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An X-ray microbeam with a small angular divergence and a narrow energy
bandwidth has been produced at BL24XU at SPring-8. The beam size was
measured to be 3.1 pum and 1.6 um in the horizontal and vertical directions,
respectively, and the horizontal angular divergence was 4.0 arcsec. Using this
microbeam the crystallinity estimation of thin layers on silicon-on-insulator
(SOI) wafers is demonstrated. In reciprocal-space maps the lattice tilt variations
were 80 arcsec and more than 220 arcsec in the SOI layers on bonded and
SIMOX wafers, respectively. In equi-tilt maps, the typical equi-tilt areas of the
SOI layers were 7 um and 4 pm in size on the bonded and SIMOX wafers,

respectively.
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1. Introduction

Silicon-on-insulator (SOI) has been proposed as one of the
advanced Si materials for metal-oxide semiconductor devices.
The SOI layer is separated from the substrate by an oxidized
layer. This structure can realise low-power and high-speed
integrated circuits, such as complementary metal-oxide semi-
conductor (CMOS) devices. At present there are two typical
technologies that form SOI layers, i.e. the bonded process and
the process of separation by implanted oxygen (SIMOX)
(Lasky, 1986; Izumi et al., 1978). In both cases local strain and/
or defects in the SOI layers may reduce the device perfor-
mance or decrease its life span. Therefore, characterization of
the crystalline quality of the top SOI layers is of great
importance.

An X-ray microbeam is a powerful tool for measuring local
strain concentration or uneven strain distribution, which may
give rise to poor crystallinity in semiconducting materials.
X-ray diffraction for local strain measurements using
microbeams has already been reported, e.g. with the
microbeams being produced by glass capillary (Rindby, 1986;
Yamamoto, 1996), zone plate and waveguide (Cai et al., 1999;
Di Fonzo et al., 2000). However, the microbeams produced by
these methods have a low sensitivity for detecting minute
strain in Si crystals. This is caused by the large angular
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divergence of the microbeam compared with the intrinsic
angular divergence of X-ray diffraction from a Si perfect
crystal.

An optical system for producing an X-ray microbeam with
both high angular and high spatial resolutions has been
previously constructed using successive asymmetric Bragg
reflections in both horizontal and vertical directions of
incoming synchrotron X-rays (Tsusaka et al., 2000). This
microbeam achieved a size of 7.6 pm (horizontal) x 5.7 um
(vertical) and an angular divergence of less than 2 arcsec.
However, the beam intensity of about 10° photons s7! was
insufficient to estimate the crystallinity of those thin layers.
Here we describe a newly developed optical system able to
provide high-flux photons, and estimation results for thin SOI
layers using this system.

2. X-ray microbeam system

In order to measure the strain in a very local area in the SOI
layers an X-ray microbeam with a small angular divergence
and a narrow energy bandwidth has been fabricated. The
optical system is schematically shown in Fig. 1. Synchrotron
radiation was selected as the X-ray source and the X-ray
energy was tuned to 15 keV using a monochromator. A four-
quadrant slit positioned 66 m away from an undulator source
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Figure 1
Optical system of the parallel X-ray microbeam.
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Figure 2

Results of the beam size measurements. (¢) Horizontal direction; (b)
vertical direction. The dotted and solid lines represent the raw data and
its differential, respectively.

was set to 5 um and 100 pm in the horizontal and vertical
directions, respectively. Four 333 reflections by two (111)-
oriented channel-cut Si crystals with a (+, —, —, +) arrange-
ment limited the energy spread to AE/E ~ 1 x 107°. A
rhodium-coated pseudo-toroidal mirror, which was configured
by bending a cylindrical mirror, focuses X-rays onto the
sample. The mirror has a concave curvature of about 8 mm.
The mirror bending mechanism results in a concave curvature
of about 450 m in the horizontal direction. The grazing angle
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Figure 3
Result of the rocking-curve measurements. The dotted and solid lines
represent the measured data and ray-tracing calculations, respectively.

was 0.24° and the focal length was ~1 m. The X-ray-illumi-
nated area on the pseudo-toroidal mirror was restricted to
~1000 pm x 100 um by the four-quadrant slit. In this small
area the figure difference between the pseudo-toroidal mirror
and a paraboloid mirror was negligibly small. Because of the
small illuminated area, the focused X-ray beam had a small
angular divergence in the horizontal direction, sufficient to
detect minute strains even in almost perfect crystals.

The focused X-ray beam using this optical system was
simulated by the ray-tracing method. This resulted in simu-
lated beam sizes at the sample position being estimated as
1.7 pm and 0.5 pm in the horizontal and vertical directions,
respectively. The simulated beam has an angular divergence of
4.0 arcsec in the horizontal direction, which corresponds to a
strain sensitively of Ad/dg, >~ 4.0 X 1073 for Si crystals. The
vertical angular divergence was 21.5 arcsec, which was about
ten times larger than that of the optical system using succes-
sive asymmetric Bragg reflections.

The X-ray microbeam has been produced at BL24XU at
SPring-8. The horizontal and vertical beam sizes at the sample
position were measured to be 3.1 um and 1.6 pm, respectively,
by the knife-edge scan method (Fig. 2). The demagnifications
of the mirror were 0.6 x (horizontal) and 0.02x (vertical). The
measured horizontal and vertical beam sizes are about two
and three times larger, respectively, than those obtained by the
ray-tracing simulation, considered to be because of the
roughness of the mirror surface. In order to estimate the
horizontal beam divergence, we measured a rocking curve of
the 115 asymmetric reflection of a silicon (001) crystal with a
high incidence beam angle. Fig. 3 shows the resulting rocking-
curve measurement. The angular divergence of the microbeam
was estimated to be 4.0 arcsec, which is the same as the
simulated value. The intensity was estimated to be ~5 X
10° photons s~ .

3. Application to SOI characterization

We then investigated the crystallinity of thin layers in the SOI
wafers, using this microbeam. The SOI wafers used in the
present measurement are listed in Table 1. Samples A and B
are bonded SOI wafers having a 200 nm-thick and a 50 nm-
thick SOI layer, respectively. Samples C and D are SIMOX
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Table 1

List of estimated SOI wafers used in the experiment.

tsor and fgox indicate the thicknesses of the SOI and the BOX layers,
respectively.

Layer Process tsor tsox
A Bonded 200 nm 400 nm
B Bonded 50 nm 100 nm
C SIMOX 170 nm 104 nm
D SIMOX 52 nm 106 nm
Substrate SOI layer
B
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Figure 4

Contour maps of the 004 diffraction intensity. The vertical axes gives the
position of the silicon wafer. (a) Rocking curves for a 200 nm-thick
bonded layer. (b) Rocking curves for a 200 nm-thick SIMOX layer.

wafers having thicknesses of 170 nm and 52 nm, respectively.
These samples have a buried oxide (BOX) layer of about
100 nm thickness, except for sample A (400 nm-thick).
Rocking curves for these samples were obtained in a similar
way to that reported previously (Tsusaka et al., 2003). Fig. 4
shows a contour map of a set of 004 rocking curves obtained
by scanning the sample in the vertical direction with 5 mm step
widths. The illuminated area on the sample surface was 9.9 um
(horizontal) x 1.6 um (vertical) at an incidence Bragg angle of
17.7°. The extinction distance was calculated to be 1.7 pm. The
vertical and horizontal axes in Fig. 4 represent the position (z)
and rotating angle (w) of the SOI wafer, respectively. The left-
hand and right-hand diffraction peaks in Fig. 4(a) are from the
substrate and the SOI layer, respectively. The angular
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Figure 5

Reciprocal-space maps for (a) a 200 nm-thick bonded layer and (b) a
200 nm-thick SIMOX layer.

separation between the two diffraction peaks resulted from
unintentional tilt of the 001 lattice plane of the SOI layer from
that of the Si substrate. This is very usual for bonded SOI
wafers. In the case of sample C, as seen in Fig. 4(b), only one
peak appears, indicating that the lattice plane of the SIMOX
SOI layer is parallel to that of the substrate (Shimura et al.,
2000).

By adding an analyzer crystal placed behind the sample into
the X-ray path, two-dimensional w260 maps (i.e. reciprocal-
space maps) were drawn in triple-axis mode (Fewster, 1993).
The 333 reflections of a (111)-oriented channel-cut Si crystal
were selected for the analyser of that system. Fig. 5(a) shows a
reciprocal-space map near the 004 lattice point for sample A.
The reflection intensity of the main peak in Fig. 5(a) (as
indicated by the arrow) spreads out in the horizontal direction.
On both sides of the main peak one can see more than two
satellite peaks (so-called ‘thickness fringes’) (Shimura et al.,
2000). Since these peaks are usually observed in thin crystals,
the intensity distribution can be safely said to have originated
from the SOI layer.

Fig. 5(b) shows a reciprocal-space map for C. In addition to
the main peak and the thickness fringes, the intensity distri-
bution in the g, direction is more widely spread than that for
sample A (Fig. 5a). A vertically spread intensity distribution
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Equi-tilt maps for () a 50 nm-thick bonded layer, (b) a 200 nm-thick bonded layer, (c¢) a 50 nm-thick SIMOX layer, and (d) a 200 nm-thick SIMOX

layer.

(indicated by arrow S) and obliquely elongated intensity
distribution (indicated by arrow I) are clearly seen. The
former intensity distribution (S) is derived from the substrate
and the latter (I) is due to the angular divergence of the
incident X-ray beam. This situation holds true only for the
case where the substrate quality is very high. Intensity distri-
butions in the g, direction for both the main peak and the
satellite peaks in Figs. 5(a) and 5(b) show the existence of a
lattice tilt variation.

Here we define the crystal region as having the same lattice
plane tilt and the same lattice spacing as an ‘equi-tilt area’. The
sizes of the equi-tilt areas in the SOI layer were measured
using the following method. First, the sample and the analyser
crystal were set at fixed @ and 20 angles, respectively, i.e. the
X-ray reflection intensity was measured at a fixed point in the
reciprocal space. Then the sample was scanned parallel to the
sample surface giving an equi-tilt area map, from which one
can determine the two-dimensional distribution of the crystal
regions of the same lattice tilt and of the same lattice spacing.
Fig. 6 shows equi-tilt area maps of the SOI layer in a 100 pm X
50 pm area with scanning steps of 6 um (horizontal) and 1 pm
(vertical). The largest equi-tilt area sizes were found to be
7 um and 4 pm for 200 nm-thick and 50 nm-thick bonded SOI
layers, respectively, and 4 pm and 3 pm for 170 nm-thick and
52 nm-thick SIMOX SOI layers, respectively.

In this experiment the crystallinity of the SOI layers in both
SOI wafers was found to be inferior to that of the Si substrate.

This situation might be caused by some stresses being exerted
unintentionally during the wafer fabrication processes, such as
surface polishing and uneven temperature distribution in a
single wafer, in addition to the difference in thermal expansion
coefficients.

4. Summary

An X-ray microbeam with small angular divergence and
narrow energy bandwidth has been obtained using a pseudo-
toroidal mirror and Si channel-cut crystals. The size of the
microbeam was 3.1 um in the horizontal and 1.6 um in the
vertical direction, and the angular divergence was 4.0 arcsec.
Using the microbeam the crystallinity of the thin bonded and
SIMOX layers of the SOI wafers was evaluated in terms of the
lattice tilt variation and the lattice spacing variation.

This work was performed at SPring-8 with the approval of
the Japan Synchrotron Radiation Research Institute (JASRI)
(proposal No. C03B24XU-5043N).
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