (a) with 20-nm scanning
steps. The gray scale bar in
amplitude images denotes the
transmission ratio which is
dimensionless and less than 1,
while the unit of gray scale bar
is photon count in the STXM
image

(a)

from two independent reconstructions under different ini-
tial conditions. The FRC result is shown in Fig. 6¢c, the
spatial frequency where the FRC curve drops below the
chosen threshold line is the estimated resolution. Two
threshold lines are used here, the half-bit threshold deter-
mines the spatial resolution to be 12 nm (42.9 pm_l), and
the 0.5 threshold determines the spatial resolution to be
19 nm. Compared to the FRC method, the PSD method
gives an overoptimistic resolution value. But the spatial
resolution improvement by ptychography over STXM is
clearly shown in the PSD analysis.

5.2 Pt—Co alloy nanoparticles

The sample of Pt—Co alloy nanoparticles
(#100-200 nm) dispersed on the carbon film of a Cu mesh
was measured by 710 eV X-rays, in the estimated probe
size of ~3 um. Using a 1754 x 1754 array of the CCD
chip (diffraction patterns were binned by 2 x 2 in
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threshold determines the spatial resolution as 12 nm, and the 0.5
threshold determines the spatial resolution as 19 nm. (Color
figure online)

reconstruction), the pixel size of the reconstructed image
was 5.5 nm. A 6 x 10 raster grid of the sample positions
was scanned in 500-nm steps, and the exposure time at
each position was 400 ms. Counting on the read-out time
of CCD, it took about 5 min to obtain 60 diffraction pat-
terns from a 5.5 pm x 7.5 pm rectangular region of the
sample.

The reconstructed amplitude image of the sample using
the msPIE algorithm is shown in Fig. 7a, and the STXM
image of the same area in 20-nm scanning steps is shown in
Fig. 7b. Image quality improvement of the ptychography
method relative to the STXM method is clearly visible.
Figure 8 shows the spatial resolution analyses using PSD
and FRC methods. The PSD-based resolution of the pty-
chography reconstructed image is 11 nm (45.6 pm™")
which is twice the pixel size of the reconstructed image,
while the resolution of the STXM image is 39 nm
(13.0 pm_l). From the FRC analysis, the half-bit threshold
determines a spatial resolution of 15 nm (34.2 um™'),
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Fig. 8 Spatial resolution comparison of the ptychography method threshold determines the spatial resolution as 15 nm, and the 0.5
(a) and the STXM method (b) using PSD analysis. (¢) The FRC threshold determines the spatial resolution as 20 nm. (Color
resolution analysis of the ptychography reconstructions. The half-bit figure online)

Fig. 9 Experimental results of
the breast cancer cell. (a) An
STXM image of one whole
breast cancer cell with 100-nm
scanning steps. Scale bar 5 pm.
(b) The reconstructed phase
image of the red dashed
rectangular area in (a) using
ptychography method. Scale bar
2 pm. (¢) The STXM image of
the same area as (b) with 30-nm
scanning steps. Scale bar 2 pm.
The unit of the gray scale bar is
radian in the phase image and
photon count in the STXM
images, respectively. (Color
figure online)
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Fig. 10 Spatial resolution comparison of the ptychography method threshold determines the spatial resolution as 19 nm and the 0.5
(a) and the STXM method (b) using PSD analysis. (¢) The FRC threshold determines the spatial resolution as 24 nm. (Color
resolution analysis of the ptychography reconstructions, the half-bit figure online)

@ Springer



74 Page 8 of 9

C.-P. Wang et al.

while the 0.5 threshold determines a spatial resolution of
20 nm (25.3 pm™ ).

5.3 Breast cancer cell

The breast cancer cells stained with ZnSe quantum
dots were deposited on a silicon nitride window. An
STXM image of a whole cell in 100-nm scanning steps is
shown in Fig. 9a, obtained by 710 eV X-rays, in the
estimated probe size of ~3 pm. Using a 1024 x 1024
array of the CCD chip (without binning in reconstruc-
tion), the pixel size of the reconstructed image was
9.7 nm. A 16 x 9 raster grid of the sample positions was
scanned in 700-nm steps, and the exposure time for each
position was 600 ms. Counting on the read-out time of
CCD, it took about 12 min to acquire the 144 diffraction
patterns from a 13.5 pum x 7.9 um rectangular region of
the cell, which is shown in Fig. 9(a) with a red dashed
rectangle.

The reconstructed phase image of the cell using ePIE
algorithm is shown in Fig. 9b, and the STXM image of the
same area in 30-nm scanning steps is shown in Fig. 9c.
Image quality improvement of the ptychography method
relative to the STXM image is clearly visible. The spatial
resolution analysis using the PSD and FRC methods is
shown in Fig. 10. The PSD-based resolution of the pty-
chography reconstructed image is 13 nm (39.4 pm™"),
while the resolution of the STXM image is 76 nm
(6.6 pmfl). From the FRC analysis, the half-bit threshold
determines a spatial resolution of 19 nm (35.1 umfl) and
the 0.5 threshold determines a spatial resolution of 24 nm
(20.6 pm ™).

The reconstructed images of the three examples above
show great quality improvement compared with the STXM
images. The performance of the soft X-ray ptychography
method at BLOSU1A beamline of SSRF is demonstrated by
the three examples in this section, indicating a sub-20 nm
resolution for strong scattering specimens and a sub-25 nm
resolution for biological specimens.

6 Conclusion

Ptychography is a powerful X-ray microscopy technique
for studying nanoscale specimens in biology, environ-
mental science, materials science, and other fields. To
improve the spatial resolution of the BLOSUIA STXM
beamline of SSRF, we have developed the soft X-ray
ptychography method. The experimental setup and detailed
procedures of the developed soft X-ray ptychography
method are presented. The performance of this method is
evaluated by imaging experiments of different kinds of
samples in material science and life science. The spatial
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resolution achieved for strong scattering specimens is sub-
20 nm. For biological specimens such as the breast cancer
cells stained with ZnSe quantum dots, we have achieved a
spatial resolution of sub-25 nm. The ptychography method
at SSRF will be open to users soon and will be further
improved to realize elements mapping by dual-energy and
energy-stack ptychography. We hope the ptychography
method can benefit users in various fields of science and
technology.
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