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We have obtained x-ray phase-contrast images with high spatial resolution by using extremely
asymmetric Si 111 Bragg diffractions near the critical angle of the total reflection. The x-ray image
could be magnified to 294 times in both vertical and horizontal directions. By using this x-ray
microscopy system, we have observed clear phase-contrast images ofum-®vitle gold-line
pattern. ©2001 American Institute of Physic§DOI: 10.1063/1.1337621

X-ray phase-contrast imaging is a powerful tool for in- The measurements were performed at Hyogo beamline
vestigating weakly absorbing materials because this methoBL24XU at SPring-8. The x rays emitted from the undulator
is based on the refraction effect due to differences in materiavere monochromatized by using a(Eil) double-crystal
density>~* The availability of intense and coherent synchro-monochromator. The wavelength used was 0.0826 nm.
tron radiation(SR) x rays should make this method a useful The beam size at the sample wad x 1 mn?. To improve
tool for material science:’ Real-time measurements espe- the spatial resolution, we used x-ray optics composed of four
cially will have a great impact on industrial applications. Si perfect crystals with asymmetric diffractiof8ig. 1). By
However, such real-time measurements have been reportéging the crystals with asymmetric Bragg diffractions, the
for only biological samplésbecause of the insufficient spa- beam size of the transmitted x rays was magnified to the
tial resolution of detectors. One solution for this problem isinverse of the following asymmetric factéh:*°
the use of microscopy. Although Lagomarsiebal. have b=sin(6g— 6,)/sin( Oz + 6,), (1

developed a microscopy system with submicron resolution

by using an x-ray waveguidtthe magnified image obtained where 6 is the Bragg angle and, is the angle between the
was in only one dimension crystal surface and the diffraction plane. Equatidhshows

Recently, we have modified the x-ray microscopy syS_a large magnification factor can be obtained by decreasing

tem by using magnifier crystals with asymmetric Braggthe glancing angle of the incident beam.'A small glancing
. SRS . . angle also leads to a shallower penetration depth of the x

diffractions; taking advantage of the high-quality SR x rays . .

. . . : rays, preventing the image blur. We used the extremely

in SPring-8, and have measured real-time formation and s . . . :

movement of a bubble in the batterv cell with a spatial re 0asymmetnc Si 111 Bragg diffractions with a glancing angle
v ubble | =Ty w 1 spatl SO0t slightly over the critical angle of the total reflection 0.12°

lution of 5 um and a time resolution of 1/30'8 However,

: . . for the first and third magnifier crystald{;=0.0084) in
further improvement of the spatial resolution was needed fOBrder to obtain a large magnification factor and a shallow

examining many devices. The image blur i_n our rniCrOSCOpypenetration depth. We also used the asymmetric Si 111 dif-
system was mainly caused by the penetration depth of X rays, wtions with a glancing angle of 4.35° for the second and

inside the magnifier crystal. To improve the spatial resolusyth crystals b, ,=0.4048) to maintain sufficient x-ray in-
tion, therefore, it is required to make the penetration depthensity. As a result, the beam size of the transmitted x ray
shallow. The penetration depth can be decreased to seveighs magnified to 294 times in both the vertical and horizon-

tens of nm by using extremely asymmetric diffraction with ¢z directions. Since the glancing angle for the first and third
the glancing angle near the critical angle of the total reflec-

tion. This lower glancing angle also gives a larger magnifi-
cation factor.

In this letter, we report x-ray phase-contrast images with
submicron resolution. By using magnifier crystals with ex-
tremely asymmetric Si 111 Bragg diffractions, we obtained a
magnification factor of 294 in both vertical and horizontal
directions. We could also clearly observe a phase-contrast
image of a gold pattern with a width of 04Zm on a SiN,4
substrate.

Sample

3rd x-ray camera

FIG. 1. Schematic layout of the microscopy system. Extremely asymmetric
Si 111 Bragg diffractions with a glancing angle near the critical angle of the
dElectronic mail: k-kobayashi@ef.jp.nec.com total reflection were used for the first and third crystals.
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FIG. 3. Intensity profile along lind—B in Fig. 2(b).

can reveal the inside structure of the sample nondestruc-
tively. Figure 3 shows the intensity profile along the line
A-B in Fig. 2(b). The phase contrast appeared on both sides
of the edge for the gold linéndicated with arrows in Fig.)3
FIG. 2. (3) SEM and(b) x-ray images of a 0.§:m-thick gold-line pattern on ~ This result is consistent with the feature of the image ex-
SigNy; pattern width, 0.68m. pected from the optical property of the magnifier crystals.
Thus, the image obtained in our x-ray microscopy system

crystals was set near the critical angle, the penetration depPrresponded to an image obtained using the in-line method,
of x raysl, was about 30 nm. The blur of the image due toWwhere it is difficult to obtain a magnified image by using
the penetration depth is expressed gsir? 6 /sin(6s— 65)} parallel SR x rays. We simulated the intensity prdfife
xb, taking into account the widening of a single incoming Shown in Fig. 3. The profile could be reproduced by taking
ray. By using the present parameters for the first and thirdhe bent surface around the edge into account. This simula-
crystals, the blur of the image was almost equal to the pentjon showed that the phase-contrast profile of a small, thin
etration depth. Although the penetration depth for the secong@mple is strongly affected by the sample stebdhis
and fourth crystals is not shoft-4 um), the blur of the Means that it is difficult to evaluate the phase-contrast profile
image due to the penetration depth was about 50 nm becau§gantitatively without having information about the sample
its influence acts on the magnified image. The magnifie¢hape.
images were recorded with an x-ray saticon camera. The Next, we discuss the spatial resolution of the image ob-
exposure time was below 1 s, which is short enough fot@ined in this x-ray microscopy system. In principle, the spa-
real-time measurements. tial resolution for the phase contrast is given by

In addition to ?mproving Fhe spatial resglution, the ex- A=(oILy) XLy, )
tremely asymmetric Bragg diffractions provide another ad-
vantage. When the x rays pass through an object, the phaséhere o is the source sizdl,; is the source-to-object dis-
contrast is observed as the modulation of the x-ray intensityance, and., is the object-to-detector distance. In our optics,
due to the refraction effect. The acceptance angle of the exsy=6.8um, oy=384um, L;=66m, andL,=0.6 m. Us-
tremely asymmetric Bragg diffraction is much larger than theing Eqg. (2), we calculated the spatial resolution for the ver-
refraction angle, allowing the magnifier crystals to receive aical (horizonta) direction to be about 0.0&m (3.4 um).
much larger portion of the modulation of the x-ray intensity The resolution for the vertical direction was almost equal to
without changing the crystal angle. Actually, the acceptancehe blur of the image due to the penetration depty, (
angle was estimated to be aboutk 10 “rad from the ~0.05um). This result is consistent with the verticlori-
rocking-curve profile. Therefore, the images obtained withzonta) spatial resolution of 0.2um (1.5 um) estimated from
our optical system should be similar to those obtained in thé¢he intensity profile. Thus, the image blur was more apparent
in-line method, where the intensity modulation is obtainedin the horizontal direction because the horizontal divergence
by setting a large sample to the detector distance. from the x-ray source was much larger than the vertical‘one.

To evaluate the effectiveness of this x-ray microscopyin order to improve the horizontal resolution, it will be useful
system, we prepared 0m-thick gold patterns deposited on to suppress the divergence by putting the crystal with asym-
a SiN, substraté? Figure 2a) shows the scanning electron metric Bragg diffractions before the sample.
microscopy(SEM) image of this sample. We found that a In summary, we have obtained x-ray phase-contrast im-
0.68-um-wide gold line was patterned, except for a L~  ages with submicron spatial resolution by using magnifier
wide vertical line on the left side. The x-ray image of this crystals with extremely asymmetric Bragg diffractions. Since
gold-line pattern is shown in Fig.(8). This x-ray image the glancing angle was near the critical angle for the total
corresponds well to théSEM) image. Therefore, we con- reflection condition, a magnification factor of 294 was
clude that an image with submicron resolution was obtaine@chieved. By using this x-ray microscopy system, we have
by using the magnifier crystals with extremely asymmetricobtained phase-contrast images of a @mi-wide gold-line
Bragg diifractions. We note that this x-ray imaging methodpattern.
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