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Quantitative phase retrieval with a sub-100-nm resolution is achieved from micrographs of a zone
plate based transmission x-ray microscope. A plastic zone plate containing objects of sizes from
micrometers down to tens of nanometers is used as a test sample to quantify the retrieved phase.
Utilizing the focal serial images in the image plane, the phase information is retrieved quantitatively
across the entire range of sizes by combining the transport intensity equation and self-consistent
wave propagation methods in this partial coherence system. The study demonstrates a solution to
overcome the deficiency encountered in the two phase retrieval approaches. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2724066]

Refractive index imaging technique has emerged as a
solution to the otherwise low contrast in imaging biological
and polymer materials by x rays. Using imaging processing
methods to retrieve quantitative phase information was re-
ported previously for visible light,1 X-ray radiography,z’3 and
electron microscopy,“’5 with applicable range typically lim-
ited to micrometer size. In this work, the approach is applied
in treating images of the zone plate type transmission x-ray
microscope (TXM),*’ which can be applied to specimens of
feature size form micrometers down to tens of nanometers.
We have developed a methodology of using, in a comple-
mentary fashion, two phase retrieval techniques and demon-
strated in high resolution x-ray imaging. A similar study8 but
with different approaches was presented with low resolution
x-ray radiography. The study shows that image interpretation
is more complicated in TXM than that in in-line lensless
phase contrast imaging2 due to the magnification effect. This
approach takes advantage of the strength of the transport
intensity equation®”'® (TIE) and the self-consistent wave
propagation“’5 (SCWP) methods. We demonstrate that the re-
trieved results of our experiments using TXM can be com-
pared directly with simulation.

One way to enhance the 1phase contrast is to use the
Zernike phase contrast method, ! which utilizes a phase plate
in the back focal plane of the objective lens to advance the
phase of light unscattered by sample light by 7/2 or 37/2.
This leads to a transformation of sample phase modulations
into intensity modulations in the image plane. However, the
image intensity recorded with a phase plate contains a mix-

YElectronic mail: frchen@ess nthu.edu.tw

0003-6951/2007/90(18)/181118/3/$23.00

90. 181118-1

ture of absorption and refractive contributions due to the fact
that the phase plate (or ring, for TXM) also acts as an aper-
ture that blocks part of the beam to the image.

To overcome the issues mentioned above, quantitative
phase information can be deduced from recorded intensity by
several imaging processing algorithms, such as TIE and
SCWP."? The TIE method deduces from the wave equation
directly, where the phase information is encoded in the gra-
dient of the intensities recorded at different distances. On the
other hand, the SCWP utilizes the wave propagation between
the object and image planes iteratively to converge the phase
information with the known intensity support. In general,
SCWP is known to retrieve phase more effectively at higher
frequency in an image, while TIE works best with an object
of larger scale (low frequency). The TIE method was applied
to x-ray imaging with parallel illumination® and partially
temporal coherent source” with resolution of several mi-
crometers, while SCWP was applied to an electron micro-
scope at atomic resolution. » However, the resolution be-
tween several micrometers and nanometers with hard x ray is
acheived recently by using zone plate lens®’” and projection
type x-ray microscope.13

The high resolution x-ray images were obtained from a
TXM whose setup is described in detail in our earlier
publications.f”7 The illumination source of the TXM is the x
rays emitted from a superconducting wavelength shifter
at beamline 01B of NSRRC."* In the setup of this study,7 the
focal length is 27 mm for the energy of 8 keV with a mag-
nification of 45. The focal spot of the condenser lens is
~50 um and the convergence angle of the condenser is
~0.18 mrad. The field of view at the objective plane is
15X 15 um?. The depth of the imaging system is estimated

© 2007 American Institute of Physics
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FIG. 1. (Color online) Plastic zone plate is used as the sample. (a) The TXM
image of plastic zone plate recorded at zero focus. The illumination aperture
already gives rise to an edge fringe, and therefore, the image is not really
absorption. (b) A model zone plate, where the white and dark bands corre-
spond to open structures and PMMA structures, respectively. The phase
jump between the white and dark bands is calculated to be 0.17 rad. The
width of each band is given in the figure. The visible field of view is 15 um.

to be ~80 um. By moving the sample along the x-ray propa-
gation direction, a series of defocus series images can be
recorded. This sequence is equivalent to the sequence that
would be obtained by changing the distance of the detector
plane with a multiplication factor M?, where M is the mag-
nification of the TXM, if the defocus distance is small com-
pared to object distance and image distance.

A plastic zone plate was used as a test sample for quan-
titative phase imaging. The plastic structures are made of
1 wm thick polymethyl methacrylate (PMMA) (6=-4.18
X 1070 and 8=9.22x 107 at 8 keV) (Ref. 15) on a 0.5 um
thick silicon nitride. This test zone plate was used as the
mold to fabricate gold zone plates, thus there is no PMMA at
the center of the plastic zone plate. The phase shift intro-
duced by the PMMA structures is 0.17 rad, calculated by
@=2m(58d/\), where the ¢ is the phase difference, d is the
thickness of PMMA, and M\ is the x-ray wavelength
(0.155 nm at 8 keV).

A set of 70 defocus images of the test plastic zone plate
was taken with a defocus step of 20 wm, ranging from
—400 to +980 wm compared to the focused images.12 The
exposure time was 2 min for each image. An x-ray image of
this zone plate recorded at focus is shown in Fig. 1(a), which
was recorded at the focus position. The defocus images were
aligned and normalized against background taken without
specimen. In order to quantitatively analyze the retrieved
phase from the experimental images, we compared the re-
trieved phase with that from simulated images of a model
zone plate. The model zone plate, shown in Fig. 1(b), has the
same dimension as the measured zone plate. The phase jump
between the white (air gaps) and dark (the PMMA) bands is
set at 0.17 rad.

Three experimental images recorded at the distances of
—400, 20, and 980 wm are shown as examples in Figs.
2(a)-2(c), in which the resulting Fresnel fringes from defo-
cus can be clearly observed. As shown in Figs. 2(d)-2(f), the
Fresnel fringes in the simulated images of the same optical
conditions are in good agreement with experimental images.
2% of noise in root-mean-square (rms) value was added in
the simulated images to facilitate the visual comparison.

Appl. Phys. Lett. 90, 181118 (2007)
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FIG. 2. Experimental and simulated images of TXM. The images in the top
row [(a), (b), and (c)] are experimental images taken at positions —400, 20,
and 980 um from left to right, respectively. The bottom row shows simu-
lated images of the model zone plate at —400, 20, and 980 um from left to
right [(d), (e), and (f)]. The simulation condition is with the convergent
angle a=1.8X10™* with 2% noise. The values at the bottom of the image
are the maximum and minimum of the image.

Both TIE and SCWP are algorithms to retrieve the phase
from a series of recorded intensities of image planes located
at equal distance. The SCWP retrieves the phase by an itera-
tive algorithm that replaces the modulus of the propagated
wave at each image plane by the measured intensities. The
TIE solves the phase ¢ using the gradient of recorded inten-
sities for different distances. The TIE equation is given
below.
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where H is the reciprocal lattice vector, k is the wave vector
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FIG. 3. (Color online) For SCWP, the upper bound is set by the spatial
incoherence, depicted as a red line, and the lower bound is set by the phase
factor in the propagator mAAfH?, depicted as a cyan line, where \ is the
wavelength and Af is the focal distance. For the TIE, the lower bound is
determined by the noise, shown as a dark blue line, while the spatial inco-
herence, shown as the cyan line, and the separation of image planes are
responsible for the upper bounds, shown as the green lines; these Jines are
given by Ref. 16.
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FIG. 4. (Color online) Results of three phase retrieval methods. (a) and (b),
the image and the line plots of the phase retrieved by SCWP. (c) and (d), the
image and the line plots of the phase retrieved by TIE. (e) and (f), the image
and the line plots of the phase retrieved by the combined method. For the
combined method, the retrieved phase image by TIE, as shown in (c), from
+400 um experimental image pairs was used as an initial solution for
SCWP. The red and blue lines are the plots of the retrieved phase using the
simulated and experimental images, respectively. The green plot is the ideal
object phase from the plastic zone plate.

and is equal to 27/\, I is the intensity at position of zero
focus, and J and J~! are the Fourier and inverse Fourier
transformations. The dI/dz is the gradient of the intensity.
The gradient of intensity is usually determined from image
pairs symmetrically located at equal distance from the zero
focus.

The applicability of TIE and SCWP in terms of the focal
distance as a function of object size is discussed in detail in
a previous paper,]6 and the applicable parameter space for
each method is shown in Fig. 3. Note that those boundary
lines in Fig. 3, however, depend on the presence of noise and
may vary in different experimental cases. The blue boxes
denoted as TIE area 1 and SCWP area 2 in Fig. 3 are the
estimated applicable range for TIE and SCWP for this ex-
periment. The horizontal axis in Fig. 3 is the spatial fre-
quency of the object, and the vertical axis is the defocus
distance. The spatial frequency range of the type recorded
ranges between ~6.6X 1072 lines/ pmm, the inverse of the
15 um field of view, and 1.7 X 10! lines/ wm, the maximum
frequency for a 512 X 512 pixel image. It is obvious that TIE
or SCWP alone is not sufficient to fully cover the whole
frequency range. Thus, the strategy of phase retrieval is to
use the TIE for data of large distance to have better low
frequency response and then use the SCWP for data of short
distance to have better high frequency response. Based on
the estimated applicable range shown in Fig. 3, the TIE has a
better response in the frequency range below 2.7 lines/ um,
which is from the defocus distance of 1400(x700) wm;
which is confirmed by the simulation. The low frequency of
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SCWP is around 0.57 line/ um; the result is confirmed by
both simulation and experiment.

The retrieved phase by the TIE using experimental im-
age pairs at +400 um served as an initial solution for SCWP
to refine. The results of the three methods, SCWP, TIE, and
combined methods, are shown in Fig. 4. The red and blue
lines are the line plots of the retrieved phase from the simu-
lated and experimental images. The green plot is the ideal
object phase from the model zone plate. In SCWP, the ex-
periment result agrees well with simulation data and has
lower response and lower frequency. In TIE, the result has
better response at low frequency, and in Fig. 4(c), the details
of the image are blurred because of the lower response at
high frequency. The result of the combined methods is
shown in Figs. 4(e) and 4(f). The SCWP therefore improves
the phase recovery at higher frequency, while it keeps the
phase unaltered at lower frequency. The signal of higher fre-
quency can also be seen from the appearance of the fine
features of nanoscale particles.

In conclusion, we demonstrate that the phase retrieval
methods of TIE and SCWP can be applied to the zone plate
type transmission Xx-ray microscope at sub-100-nm resolu-
tion. The quantitative phase of a test plastic zone plate con-
taining an object size across the applicability ranges of TIE
and SCWP can be deduced efficiently using the combination
of TIE and SCWP.
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