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Abstract—The results of studying a silicon—germanium (Si—Ge) nanoheterostructure using refractive X-ray
optics are described. The diffraction patterns near the silicon Bragg-diffraction peak 400 in the focal plane of
refractive lenses are recorded and analyzed. The experiments are carried out in two different geometries: using

1D and 2D X-ray compound refractive lenses.
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INTRODUCTION

One of the fields of the development of nano- and
microelectronics is the formation of small 3D semi-
conductor structures. An example of the application of
these technologies is the detection of electromagnetic
radiation by complementary metal-oxide-semicon-
ductor (CMOS) matrices with several million pixels
(semiconductor heterostructures) formed on a sub-
strate [1]. The stable operation of these devices calls
for optimization of the growth technology of semicon-
ductor elements, which, in turn, requires accurate
methods of monitoring and diagnosing the structural
quality.

Nanoheterostructures are generally studied by tri-
ple-crystal X-ray diffractometry, which provides high-
resolution reciprocal-space maps [2], on the basis of
which one can draw conclusions about the structural
quality of the nanoheterostructure. The development
of third-generation synchrotrons allowed for the
application of X-ray refractive optics along the entire
optical path from undulators to detectors and X-ray
cameras [3]. Refractive optics is traditionally used for
focusing and collimating radiation; in addition, it can
provide new techniques of X-ray diffraction and
microscopy for synchrotron radiation sources [4, 5].

Previously, we proposed the use of X-ray refractive
lenses as a Fourier analyzer, which made it possible to
investigate 1D periodic silicon microstructures of dif-
ferent types under conditions of Bragg reflection [6].
In this study, we observe diffraction from the submi-
cron 2D periodic grating of a Si—Ge heterostructure

formed on a silicon substrate. To this end, we use 1D
and 2D X-ray compound refractive lenses forming,
respectively, a linear or point focal spot.

EXPERIMENTAL

The experiments were performed on the 1D06 sta-
tion at the European Synchrotron Radiation Facility
(ESRF). The optical elements included a transfocator
[7] with 13 lenses (with a radius of curvature of
200 um) and an assembly of 50 beryllium refractive
lenses (with a radius of curvature of 50 um). Images
were recorded using a high-resolution Sensicam X-ray
CCD camera with a pixel size of 0.645 um and a field
of 1376 x 1040 pixels.

The object of study was a Si—Ge nanoheterostruc-
ture [2], which represents germanium nanocrystals
grown on the grating of silicon pillars with a period of
360 nm in the Si(110) crystal plane (Fig. 1). Pillars with
a width of 90 nm and a length of 150 nm were formed
on the Si(001) substrate according to the BiCMOS
technology |8]. The structure was prepared at the IHP
center (Frankfurt (Oder), Germany). The sample (a
plate 20 x 20 mm in size) was studied using two differ-
ent measurement geometries (Fig 2): 4 and B. Geom-
etry A implied the use of the transfocator located
closer to the source (see the table). This position of the
focusing element makes it possible to reduce the angu-
lar aperture on the side of the image in the horizontal
direction in comparison with unfocused radiation,
which allows one to reduce the instrumental contribu-
tion to the crystal rocking curves. Focusing was per-
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Experimental parameters

Distance Focal length f, Distance
Measurement scheme X-ray energy, keV > from the sample
to the source L, m cm
to the camera r, cm

4. Transfoca}tor before the sample, 24 39 1965 35

linear focusing

B. 50 beryllllum lens.es before the 14 57 149 4

sample, point focusing

formed in the vertical direction. When measuring in
geometry B, the assembly of 50 beryllium lenses was
located closer to the sample. The radiation was
focused in both the vertical and horizontal directions.

The Si(001) substrate plane was generally rotated
by the angle 6 and the camera was oriented so as to
form the angle 20 with the incident-radiation direc-
tion (Fig. 2). The angle 0 corresponded to the Bragg-
diffraction peak 400 from the Si sample surface. The

Si(001)

Fig. 1. Sketch of studied Si-Ge nanoheterostructure.

A

X-ray source Transfocator

X-ray camera recorded a series of images at different
detuning angles AO from the angle 6.

MEASUREMENTS IN GEOMETRY 4

In the case of focusing using the transfocator, we
scanned the vicinity Ag = +8.30 um~! of the Si Bragg-
diffraction peak 400 with a step 8¢ = 0.83 um™!
(Fig. 3). To this end, cartridges with 12 refractive
lenses with a radius of curvature of 200 um and one
refractive lens with a radius of curvature of 500 pm
were mounted in the transfocator. No diffraction
peaks (or nonzero Fourier components) caused by the
submicron sample structure were found in this region.
Nonzero Fourier components begin to arise upon
crystal detuning by Ag = 86 um~' (Fig. 4). According
to the relation between the observed-pattern period T'
and the grating period d [9],

d=Mr/T, (1

(A is the wavelength and ris the distance from the sam-
ple to the detector). The grating period d is 341 =
30 nm at the Fourier-component period 7= 55 pum.
The error in estimating the period is mainly related to
the accuracy of determining the distances between the
object and the camera.

Camera

B
X-ray source

Fig. 2. Two schematics of the experiment: (4) linear focusing using the transfocator and (B) point focusing using an assembly of

50 beryllium lenses (top view).
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Fig. 3. (a) Image recorded by the CCD camera and orthogonal projections when the crystal is rotated; (b) analyzed rocking curve

of the Si Bragg-diffraction peak 400 (geometry A).

Fig. 4. X-ray diffraction pattern formed upon crystal detuning from the Si Bragg-diffraction peak 400 by Ag, = —0.0086 AL The

Fourier-component period is 7= 55 pm.

The image obtained by the camera also contains
pattern distortions related to the presence of defects in
the sample, which yield contrast at the observed Fou-
rier components. Hence, use of the transfocator
makes it possible to do the Fourier transform in one
direction and obtain a topographic image of the ana-
lyzed region, limited by the projection of the source, in
the other direction.

MEASUREMENTS IN GEOMETRY B

In the case of focusing using 50 beryllium lenses,
we scanned the vicinity Ag==+15 um~' of the Si Bragg-
diffraction peak 400 with a step of ¢ = 1 um~"' (Fig. 5).
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In contrast to the case A, the Fourier components are
observed under exact Bragg conditions for the silicon
diffraction peak 400. The reason is that the X-ray
beam in the case B is also focused in the diffraction
plane, which allows one to observe the diffraction pat-
tern in the range of angles of radiation incidence. The
angular range 60 (Fig. 2) for B is determined by the
effective aperture 4. and the focal length of the lens f:

00 = A.¢/f. (2)

In case B, 50 beryllium lenses with a radius of cur-
vature of 50 um at a X-ray energy of £ = 14 keV
(Ao = 645 pm) and focal length of 149 cm yield the
angular range 60 = 0.0248 deg, which corresponds to
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Fig. 5. (a) X-ray diffraction pattern recorded by the CCD camera and orthogonal projections when the crystal is rotated; (b) ana-
lyzed rocking curve of Si Bragg-diffraction peak 400 (geometry B).

Fig. 6. Measurements in geometry B: image recorded by the CCD camera under the exact Bragg condition for the Si Bragg-dif-

fraction peak 400 using the beam stop.

Ag = 62 um~! in terms of the reciprocal-space vector.
Thus, the pattern observed at the detector is a super-
position of patterns formed under different conditions
of X-ray beam incidence on the sample. In this case, a
strong line shifts in the diffraction plane from the zero
Fourier component to small angles 6 of X-ray beam
incidence. This line indicates reflections from
deformed silicon pillars with a lattice parameter larger
than that of the silicon substrate, which is confirmed
by the published data of triple-crystal X-ray diffraction
from a similar sample [2].
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When using a beam stop, which is an X-ray-opaque
cylinder 72 um in diameter placed directly before the
detector using a thin wire 13 um in diameter, we found
Fourier components forming a 2D periodic pattern
(Fig. 6). The pattern’s period along the y direction was
T,= 104 £ 2 um, which corresponds to the grating
period d = 358 + 30 nm according to formula (1). The
period along the x direction differs from that along the y
direction. Since the sample is rotated by the angle 6 =
19.16 deg, the observed pattern is distorted along the x
direction and is a projection on the X-ray beam-inci-
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dence plane. The period T, is recalculated according
to the expression

T, =T, sin®, (3)
where 7 is the observed period along the x direction.

Then, if T, = 314 um, T, = 103 £ 2 um, which corre-
sponds to the period 7). The data obtained completely
correlate with the nominal values within measurement
error.

Along with Fourier components, Fig. 6 also con-
tains artifacts related to specific features of the experi-
mental geometry. First, the long line passing along the
y direction through the image center corresponds to
diffraction from a rectangular slit used to collimate the
radiation before the lens. Second, a component
related to small-angle scattering from the material of
the beryllium lenses (grain halo near the beam stop) is
also presented in the image.

CONCLUSIONS

We demonstrated the possibility of using refractive
lenses as a tool of high-resolution X-ray diffraction.
The vicinity of the silicon Bragg-diffraction peak 400
was investigated for a Si—Ge nanoheterostructure
forming a 2D periodic grating in the (110) plane. The
diffraction angles for this structure were on the order
of several hundred microradians at an angular resolu-
tion of the assembled experimental schemes of
~10 prad.

Two types of focusing (2D and 1D) were used.
1D focusing made it possible to obtain a topographic
image of the analyzed region in the diffraction plane
and the Fourier transform of the analyzed structure in
the perpendicular direction. This geometry of the
experiment is convenient for searching for defect-free
portions on the sample and simultaneous Fourier
transform of the analyzed regions. In the case of
2D focusing, the diffraction orders were resolved in
two directions. Due to radiation focusing in the dif-
fraction plane, the superposition of images was
observed on the camera screen for the range of angles
of incidence AO. This geometry of the experiment is
convenient for adjustment of the spatial orientation of
the nanostructure because two directions can be ana-
lyzed simultaneously. It can also be used for the forma-
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tion of crystal rocking curves without sample rotation,
which is convenient for studying the grating dynamics.

Advantages of the used technique are as follows:
flexibility of the experimental scheme due to the use of
transfocators; convenience of adjustment and mea-
surements in comparison with the use of crystals; the
possibility of reducing the duration of the experi-
ments; high angular resolution; and the possibility of
observing reflection from a crystal in a certain range of
angles of incidence.
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