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Abstract—The results of the experimental study at the KISI-Kurchatov synchrotron source of the new phase-
contrast imaging scheme for micro-objects using a nanofocusing compound refractive lens are presented.
Visualization with submicron spatial resolution of a Fresnel zone plate with the width of the outer zones less
than 0.5 um is demonstrated. It is found that in the performed experiments the main contribution to the
instrumental function, which limits the spatial resolution, is due to the vibrations of the optical scheme ecle-
ments. The possibility of using the proposed scheme for estimating the beam transverse size at the focus of
the compound refractive lens, with allowance for the instrumental function, is demonstrated.
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INTRODUCTION

The creation of the third-generation synchrotron
radiation (SR) sources in the end of the last century
stimulated active development of the methods of
coherent X-ray microscopy for studying the structure
of organic and inorganic micro-objects. The develop-
ment of such methods of study appears to be especially
urgent in Russia in view of the development of fourth-
generation SR sources [1] for structural analysis with
a nanoscale spatial resolution [2]. The simplest and
most widespread method is X-ray phase-contrast
microscopy [3].

The advantages of near-field phase-contrast
microscopy over other methods for visualizing micro-
objects are the absence of strict requirements to the
spatial coherence of the SR beam and the possibility of
direct observation of the characteristic features of the
micro-object studied (size, period, etc.). However,
when studying relatively small micro-objects (less than
10 um in size), this method meets a problem related to
the insufficiently high resolution of modern area
detectors for recording images of this size. This prob-
lem can be overcome using nanofocusing X-ray
optics, which forms a secondary SR source before the
sample studied. The SR beam, diverging after the sec-
ondary source, provides a geometric magnification of

the image, with conservation of the near-field diffrac-
tion condition.

A scheme of phase-contrast microscopy was pro-
posed and theoretically considered in [4]; in this
scheme, the secondary SR source is formed using a
nanofocusing compound refractive lens (NCRL) [3, 6].
A numerical experiment on imaging a photonic crystal
structure showed that this scheme makes it possible to
visualize a structure with a period less than 0.5 um.

In this paper, we report the results of the first
experimental study of this scheme by an example of
imaging the structure of a Fresnel zone plate (FZP)
with a width of outer zones less than 0.5 um. The
KISI-Kurchatov synchrotron radiation source was
used. It was found that NCRLs can successfully be
used even with a source having a relatively low degree
of spatial coherence when applying a method that does
not require a high spatial coherence. Experimentally
recorded phase-contrast images made it possible to
determine the FZP structure period in the region of
outer zones with a submicron accuracy. An analysis of
the obtained experimental data showed that it is the
vibrations of the optical scheme elements rather than
the finite spatial coherence of the SR beam that most
greatly deteriorate the spatial resolution.
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THEORETICAL BASES

We will briefly consider the theory of coherent
X-ray optics. The scalar wave field of monochromatic
SR with energy F, propagating along the optical axis z,
is presented in the form of the product of a slowly
varying function and a rapidly varying exponential:

¥ (x,2) = exp (ikz) W (x.2), (1)

where k= 2mt/A is the wavenumber, A = hc/E is the
radiation wavelength, 4 is Planck’s constant, and c is
the speed of light in vacuum. The measurable in the
experiment is the SR intensity, and it is sufficient to be
limited to the consideration of only the slowly varying
function y(x, 7). The quantity y(x, z) will be referred
below as the SR wave function (WF).

The WF transfer along z over empty space from gz,
to z; is described in correspondence with the Huy-
gens—Fresnel principle:

W(X,Z])=P(X,Zl—Z())*\If(x,zo), (2)

where P(x, ) = (ilz)~?exp(inx?/Az) is the Fresnel
propagator. The symbol * denotes the convolution
operation.

The change in the WF when passing through a
fairly thin micro-object can be described in the pro-
jection approximation using multiplication by the
transmission function

T(x) = exp(ik [n —1]1(x)), (3)

where 7 is the complex refractive index of SR in the
micro-object material and #(x) is micro-object thick-
ness along the z axis.

On SR sources, it is individual electrons that emit
in a bending magnet or undulator. Each electron emits
a spherical wave in the intrinsic coordinate system;
however, because of the relativistic effects, the radia-
tion beam has a small angular divergence during prop-
agation along the z axis. Individual electrons emit
spontaneously at different times and, therefore, inco-
herently. This fact determines the specific way of tak-
ing into account the transverse source size w,. It is nec-
essary to calculate the radiation intensity on the detec-
tor from each point and then to sum the intensity from
all points. For a point SR source with a coordinate x,,
located at a distance z, from the micro-object studied,
the WF on the detector, located at a distance z, after
micro-object, is described, in correspondence with (2)
and (3), by the expression

W, (x,x,) = P(x,24) *T(xX)P(x — x;,2,). (4

The distance z, is generally several tens of meters;
therefore, the WF incident on the sample studied can
approximately be considered as a plane wave if the
source size w, is sufficiently small. In this case,

Y(x) = P(x, zq) * T(x). (5)
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It follows from the theory that the intensity distri-
bution 7,(x) = |y,(x)]* depends on three parameters:
radiation wavelength A, micro-object size D, and the
distance z, at which the image is recorded. This depen-
dence is expressed in terms of the diameter of the first
Fresnel zone D;= 2(Az)"/2. The near-field diffraction
region corresponds to the condition D> Dj, at which
intensity contrast arises at the micro-object edges.

The near-field region is used in phase-contrast
microscopy [3, 7] for direct observation of the bound-
aries of objects studied. However, when passing to the
study of micro-objects, there arises a problem related
to the fact that the image size in the near field is
approximately equal to the micro-object size. The res-
olution of modern area detectors (~0.5 um) is insuffi-
cient for recording images of this size. In addition, the
distance at which the near-field condition is imple-
mented may be less than 1 mm for micro-objects,
which also hinders performance of experiments.

The aforementioned problems can be solved with
the aid of nanofocusing X-ray optics, which is used to
form a secondary SR source before the sample stud-
ied. This optics provides geometric magnification of
the recorded image, as can be shown by transform-
ing (4) in the following way:

] (X,XS)P_I(X—XS,Zt) (6)
= P(xe + xszd/zra Ze) * T(xe)’

where L= % + gy Xe = X/Ma Ze = Zd/Ma M= Zt/zs'
The parameter M is the factor of geometric magnifica-
tion of sizes on the detector in comparison with the
sizes on the object. The Fresnel propagator in the left-
hand side of (6) does not affect the shape of the inten-
sity profile and only scales the image intensity in cor-
respondence with the energy conservation law.
The right-hand side of (6) for x,= 0 is equivalent
to (5), but for other scale x, and diminished distance to
the detector, z,. A displacement of a point SR source
in the direction perpendicular to the optical axis leads
to displacement of image as a whole by —xz,/z,. Thus,
locating the point SR source sufficiently close to the
micro-object studied, one can increase significantly
the phase-contrast image size with conservation of the
near-field condition for the effective distance z,.

A scheme was theoretically considered in [4],
where the secondary SR source is formed using a pla-
nar NCRL (Fig. 1a). Planar NCRLs, fabricated using
the technology of deep anisotropic etching of silicon
[5, 6], belong to the most promising SR nanofocusing
tools. The developed technology of deep anisotropic
etching of silicon makes it possible to form precisely
NCRLs with an aperture of 50 wm or less
(Figs. 1b, 1c). The refracting surface of these NCRLs
is a parabolic cylinder, which provides linear focusing
of a coherent beam to a transverse size less than 50 nm
[8]. NCRLs consist of many individual elements,
which are characterized by the following set of param-
Vol. 69
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eters: aperture A; refracting surface curvature radius R;
minimum thickness d; and element length along the
optical axis, p = d + A?>/4R. Note that relatively long
NCRLs, the focal length of which is comparable with
their geometric length, cannot be considered in the
projection approximation; therefore, other approaches
must be used to calculate the focused beam in this
case. The theory of SR focusing using NCRLs was
developed in [9—13]. Theoretical consideration was
performed for both strongly absorbing NCRLs [9—
11], for which the influence of the aperture of ele-
ments can be neglected, and weakly absorbing ones
[12, 13], for which the finite aperture affects the focus-
ing result. To calculate the wave function after an
NCRL for the aforementioned cases, one can use, for
example, the universal XRWP program [14], designed
for carrying out calculations in the field of coherent
X-ray optics. In addition, there is an on-line program
[15], which allows one to calculate the focused beam
parameters [11].

It follows from the theory of strongly absorbing
NCRLs that the wave function of radiation after an
NCRL is a Gaussian beam, characterized by an angu-
lar divergence AB and focal FWHM (full width at half
maximum) w,. These parameters are interrelated in the
following way:

w, = (2In2/m)(A/A) = 0.441(A/A8).  (7)

It is known that, for a Gaussian beam at a distance
7> zz from the focus, where zz = (1t/2In 2)(Wf/7\,) =
2.27(wf/k) is the Rayleigh length, the transverse
dependence of the WF phase is parabolic; i.e., it cor-
responds to the radiation from a point source in the
paraxial approximation. Thus, the Gaussian beam
after an NCRL can be used, similarly to a point
source, to magnify the image. The only difference is
that the intensity of this beam has a finite angular
divergence. The angular divergence of the beam must
be taken into account to ensure complete illumination
of the micro-object or its region under study. For
example, for the radiation energy £ = 18 keV and beam
size in the focus w,= 50 nm, the angular divergence is
AB = 606 urad. The Rayleigh length is zz = 82 um in
this case. At the distance z = 100 z;z from the NCRL
focus, the SR beam FWHM is 5 um, which quite suf-
ficient to illuminate micro-objects.

Note also that the SR beam nanofocusing using
NCRL can be implemented only using coherent radi-
ation. For an extended SR source, the beam in the
NCRL focus is a diminished source image, whose size
exceeds the focal size for coherent radiation. The size
of the SR source image can be determined within the
theory of NCRL focusing, in particular, using the on-
line-program [15]. Thus, the resolution of the phase-
contrast scheme with a secondary source is deter-
mined by the incoherent beam size in the NCRL
focus.
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Fig. 1. (a) Scheme of phase-contrast microscopy using a
planar NCRL: (/) monochromatic SR beam, (2) NCRL,
(3) micro-object, and (4) detector. (b) Schematic image of
an NCRL element. (¢) SEM image of a planar NCRL on
a silicon surface (the NCRL element is framed).

EXPERIMENTAL DETAILS

The experimental study of the method of X-ray
phase-contrast microscopy using NCRL (Fig. 1a) was
performed on the XCPM (X-ray Crystallography and
Physical Materials Science) beamline of the KISI-
Kurchatov synchrotron source.

A photograph of the experimental scheme is pre-
sented in Fig. 2a. The SR source on the XCPM beam-
line is a bending magnet, located at a distance gz, =
15 m from the sample. The size of the SR source
formed by the bending magnet is well approximated by
a two-dimensional Gaussian function with FWHM of
~100 x 1000 um? in the vertical and horizontal direc-
tions, respectively. The angular divergence of the SR
beam is approximately 100 x 1000 urad? in the corre-
sponding planes. A more detailed technical descrip-
tion of the beamline can be found in [16].

The SR beam was monochromatized using a dou-
ble-crystal Si(111) monochromator, whose angular
position was tuned to the photon energy £ = 18 keV.
The monochromator provided a relative spectral reso-
lution AE/E~ 107*. To suppress higher harmonics
with energies multiple of the ground harmonic
energy F, the second monochromator crystal was
detuned from the exact Bragg position by approxi-
mately 10 urad. With this tuning, the ground harmonic
intensity was ~80% of the maximum value.

The SR beam focusing (aimed at forming a sec-
ondary source) was performed using an integral silicon
chip with one-dimensional focusing NCRLs of differ-
ent length (with different numbers of elements) and
the following parameters of elements (Fig. 1b): A=
50um, R= 6.25um, d= 2um, and p= 102 um.
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(b)

Fig. 2. (a) Photograph of experimental scheme elements: (/) five-circle goniometer, (2) silicon chip with NCRL, (3) frame holder
with FZP, (4) area detector, and (5) piezo drivers. (b) SEM image of a linear silicon FZP (the region exposed to the SR beam is

framed).

Focusing was carried out in the vertical (x, z) plane.
The chip was installed on a five-circle goniometer for
spatial and angular NCRL positioning when tuning
the optical scheme. The focused-beam parameters
were estimated using the on-line-program [15]. The
experiment was performed using an NCRL with
alength L= 1.35cm (132 elements), for which the
strong-absorption condition is fulfilled; i.e., the
focused SR beam can be considered as Gaussian with
a high accuracy. For the aforementioned parameters
of the experiment and NCRL elements, the theoreti-
cal values of the focal length and beam size in the focus
were z;= l.1l cm and w,= 50 nm, which provided
arelatively high angular beam divergence after the
focus: AG = 606 urad.

As a model sample, we used a linear silicon FZP
(Fig. 2b) [17], which was fabricated on a single-crystal
silicon membrane with a total thickness /, = 12 um
and had the following parameters: aperture A4, =
387 um, difference in the thicknesses of even (trans-
parent) and odd (opaque) zones 4, = 5 um, outer zone
width d, = 0.4 um, and number of zones N,= 242.
The FZP in a special holder frame was installed on
piezo drivers (SmarAct), providing positioning with
a nanoscale accuracy, and arranged so as to make lin-
ear zones be oriented perpendicular to the focusing
plane and the optical axis z pass through the transpar-
ent zone with the number /= 162. The width of the
FZP zones in this region is ~0.49 um. The distances
from the NCRL focus to FZP was set to be z,=
0.75cm, which provided illumination of about
10 neighboring zones by the divergent SR beam within
the beam FWHM w; =4.55 um. The area of FZP illu-
mination by the SR beam is framed in Fig. 2b.

Intensity distribution images were recorded using
a two-dimensional X-ray sCMOS detector XSight
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Micron (Rigaku) with a resolution of ~0.5 um. The
detector was installed at a distance z; = 19.6 cm from
the sample. Thus, the total length of the experimental
scheme (from the NCRL end to the detector) was less
than 22 cm at a magnification factor M = 27. With
allowance for the increase in sizes on the detector in
comparison with the sample, the effective resolution
of the detector in the vertical direction was ~20 nm.
In the first stage of the experiment, the empty SR
beam images after the NCRL focus (without a sample)
were recorded in order to estimate the accuracy of tun-
ing the focusing scheme. Then the FZP spatial posi-
tion after the NCRL focus was tuned, and enlarged
phase-contrast images were recorded.

RESULTS AND DISCUSSION

Enlarged images of the empty SR beam after the
NCRL without a sample (on the left) and with a sam-
ple (FZP, on the right) are presented in Fig. 3. For
one-dimensionally focusing NCRLs, image is magni-
fied in only the vertical direction. For this reason, the
scales over the x and y axes in the presented images dif-
fer by a factor of 10. In theory, when radiation propa-
gates from a point source along the optical axis z
through objects having a constant thickness along
the y axis, the intensity distribution is also indepen-
dent of y. The experimentally observed smooth falloff
of intensity along the y axis at the image edges is
explained by the finite NCRL aperture along the y axis
and relatively large size of the SR source in the hori-
zontal plane. At the same time, the beam after the
NCRL (Fig. 3a) has a Gaussian shape along the x axis,
which corresponds to the theory of focusing using
strongly absorbing NCRLs.

A comparison of the images in Fig. 3 shows that the
insertion of the FZP into the beam leads to the occur-
Vol. 69
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Fig. 3. Experimental images of (a) the SR beam after the NCRL and (b) the FZP phase contrast.

rence of a fairly strong contrast in the intensity distri-
bution (Fig. 3b). The occurrence of the contrast is due
to the difference in the SR wave function phases after
the FZP in the regions corresponding to zones of dif-
ferent thickness (transparent and opaque zones). It is
known that, in the near field for homogeneous
objects, contrast is observed primarily at their bound-
aries, i.e., in the regions of thickness variation. Thus,
two intensity peaks and two intensity dips, corre-
sponding to the boundaries of the zone with a sharply
changing thickness, should be observed in the image
of the FZP structure in near field for each zone. How-
ever, the experimental data were obtained for the
effective distance z, = 0.73 cm, at which the near-field
condition is not fulfilled strictly for a zone width of
0.49 um. As a result, the contrast at the zone boundar-
ies is blurred, and the experimentally observed inten-
sity peaks and dips correspond, respectively, to the
transparent and opaque FZP zones. This effect was
considered in [4] when simulating the phase contrast
of a photonic crystal. Nevertheless, even in this case
the structure period can be experimentally determined
with a high accuracy. For example, the distance
between the central peaks in the enlarged FZP image
i$26.5 0.5 um. Dividing this value by the magnifica-
tion factor M = 27, we obtain 0.98 = 0.02 um, which
coincides (within the error) with the period of FZP
zones in the region exposed to the SR beam. Thus, the
proposed scheme of phase-contrast microscopy
makes it possible to determine the period of micro-
object structure with a submicron spatial resolution,
without any complex mathematical processing.

A more detailed analysis of the experimental data is
presented in Fig. 4 for the central region of images in
Fig. 3. The corresponding experimental intensity dis-
tribution curves (round symbols) are given in compar-
ison with the simulation results and least-squares
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method (LSM) fitting [18]. Fitting of the SR beam
intensity after the NCRL (Fig. 4a) was performed
using a Gaussian function, in correspondence with the
NCRL focusing theory. The theoretical results of
LSM fitting are presented by a solid line. It can be seen
that the experimental data are described well within
this model, except for the artifacts near the peak value.

The presence of such artifacts may be due to both
the SR beam inhomogeneity before the NCRL and
the insignificant deviation of the topology of the
refracting surface of NCRL elements from a parabolic
shape. The model curve FWHM is 123.5 £ 0.4 um,
which coincides (within the error) with the results of
theoretical calculation for a point source: 123.4 um.
The influence of the SR source finite size is weak at a
large distance from the NCRL focus [8]. The coinci-
dence of the experimental and calculation data is
indicative of high accuracy of optical scheme tuning
and possibility of applying theoretical calculation of
NCRL focusing in the analysis of FZP phase-contrast
data.

To analyze the experimental curve of FZP phase
contrast (Fig. 4b), we performed a theoretical calcula-
tion of the intensity distribution at the detector posi-
tion for a point source using the parameters of the
experiment and the FZP parameters. This curve is
shown in Fig. 4b by a dashed line. It can be seen that
the contrast in the theoretical curve is more detailed as
compared with the experimental data, because it is
completely coherent. Under real experimental condi-
tions one observes blurring of the coherent phase-con-
trast pattern, which is caused by the finite size of
the SR source and some other factors, including
vibrations of optical scheme elements.

As practice shows, the effects causing intensity
averaging can be taken into account in simulation
using convolution of the calculation results for a point
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Fig. 4. Experimental intensity distribution curves (round symbols) in comparison with the simulation results: (a) SR beam after
NCRL and (b) FZP phase contrast. The solid and dashed lines present the LSM simulation results and the results of calculation

for a point SR source.

source with the instrumental function in the form of
a Gaussian. This procedure is valid for a set of random
factors, described by a normal distribution, in view of
the associativity of the convolution operation. In sim-
ulation the instrumental function FWHM is a variable
parameter when the discrepancy between the calcula-
tion and experimental curves is minimized by the
LSM. The smoothed calculation curve after minimi-
zation is shown in Fig. 4b by a solid line. The instru-
mental function FWHM for the presented curve is
w;= 14.4 £ 0.5 um. It can be seen that, after averag-
ing, the model intensity profile describes fairly exactly
the experimental data, which validates the smoothing
procedure in use.

The obtained w; value determines the spatial reso-
lution of the enlarged phase-contrast image at the
detector position. With allowance for the geometric
magnification, the effective resolution is determined
asw, =w;/M = 530 £ 20 nm. The parameter w, may be
identified with the enlarged (because of the instru-
mental function) size of the secondary source in the
NCRL focus. The physical meaning of this parameter
is as follows: the beam FWHM in the NCRL focus,
w,= 50 nm for a point source, increases due to the
finite size of the SR source and displacement of the
focus position relative to the sample in the direction
perpendicular to the optical axis because of the vibra-
tions.

A calculation of the beam FWHM in the focus with
allowance for the vertical size of the SR source
(100 um) gives a value of 132 nm, which exceeds the
value for the point source; however, it is smaller than
the experimental value w, by a factor of more than 4.
Thus, one can suggest that the largest contribution to
the deterioration of spatial resolution in the performed
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experiment is made by specifically the vibrations of the
experimental scheme elements. Having excluded this
factor, one can theoretically obtain a resolution as high
as ~100 nm using the proposed scheme. Even better
resolution can be obtained using a coherent SR beam
on third- and fourth-generation SR sources.

It is of interest to compare the obtained results with
the data of [19] by measuring the SR beam size in the
NCRL focus. In this study, we also performed mea-
surements on the XCPM beamline of the KISI-
Kurchatov synchrotrone source under similar experi-
mental conditions: radiation energy £ = 18.6 keV and
NCRL length L = 1.1 cm (104 elements). The theoret-
ical beam FWHM in the focus for these parameters,
with allowance for the SR source size, was 166 nm.
The beam FWHM in the focus was determined by the
knife-edge scanning method to be 460 £ 70 nm. The
increase in the experimental value in comparison with
the theoretical estimate was also explained by the
vibrations of optical scheme elements. The beam size
in the focus, measured in [19], coincides within the
error with the w, value obtained here. Thus, the
scheme proposed in this study can be used not only to
analyze the structure of micro-objects but also to esti-
mate the enlarged (because of the instrumental func-
tion) beam size in the NCRL focus using model
objects with a known structure. As compared with the
knife-edge scanning method, this scheme is simpler,
because it does not require to perform many beam
scannings in the vicinity of the focus.

CONCLUSIONS

A new scheme of phase-contrast microscopy based
on a silicon NCRL, which is used to form a secondary
No. 6
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SR source, was experimentally implemented for the
first time on the XCPM beamline of the KISI-Kurch-
atov synchrotrone source. A submicron spatial resolu-
tion was demonstrated by the example of imaging the
structure of the FZP outer zones. The experimental
value of the FZP zone period turned out to be 0.98 £
0.02 um, which corresponds to the real period in the
region of the FZP illumination by the SR beam.
A comparison of the phase-contrast model curves
with the experimental data showed that the deteriora-
tion of the spatial resolution on the XCPM beamline
of the KISI-Kurchatov source is mainly caused by the
vibrations of optical scheme elements rather than par-
tial spatial coherence of the SR beam. With this factor
excluded and a coherent SR beam used, the scheme
proposed in this study theoretically makes it possible
to visualize the structure of micro-objects with a reso-
lution below 100 nm. This scheme can also be used to
measure the beam size in the NCRL focus, enlarged in
comparison with the theoretical value because of the
instrumental function influence.
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