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Abstract

Mirror-polished Czochralski-grown wafers with near-(100)-oriented surfaces werc implanted with N' at 8 keV

energy at a dose of 1x 10"°ecm™. Lattice distortions produced by the implantation process were observed by X-ray

double-crystal topography using extremely asymmetric 311 reflection of CuKeaj radiation at a glancing angle of

approximately 0.25° near the critical angle of total reflection. The intensity contrast caused by the lattice extensions

in thin layers was clearly visualized. By annealing at 700°C for more than 90 min, the imperfect crystal in the

ion-implanted region evidently recovers to a more perfect one, except for the boundary of the implanted region. The

lattice distortions at the boundary, consisting of a narrow striated region, are thought to be due primarily to variations

in the lattice spacing that has been deformed nonelastically. From a series of topographs taken by changing the

glancing angle from a low-angle to a high-angle of the Bragg peak in steps of 5 or 10 arcsec, the differences in lattice

spacing between the striated portions and the unimplanted regions were estimated

Key words: Silicon surface, Ion implantation, Nitrogen, Lattice distortion, X-ray topography.

Asymmetric reflection

1. Introduction

X-ray topography using an extremely asymmetric reflection
at a small glancing incidence is a uscful imaging technique for
the observation and analysis of lattice distortions near perfect
crystal surfaces. The technique has already been used by
several research groups for the observation of lattice strains

near mirror-polished silicon surfaces " and the generation of
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periodic defect images in silicon cpitaxial layers * by the
multiple-crystal method using synchrotron radiation X-rays,
and for the observation and estimation of the local inclination
of lattice planes occurring at both edges of thin oxide films
deposited on silicon surfaces by the Berg-Barrett method ¥
and using a double-crystal spectrometer. 3

X-ray diffraction topography using reflection and
transmission geometry has been frequently used to analyze
lattice imperfection and distortions in ion-implanted silicon
crystals, such as interference fringes in nitrogen-, boron- and

6)

phosphorous-ion-implanted crystals, ® crystal curvature in

arsenic-ion-implanted crystals, " the contrast of thallium- and

8)

phosphorous-ion ~ implantation  boundarics, and

moire' fringes in oxygen-ion-implanted crystals. > 19 1 the
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case of experimental methods using reflection geometry, the
penetration depth of X-rays is usually longer than 1 pm,
because the glancing angle on a crystal surface of incident
X-rays is larger than 1°. For the investigation of the
near-surface region, it is desirable that the glancing angle be
set in the range from 0.10 to 0.30° corresponding to
penetration depths from 3.5 to 200 nm with CuK « ; radiation,
because lower and higher glancing angles are restricted by a
decrease in the diffracted X-ray intensity and an increase in
background scattering X-rays from the bulk crystal,
respectively. Therefore, we used a highly parallel and
monochromatic X-ray beam set at a glancing angle near the
critical angle of total reflection of 0.225 ° .

Nitrogen implantation into silicon crystals is a particularly
useful technique that makes possible the control of growth of
thinner gate oxide layers (2~3 nm), the formation of oxides of
different thicknesses in metal-oxide-semiconductors (MOS)
on a substrate, and it also forms a barrier to boron penetration
at the Si/SiO, interface. Recently, several reports on
nitrogen-implanted silicon crystals have been published to
clarify several topics: the behavior of nitrogen diffusion in
silicon, ' the mechanism that reduces the SiO, thickness of
implanted wafers, '? the effects of nitrogen ion implantation
and thermal oxidation on MOS characteristics, '> ¥ and the
implanted nitrogen distribution and electrical properties of
oxides formed by very low energy implantation,'”

While the behavior of nitrogen diffusion in silicon, the
effects of implantation on reducting in oxide thickness, lattice
damage including amorphization, and the electrical properties
connected with implantation have been studied in detail, the
recovery by annealing of crystallinity in damaged layers of
silicon substrates induced by nitrogen implantation and local
distortions at the boundary of implanted regions growing with
increasing time are not well observed because of the
short-range strain field near the surface. Local lattice
distortions and defects formed near the transistor channel area
are harmful to the performance of devices; it is therefore
important to investigate the implantation-induced deformation
and how the lattice can be quantitatively improved by
annealing. Lattice distortions, defects, and amorphous layers
have been directly observed mainly by transmission electron
microscopy (TEM) and atomic force microscopy. These
techniques require time-consuming sample treatments, which
destroy the integrity of the electrical device fabrication and

stop the series of thermal processes that improve the samples.

Reflection X-ray topography has, however, the advantage that
it is nondestructive and does not require special sample
treatment,

In this work we have applied conventional reflection X-ray
topography to observe lattice distortions and measure
differences in the lattice spacing of samples induced by
implantation at very low energy (8 keV) and at a relatively
low dose (1x 10" cm™) and subsequent annealing processes
under conditions without oxide. The results of improving the
crystalline quality of substrates by annealing and the
quantitative evaluation of lattice deformation at the implanted
boundary are reported considering the generally accepted

behavior of nitrogen diffusion.

2. Experimental

Crystal specimens used in these experiments were p-type
mirror-polished Czochralski-grown wafers 150 mm in
diameter and 0.60 mm thick. To satisfy the condition of the
glancing angle near the critical angle of total reflection, the
samples (15x15 mm?) were prepared from silicon wafers
with a near-(100) lattice plane inclined to the surface at an
angle of about 2.6°; these are usually used as substrates for
epitaxially grown film. The samples were attached to the
mount of the manipulator and covered by an aluminum mask
with a hole (3 mm ¢ ). N* implantation was carried out at room
temperature at 8 keV and a dose of 1x 10" cm®. Then the
samples were furnace annealed in argon ambient at 700 °C for
30, 60, 90 and 120 min. The thin oxide layer formed on the
surface was removed by treatment with dilute hydrofluoric
acid.

In this experiment, a double-crystal spectrometer with
parallel (+, -) settings with 311 asymmetric reflection for
CuK « | radiation was used under operating conditions of 35
kV and 20 mA with a stability of +0.05% at the ambient
temperature kept constant within + 1 "C . The crystal
specimen was set at a distance of approximately 55 cm from
the focal spot (an apparent focal size 0.8x0.4 mm® ) and a
nuclear plate was placed about 1 cm behind the specimen in
order to achieve adequate vertical resolution. For the first
crystal, a Fankuchen-cut monochromator was used to produce
a condensed X-ray beam, which was collimated by a slit
50 # m wide and 8 mm high placed in front of the crystal
specimen. The horizontal width of the diffracted beam from
the crystal specimen was expanded by a factor of 1/b =190; the

spatial width of the diffracted beam was 9.5 mm, where b is
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the asymmetric factor defined as b=sin6,/sin6, , 6,=6p —
a—-Aaand 0 =0 g+ a+Aa are the angles between the
incident and diffracted beams and the crystal surface,
respectively, 0 pis the Bragg angle, « is the angle between
the (100) lattice plane and the diffracting plane, and Aa is
the misorientation between the crystal surface and the (100)
lattice plane. With these experimental conditions, we have
0 5=28.06°, @=2524 ° and Aa =2.57°. The rotation
angle of the goniometer equipped with a lever mechanism and
a precision micrometer was determined to an accuracy of +1
arcsec. A schematic diagram of the experimental arrangement
is shown in ref. 5. Topographs were recorded on a Fuji nuclear
emulsion plate (G 7D 50). To estimate the variation in lattice

spacing, Fuji film (IX-150) was also employed.

3. Results and Discussion

In this experiment the glancing angle to a crystal surface of
the incident X-rays is approximately 0.25° ; the penetration
depth of X-rays corresponding to this glancing angle is
approximately 130 nm. While the peak position in the profile
of the distribution of numerical nitrogen simulation calculated
using the TRIM code ' is located 23 nm below the surface
and its tail extends as far as 60 nm for 8 keV implantation
energy, it is possible to take the topograph under conditions of
low background noise from the bulk crystal. Figure 1(a) is a
topograph taken at the position —70 arcsec away from the
Bragg peak of the rocking curve in an unimplanted region, at
which location the diffracted intensity in the implanted region
is the strongest, and Fig. 1(b) is a topograph taken at +18
arcsec on the high-angle side of the rocking curve with a
half-value width of 36 arcsec, in which the implanted region is
seen as light in contrast to the background image of the
unimplanted region under off-Bragg conditions. The wrinkled
appearance of distortion image contrast seen over the
topographs is mainly caused by differences in spacing and/or
orientation of the lattice plane used for diffraction. In the
topograph in Fig. 1(a) taken at the large off-Bragg angle, the
contrast in the wrinkled images disappears considerably due to
background scattering X-rays resulting from the prolonged
exposure time (about 10 h) compared with the one (about 3.5
h) for the topograph in Fig. 1(b). The large deviation of the
Bragg angle obtained from implanted regions is mainly due to
the lattice extension induced by implanted nitrogen atoms,
interstitial atoms recoiled from their lattice sites during

implantation and vacancies.
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Fig. 1 Double-crystal topographs of nitrogen-
implanted silicon wafer at glancing angle

of 0.25° .The images contrast to about
84 % in the direction parallel to the g
vector. Image (a) is taken at an angular
position of =70 arcsec off the Bragg peak
in the unimplanted crystal region that
gives the strongest intensity the series for
the implanted region. Image (b) is taken at
the position of +18 arcsec.

!

This occurs because the strongest intensity at implanted
regions in topographs was detected only at the lower-angle
side of the rocking curve in the unimplanted region of samples
used in this study, and distributions of diffraction intensity
over implanted regions are uniform except for the wrinkled

image contrast.


















