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Similarity between Strain Fields Induced by the Xe/NH; Plasma Nitridation and
the Kr/O, Plasma Oxidation Revealed by a Multi-Wave X-ray Diffraction
Phenomenon
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Strain field under Si;N,/Si(001) interface formed by nitrogen-hydrogen (NH) radicals (the Xe/NH; plasma
nitridation) was investigated by using a multiple-wave X-ray diffraction phenomenon, i.e., interaction
between Bragg reflection and crystal-truncation-rod (CTR) scattering. Information on distribution of strain
field induced by SisN,/Si(001) interface was qualitatively obtained, and compared with the results of
Si0,/Si(001) interfaces formed by the thermal oxidations (wet and dry oxidations) and the Kr/O, plasma
oxidation; strain field induced the nitridation by NH radicals was similar to that by the K1/O, plasma

oxidation, but different from those by the thermal oxidations.
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1. INTRODUCTION

Strain induced by an interface affects its electronic
structure, but a full understanding of such strains is still
lacking even in the case of the silicon dioxide-silicon
interface, which has been applied to electronic devices
since 1960s. In a previous paper [1-4], we have
proposed a new technique: the phase-sensitive X-ray
diffraction (PSXD) technique. This technique is an
application of a multiple X-ray diffraction phenomenon,
modulation of the crystal-truncation-rod (CTR)
scattering intensity under the excitation of a Bragg
reflection [5-10], and allows us to characterize strain
field in a crystal. Using the technique it has been
revealed that there is very small strain field under the
Si0,/Si interface, which extends over depth up to
several tens of nanometer and has a static fluctuation in
the lateral direction. Information on distribution of the

strain field has been also obtained by the technique [2,3].

In the present paper the strain field under the
Si3Ny/Si(001) interface formed by high-density Xe/NH;
plasma is investigated by the PSXD method. The SizN,
film formed by the Xe/NH; plasma (NH radicals)
aftracts increasing attention as a high-x gate owing to its
high relative dielectric constant and low interface state
density not only in the case of Si(001) but in the cases of
Si(111) and Si(110) [11]. Depth profile of strain field
induced by the SizN,/Si(001) interface is qualitatively
obtained, and compared with the results of the
Si0,/Si(001) interfaces formed by the thermal
oxidations (wet and dry oxidations) and the Kr/O,
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plasma oxidation[12,13].

2. EXPERIMENT

We investigated the strain fields under Si;N,/Si(001)
interfaces by measuring modulation profiles of the CTR
scattering on the 50 rod under the excitation of the 004
Bragg reflection (see Fig. 1) [1-4]. The PSXD technique
allows us to determine the total displacement 4D, (see
Fig. 2) projected into the reciprocal lattice vector of the
Bragg reflection H. In addition the measurement
becomes more sensitive to structures near the interface
for a larger absolute value of 4/, which is the deviation
of the momentum transfer perpendicular to the surface
from a Bragg point (the 555 Bragg point in the case of
Fig. 1). Thus depth profile of the strain field can be also
determined; taking a lager |4]| allows us to measure
strain field with a higher resolution in real space, which
is represented by the inverse of |4/ [2-4,10]. We can
change A/ by changing the wavelength of the incident
X-rays.

The experiment was performed at BLO9XU in
SPring-8, where a high-brilliance horizontally polarized
X-ray beam from the undulator is available [14]. The
premonochromatized SR beam was shaped by slits into a
size of 1 mm (vertical) x 1 mm (horizontal), and then
highly monochromatized by using two 444 Bragg
reflections from two Si(111) channel-cut crystals
arranged in the (+ +) geometry. The wavelength of
X-rays was fixed around 1.24 A. The sample was put on
a very flat plate on a high precision goniometer.
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Glancing-angle (6) scan was performed around the
Bragg 004 Bragg point, and at each angle the CTR
scattering was analyzed by a Ge(111) crystal. The
intensities measured by the Nal scintillation counter
were integrated after subtraction of the backgrounds and
then normalized by the counts of beam flux monitor
placed in front of the sample.

As the sample n-type Si(001) substrates were
prepared. First wet oxidation of these substrates was
performed at 1100 °C to form oxide films. After etching
the oxide films in HCI/HF mixture solution, nitridation
of these substrates using NH radicals produced in a
microwave-excited high-density Xe/NH; mixture plasma
was performed at a pressure of 20 Pa and substrate
temperature of 600 °C. The microwave frequency and
power density were 2.45 GHz and 1.67 W/em?,
respectively. The thickness of the SizN, film was
estimated by spectroscopic ellipsometry to be 1.36 nm.
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Fig. 1. Ilustration of diffraction condition where
intensity of CTR scattering is modulated by the
excitation of the 004 Bragg reflection. The parameter / is
the momentum transfer perpendicular to the surface, and
Al is the deviation of / from the 555 Bragg point.
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3. RESULT AND DISCUSSION

An Example of experimental results at two A/’s are
shown in Fig. 3. The abscissa is the deviation of the
incidence angle from the center of the 004 Bragg
reflection. Filled circles and crosses are experimentally
obtained data. These were not explained by a perfect
crystal. On the other hand experimentally obtained
rocking curves of the 004 Bragg reflection were
explained by a perfect crystal (broken lines). This fact
supports that a very small and long-range strain field is
induced by the NH radical nitridation, the depth of
which is sufficiently small compared with the extinction
depth of the 004 Bragg reflection [1]. Difference
between the two experimental data of the CTR scattering
intensity indicates that strain field under the
Si3N,/Si(001) interface is not constant in the depth
direction [4].

A modulation profile is mainly characterized by two
parameters, the ‘phase’ and “visibility’ of the profile: the
‘phase’, which corresponds to the peak or dip position of
the modulation profile, reflects AD,-H, while the
‘visibility’ does to static strain fluctuation in the lateral
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Fig. 2. Illustration of a model of mesoscopic-range strain
field. A strained layer containing n atomic planes is
formed on an ideal semi-infinite perfect crystal. The
filled circles represent to the positions of atoms or unit
cells in bulk crystal, and the open circles represents
those in the strained layer under the interface. The
parameter AD; represents the sum of displacements
under the jth atomic plane, and Ad; does the deviation of
the lattice spacing between the (~1)th and jth atomic
planes from the lattice spacing in bulk, 4.
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Fig. 3. An example of experimentally obtained
modulation profiles. The abscissa is the deviation of the
incidence angle from the center of the 004 Bragg
reflection (denoted by 46). Filled circles and crosses
correspond to experimentally obtained data, and solid
and broken lines does to the calculated curves fitted to
the experimental data.

direction [1]. Solid lines in Fig. 3 are curves fitted to the
experimental data. Black line corresponds to the curve
of AD,-H = -10.0%, and gray line does to that of 4D,-H
= —11.1%, where 1/|H| = dyy4 (the lattice spacing of
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(004) plane). In Table I, AD,-H’s determined by the least
squares fittings are summarized. The results indicate that
AD,H becomes small with increasing |4/], the inverse of
which represents spatial resolution, suggesting that
04D(z)/0z increase with increasing z near the interface
[4]. The result presented here is similar to the case of
Kr/O, plasma oxidation at 400 °C, on which much
attention is focused since it can realize lower leakage
current not only in the case of Si(001) but Si(111).
Figure 4 shows depth profile of strain field qualitatively
obtained by the dependence of 4D,-H on |4l|, with other
results reported in previous papers [2,3]. Gray solid and
gray broken lines are strain fields in the cases of wet and
dry oxidations at 900 °C [3], and black solid and black
broken lines are those of the Xe/NH; plasma nitridation
at 600 °C and the Kr/O, plasma oxidation at 400 °C
[2]; strain fields under the interfaces formed by the
Xe/NH; plasma and the K1/O, plasma are characterized
by 8°4D(z)/07* > 0 near the interface, while those under
the Si0y/Si(001) interfaces formed by thermal
oxidations (wet and dry oxidations) are almost constant
(6°4D(2)/82* = 0) [4). These results indicate the presence
of characteristic local structures near the interfaces
formed by the Kr/O, plasma oxidation and the Xe/NH;
plasma nitridation. Although further experimental and
theoretical studies are necessary, the results presented
here should be related to formation mechanism of the
interface with low interface state density.

Higuchi et al. performed the soft X-ray excited
angle-resolved photoemission spectroscopy on the SizNy
films formed on Si(100), Si(111), and Si(110) using the
NH radicals [11]. They reported that the FWHM of Si
2p spectrum arising from Si substrate decreases with the
approaching of the areal density of Si on the Si surface
to that in Si;N4 layer. This should be attributed to the
very small and long range strain field presented here.
Our method is also applicable to Si(111) and Si(110)
substrates and will provide much information on how
the high quality interfaces are formed on not only on
Si(100) but Si(111) and Si(110) substrates.

4. CONCLUSION

The phase-sensitive X-ray diffraction (PSXD)
technique was applied to investigate dependence of
strain field under Si;N,/Si(001) interface formed by NH
radicals. The experimentally obtained modulation
profiles of the intensity of the CTR scattering showed
that there is a very small and long-range strain field
under the Si;N,/Si(001) interface formed by the Xe/NH;
plasma nitridation (NH radical nitridation). Depth
profile of the strain field was also qualitatively obtained,
and compared with results of thermal oxidation and the
Kr/O, plasma oxidation. It was shown that, in the case of
the Xe/NH; plasma nitridation, 4D, H becomes small
with increasing 4|, the inverse of which represents
spatial resolution. This suggests that d4D(z)/0z increases
with increasing z near the interface, which is similar to
the case of the Kr/O, plasma oxidation at 400 °C, but
different from the thermal oxidations (wet and dry
oxidations). These results indicate the presence of
characteristic local structures near the interface in the
cases of the Kr/O, plasma oxidation and the Xe/NH;
plasma nitridation.
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Table 1. The dependence of AD,/dyys on Al, where 4D, is
the projection of 4D, in the direction perpendicular to
the surface and dys is the lattice spacing of the (004)
plane.

Al —0.033 | —0.023 ] 0.021 | 0.032

AD,Jdys (%) | -10.0 | —105 | —11.1 | —9.7
+02 | *0.1 | 02 | %03

AD(z)-H
L
>z
oxidation
e/NH, plasma nitridation ~/ \Dry oxidation
Kr/O, plasma oxidation Interface

Fig. 4. Depth profiles of strain fields under the
Si3N,/Si(001) interface (black solid line), where z
represents the depth and 4D(z) is the sum of
displacements defined in Fig. 2. For comparison some
results of other oxidation processes are shown: gray
solid and gray broken lines are the displacements
induced by the wet and dry oxidations at 900 °C, and
black broken line is that by the Kr/O, plasma oxidation
at 400 C.
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