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We developed a high-spatial-resolution scanning x-ray fluorescence microscope (SXFM) using
Kirkpatrick-Baez mirrors. As a result of two-dimensional focusing tests at BL29XUL of SPring-8,
the full width at half maximum of the focused beam was achieved to be 50 X 30 nm? (VX H) under
the best focusing conditions. The measured beam profiles were in good agreement with simulated
results. Moreover, beam size was controllable within the wide range of 30—1400 nm by changing
the virtual source size, although photon flux and size were in a trade-off relationship. To demonstrate
SXFM performance, a fine test chart fabricated using focused ion beam system was observed to
determine the best spatial resolution. The element distribution inside a logo mark of SPring-8 in the
test chart, which has a minimum linewidth of approximately 50—60 nm, was visualized with a
spatial resolution better than 30 nm using the smallest focused x-ray beam. © 2006 American

Institute of Physics. [DOL: 10.1063/1.2358699]

I. INTRODUCTION

In the hard x-ray region, x rays having beam sizes of less
than 100 nm have already been realized using optical devices
such as Fresnel zone plates,1 refractive x-ray lenses,2 and
Kirkpatrick and Baez (KB) mirrors.”’ Hard x-ray micro-
scopes equipped with these focusing devices are currently
hot topics of research and development. Actually, the appli-
cations of x-ray microscopes have expanded to various fields
of material,® medical and biological sciences.” !

A scanning x-ray fluorescence microscope (SXFM) is an
imaging tool with which the element distribution of a sample
can be visualized using x-ray fluorescence generated by the
focused hard x-ray irradiation of the sample. Because the
excitation beam consists of hard x rays, there is no need to
install samples under vacuum.

In this microscopy, spatial resolution and sensitivity de-
pend on, respectively, beam size and photon flux. From the
viewpoint of sensitivity, the combination of a synchrotron
radiation source, which can generate the brightest x ray, and
KB mirrors, which have high focusing efficiency, is one of
the most powerful focusing systems for a SXFM. In terms of
spatial resolution, the previous re:port4 regarding hard x-ray
nanofocusing suggests that KB mirrors enable us to obtain a
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nanobeam having a full width at half maximum (FWHM) of
better than 40 nm. Owing to achromatic focusing using total
reflection on a mirror surface, we can select the most effi-
cient energy of x rays for various samples and experimental
conditions.

In this study, we developed a SXFM which makes it
possible to visualize the element distribution inside a sample
at a high spatial resolution better than 30 nm using both KB
mirrors focusing system and an energy-dispersive spectrom-
eter as an x-ray fluorescence detector. The most important
feature is that the mirrors employed in this study were opti-
mally designed and fabricated to achieve diffraction-limited
focusing at 45 m downstream of a virtual light source pro-
duced by a slit. Owing to the distance of 45 m, x-ray beam
size is controllable over a wide range by merely adjusting a
virtual light source size.

Focusing tests and demonstration of the SXFM were
performed at the new second experimental hutch (EH2) of
BL29XUL'? (SPring-8). As a result of focusing tests, a beam
size of 30X 50 nm? was achieved under the diffraction-
limited condition by selecting a light source size of less than
10 wm. Moreover, beam size could be controlled over a wide
range from 30 to 1400 nm (at FWHM) by changing light

© 2006 American Institute of Physics
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FIG. 1. Optical system designed for hard x-ray nanofocusing.

source size from 10 to 1000 um. These results are in good
agreement with simulated beam profiles. It was confirmed
that the focusing system has good controllability for the
SXFM. As a result of observation of a SPring-8 logo mark
having a size of approximately 3 X 0.7 um? on a test chart,
the SXFM enabled us to visualize the element distribution of
the logo mark at a spatial resolution better than 30 nm.

Il. SCANNING X-RAY FLUORESCENCE
MICROSCOPE

A. X-ray focusing optical system using KB mirrors

The new EH2 at BL29XUL of SPring-8 was newly built
in May 2005 to study hard x-ray nanofocusing and hard
x-ray microscopy. This hutch is placed 98 m downstream of
an undulator. To utilize this hutch as efficiently as possible,
KB mirrors designed specially for the hutch were fabricated
with a figure accuracy of subnanometer order in Osaka
University.B_15 Available x-ray energy was selected to be
less than 19 keV to be able to detect all elements using x-ray
fluorescence (available within the range of 4.4—19 keV at
BL29XUL). Working distance was designed to be relatively
long (as long as 100 mm) considering the practical use of the
Xx-ray microscope system, so that we keep the room where
users can apply x-ray nanobeams in various experiments by
only replacing a sample-scanning unit just downstream of
the focusing system. A TCI slit'® located just downstream of
a double-crystal monochromator (DCM) is used to control
virtual light source size. The optical system and parameters
of elliptical mirrors employed in the SXFM system are
shown in Fig. 1 and Table L.

In the case of a relatively short distance of 45 m from a
virtual light source to mirrors, the lower limit of beam size
does not depend on only mirror aperture and focal length but
also largely on light source size. However, under the condi-

TABLE I. Parameters of elliptical mirrors.

First mirror Second mirror
Glancing angle (mrad)® 3.80 3.60
Mirror length (mm) 100 100
Mirror aperture (um) 382 365
Focal length (mm) 252 150
Numerical aperture 0.75%x1073 1.20%x 1073
Coefficient a of elliptic 23.876 X 103 23.825X 103
function (mm)
Coefficient b of elliptic 13.147 9.609
function (mm)
Diffraction limited focal size 48 29

(nm, FWHM)

Glancing angle at the center of the mirror.

Rev. Sci. Instrum. 77, 103102 (2006)
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FIG. 2. Relationship between slit size and FWHMs predicated by wave-
optical calculation.

tion of an adequately small source size, the smallest focus
size is limited by mirror aperture size and focal length, i.e.,
the diffraction limit. In this case, photon flux and beam size
are in a trade-off relationship. Figure 2 shows relationships
between TC1 slit size and beam size predicted by wave-
optical calculations. Under the conditions of a slit size of
smaller than 10 um, it is expected that diffraction-limited
focusing can be realized. The slit can be no longer opened
beyond a size of 1 mm because the beam broadening at the
position of the slit is approximately 900 X 600 um? (FWHM,
HX V). As a result of this calculation, it was expected that
the beam size could be easily controlled within the range
from 29 nm to micron order merely by changing the slit size
from 10 to 1000 pm.

B. SXFM system

Figure 3 shows a schematic drawing of the SXFM sys-
tem. A mirror manipulator,17 which was developed specially
for high-accuracy positioning of KB mirrors, enables adjust-
ment of mirror angle with the alignment accuracy required
for diffraction-limited focusing. To detect x-ray fluorescence
and transmitted x rays, respectively, a silicon drift detector
(SDD, Réntec, Co., Ltd.) and a p-i-n photodiode were em-

Sample scanner AW PIN photodiode
& Sample ho]der‘ga‘: —

SDD
— ANy

K-B mirrors

Ton chambelr// :

MCA to analyze pulse
signals from the SDD

é/ Mirror manipulator
- (e

4D slit
f (TC1 Slif)

FIG. 3. Schematic drawing of scanning x-ray fluorescence microscope sys-
tem.

PC to control SXFM system
and analyze data



103102-3 Scanning x-ray fluorescence microscope

14
f .
12 F ¢ | $  ~2~101m (Experimental)
? \ “l & 50um (Experimental)
\igg Ay —°—100um (Experimental)

210 T Ry i — 10pm (Calculated)
< | —50pm (Calculated)
508 — 100pm (Calculated)
@
20
5 0.6
C
o
=
=04

0.2

0.0 #

-1000 -500 0 500
Position (nm)
(a) Vertical focusing
1.4
—~ 10um (Experimental)
12 —— 50um (Experimental)
) —o—100um (Experimental)

10 r 12 by \ — 10pm (Calculated)
= "‘; A 50um (Calculated)
; 08 - | o/’\,!/i- 1 ——100pum (Calculated)
s FY
> 3
206 I
2 A4
Q 1
=04

0.2

Positic?n (nm)

(b) Horizontal focusing

FIG. 4. Focused beam profiles obtained with KB mirrors. Subscripts at the
top right show virtual source size.

ployed. An ion chamber just upstream of the mirrors is
placed to normalize output data obtained with the SDD and
p-i-n photodiode. A sample and a linear-encoder-based feed-
back X-Y stage having a positioning resolution of 1 nm
(Sigma Tech, Co., Ltd.) are inclined at a 60° angle to the
incident x-ray beam to set up the SDD near the sample. A
cross wire is mounted on the X-Y stage near the sample to
measure the intensity profiles at the focal plane by a wire
scanning method with a gold wire of 200 wm in diameter.

lll. FOCUSING TEST

Focusing tests were performed at the EH2 of BL29XUL
at an x-ray energy of 15 keV. After finely tuning mirror po-
sitional alignments, beam profiles were measured by a wire
scanning method, changing the virtual light source size. Ex-
perimentally  obtained profiles and  wave-optically
simulated® ones are drawn, respectively, with dots and solid
lines in Fig. 4. As a result of focusing tests, we could achieve
two-dimensional diffraction-limited focusing having a
FWHM of 30 X 50 nm? under the condition of a TC slit size
less than 10 wm. Moreover, it was confirmed that beam size
was controllable within the range of 30-1400 nm (at
FWHM) by changing the slit size of a virtual source, al-
though beam size and photon flux were in a trade-off rela-
tionship. To estimate the photon flux of focused beams, the
number of x-ray photons collected by mirrors was calculated

Rev. Sci. Instrum. 77, 103102 (2006)

TABLE II. Relationship between estimated beam size and measured photon
fluxes.

Virtual source size Beam size Photon flux
(HXV) (um?) (HX V) (nm?) (photons/s)
10X 10 29 X 48" 6% 10°
50X 50 131232 3x 10"
200 X 200 571X 984 410"
1000 X 1000 ~1400 X ~ 1000 8x 102

(Fully open)

“Diffraction limit.

using the value counted by the p-i-n photodiode. The rela-
tionship between measured photon flux and estimated beam
size is summarized in Table II. As can be seen from the table,
the focused beams having a photon flux from 8
X 10'? photons/s (beam size: 1400X 1000 nm?) to 6
X 10° photons/s (beam size: 30 X 50 nm?) were available in
the optical system.

IV. PERFORMANCE TEST FOR SXFM SYSTEM
A. Evaluation of spatial resolution

A fine test chart was observed to evaluate the zoom func-
tion and the best spatial resolution of the SXFM. The test
chart (shown in Fig. 5) was microfabricated on a Si;N, sub-
strate (200 nm thickness, NTT-AT, Co., Ltd.) using a focused
ion beam (FIB) system (Hitachi, Co., Ltd., FB-2100). Figure
5 shows an image of secondary electrons emitted by FIB.
White and black areas correspond to tungsten (W) deposition
and the substrate, respectively. In this case, the smallest logo
mark has 50-60 nm linewidths.

We observed the pattern using the SXFM, gradually be-
ing magnified with the beam having a size from
500 to 30 nm. Figures 6(1)—(4) show gallium (Ga) and W
distribution maps visualized using the SXFM. Map (2) cor-
responds to the magnified image of the area marked by a
white line in map (1), and maps (3) and (4) correspond to a
logo mark of SPring-8 enclosed by the dashed square in map
(2). Additionally, maps (5) and (6), which were visualized at
a scanning pitch of 15 nm, are magnified images of only
characters in map (3) and (4). Graphs in maps (5) and (6),
which are line profiles along the dashed line in the W and Ga
distribution maps, are plotted with a step of 15 nm. Table III
shows the scan parameters of the SXFM observations. In this
test chart, gallium remains in the regions where the ion beam
was irradiated because liquid gallium was employed as an

FIG. 5. Test pattern fabricated using FIB system.
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line in the W and Ga distribution maps.

ion source. As can be seen from the line profile in (6), it is
found that the Ga distribution image acquired with the step
of 15 nm/pixel could be visualized at a spatial resolution of
2 pixels, corresponding to 30 nm. Unlike the sharp pattern in
the Ga distribution map, we cannot see sharp edges of the
characters in the W distribution map in (5) because sidewall
of characters patterned on the W deposition has a tapered
shape. In contrast to the good results, the artifacts such as
stripes and distortions are seen in Figs. 6(3)-6(6). They seem
to be caused by thermal drifts of the sample, the sample
scanning system, and the optical system. In this experience,
the thermal stability of the whole SXFM system was within
+0.1 °C.

TABLE III. Scan parameters of SXFM. Exposure time: 1 s/pixel for each
scan.

TC1 Slit size

Scanning pitch Scan area

Map No. (VX H) (um?) (nm/pixel) (VX H) (um?)
(1) 150X 90 1000 80X 40
(2) 30X 18 100 9.7X9.3

(3), (4) 10X'10 30 2.25X%X4.02
(5), (6) 10X'10 15 0.84X3.51

Rev. Sci. Instrum. 77, 103102 (2006)
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FIG. 7. Beam profiles before and after long scanning shown in Figs. 6(5)
and 6(6). The time difference between the profiles is 8 h.

B. Stability of focused x-ray beam

The time required to acquire an image using a scanning
x-ray microscope is 1—10 h generally, so it is important to
keep the nanobeam stable during long periods of scanning.
The stability of the nanobeam was evaluated by comparing
beam profiles before and after high-resolution observation,
as shown in Fig. 6(5) and (6) under the same condition. It
took approximately 8 h to prepare the observation of the
logo mark and acquire the high-resolution map. Figure 7
shows beam profiles before and after the observation. As a
result of measurements of beam profiles, it was found that
FWHM in horizontal focusing was broadened from
34 to 55 nm (where the beam profiles were measured at a
60° angle to the optical axis.). However, there was no change
in FWHM in the vertical direction. We show results of mea-
surements of temperature on the mirror manipulator and

0.3
Near sample
02 b Near 1st mirror
. Near 2nd mirror
(&)
8
5
[}
=z
g
2
e
@
=2
£
2
02 Observation of test chart
-03 . L
7 9 1 13 15

Time (h)

FIG. 8. Thermal stability of mirror manipulator and sample holder.
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FIG. 9. Relationship between FWHM broadening and incident angle errors
of the mirror. The vertical axis indicates the ratio to the best FWHM.

sample holder using thermocouples (type K) in Fig. 8. Ow-
ing to the absence of active thermal control over the whole
SXFM system to avoid the vibration of the optical system,
the temperature of the whole SXFM system gradually in-
creased by 0.1-0.2 °C in 8 h. If the incident angles of two
mirrors changed from the best angle to have a 1.2 urad error
in 8 h, the beam broadening caused by the misalignment is
consistent with the wave-optically calculated results, show-
ing the relationship between beam broadening and incident
angle errors (shown in Fig. 9).
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