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Direct observation of Si lattice strain and its distribution in the Si (001)-
SiO, interface transition layer
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In the transition layer of the 801)-SiG, interface, Si lattice strain and its distribution were
directly observed by medium energy ion scattering spectroscopy for thermal and ion beam oxides.
The strain was in the vertical direction, and the maximum values at thessi® of the transition

layer were 0.96% and 2.8% for the thermal and ion beam oxides, respectivel$99® American
Institute of Physicg.S0003-695(197)00750-X

The S{001)-SiG, interface has been intensively inves- In the MEIS analysis, a 97.8 keV proton beam was
tigated with various experimental techniques due to its im-aligned along thé111] direction, and the protons scattered
portance in improving the electronic properties of ultrathinfrom Si atoms along thfd01] direction were analyzed in the
SiO, dielectric layers and silicon-on-insulators. Previousdouble alignment condition with scattering angle 125.3°. The
experiments®have reported 0.5—25 nm thick transition lay- energy spectra are given in Fig. 1. Blocking dips around the
ers at the interface, presenting different aspects of the coni111] direction in Fig. 2 were measured in the single align-
positional and structural transition depending on the analysisent condition, with the incident ion beams at 2.5° from the
methods used. However, detailed information on the transif001] direction, to improve counting statistics. The angular
tion layer is still not sufficient for a clear understanding of resolution, determined mainly by the incident ion beam di-
how the interface is formed between a crystalline Si substratgergence and the position sensitive detector, was estimated
and an amorphous Sjverlayer. to be about 0.1°. During MEIS experiments, the damage to

We report here a direct observation of strained Si latticeghe specimen by the proton beam was kept below a 5% Si
and their strain distribution in the transition layers of thesurface peak area increase. Details of MEIS and our system
Si(001)—Si0, interfaces with medium energy ion scattering have been described elsewh@r8.

(MEIS) spectroscopy for thermal and ion beam oxides The energy spectra in Fig. 1 were fitted by simulations
formed by G ion beam bombardment. Compared with otherthat calculate the energy and intensities of the backscattered
structural analysis methods based on diffraction, MEIS meaparticles scattered from thin slabs in the specimen. The pro-
surements can provide simple and direct structural informagram written by Kidoet al.* was modified to treat the crys-
tion in real space with depth resolution of a couple of atomictallinity of each layer. In the simulation, we treated the in-
layers, from the blocking dip position and the electronic en-terface layer as consisting of several layers of which the
ergy loss analysisWe believe the information in this letter

is useful in order to understand more clearly the still contro-

versial structure of the 8101)-Si0, interface. L i K 519 5.5 nm thermal oxide

The S{001)-Si0; interfaces formed by thermal oxida- 40 ="'°°" P2 50t 1\ Omgen

tion and G ion beam oxidation were investigated. Two _ 35} = 3keVO,"Bomb. EOAﬁWNﬁ

kinds of thermal oxides were analyzed. One was a 5.5 nm¥ 3| ° * *1200°C oo crystalline Si |
. . c | 15 s Anneal.

thermal oxide, grown by a semiconductor company accord- 3 [ Thermal S Cepthom)

ing to its gate oxide growing process; the other was a 3 nm % — Simulation
thermal oxide grown in a reactor chamber connected to our =
MEIS system by heating a ®01) wafer to 780°C inan 51
atmospheric oxygen and nitrogen mixture. The ion beam ox- 3
ides were made in the MEIS chamber by 3 ke @n 5
bombardment in the surface normal direction up to the ion | L
dose of 5< 10'” atoms cm?. After ion beam oxidation, the 8 8 8 8 8 8 8 8 89
samples were annealed at 1200 °C for 15 s in 99% Ar Energy ( keV)

+1% O, ambient. The ion beam oxides before and after

annealing were analyzed by MEIS. FIG. 1. The Si peaks in the energy spectra for a 5.5 nm thick thermal oxide
and an ion beam oxide made by 3 ke\} @n bombardment before and
after annealing. 97.8 keV Hions were incident in th€111] direction and

dpresent address: Semiconductor R&D Center, Samsung Electronics, CHle protons scattered in t801] direction were measured. The Si and O

20 -

Ltd., Kyungki-do 449-900, Korea. concentration profiles and the Si crystallinity profile used in the simulation
Electronic mail: ypilkim@samsung.co.kr are given in the inset and the simulated energy spectra are shown with the
B Corresponding author. Electronic mail: dwmoon@krissol.kriss.re.kr measured energy spectra.
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|Open square points ifc) are for a 3 nnthermal oxide. They were shifted by

1 keV due to the different oxide thickness, to be compared on the same

energy scale.

FIG. 2. The blocking dips of Si peaks in the transition layers of a thermal
oxide and ion beam oxides before and after annealing, irf 1&] direc-
tions. These blocking dips were measured with the incidénbeam at 2.5°
from the[001] direction.

The areal density of Si in the transition layer of the ion

composition changed gradually from amorphous ,Si® beam oxides before annegling were about four times larger
crystalline Si. The absence of a hump in the Si peak of thdhan that of the thzermal oxides, r_namly due to the presence of
transition layer for the thermal oxide in Fig. 1 indicates thatthe 3-7><10_15 cm “amorphous Si layer. After annealing, the
the transition layer is not completely amorphous. Therefore &real density decreased as the amorphous Si in the transition
crystallinity factor, which represents the ratio of the crystal-layer recrystallized, as shown in Fig. 1. But the interface was
line Si atoms to the total Si atoms in each layer, was used iftill much broader than for the thermal oxide with higher
the simulations. This factor was used to calculate the energyi/O ratio.
loss, dechanneling fraction and Si peak intensity. The effect The presence of Si crystallines and their distribution in
of the roughness was not considered in the simulation. ~ the transition layer can be seen clearly in the blocking dips of
From the simulation result in the inset of Fig. 1 for the the Si peak given in Fig. 2 for the thermal oxides and ion
thermal oxide, the numbers of Si and O atoms in the interb€am oxides. The deep blocking dips in the bulk Si change
face layer were (4F0.5)x10®°cm 2 and (2.5-0.3) O shallow dips in the transition layer, which means that the
X 10" cm~2, respectively. The number of ordered crystal- crystallinity in the transition layer is smaller than in the sub-
line Si atoms was (2:80.5)x 10" cm™2, which is about strate crystalline Si. The blocking dips shown in Fig. 2 were
half of the total Si atoms in the transition layer. Conse-taken at the Si@side of the interfaces. Simulations are in
quently, the number of remaining Si atoms is (2@5)  progress to fit the blocking dip shapes, which may provide
X 10'® cm~2, which could be in the form of either Sir Si ~ more detailed information on the Si crystalline lattices at the
suboxide. The fraction of Si atoms in the intermediate oxi-transition layer.
dation states depends on the local distribution of oxygen in  The most interesting and important observation in this
the transition layer and the morphology of the interface. Ifletter is the shift of thg111] blocking dips in the interface
we assume that all the 2610 cm 2 oxygen atoms are layer to higher scattering angles with respect to the dips in
used to form SiQ, consuming 1.2%10'° cm 2 Si atoms, the bulk Si, as shown in Fig. 2. The changes of the dip
then the remaining (1:20.5)x 10'® cm 2 Si atoms can be positions as a function of the depth from the interface are
considered as Si atoms in an intermediate oxidation statglotted in Fig. 3. However, thgd01] blocking dip position at
located at the boundary between the Si#Rd the crystalline the transition layer did not shift from the dip position of the
Si. The density of Si atoms in intermediate oxidation statedulk Si, as shown in Fig. (8) for thermal oxides. The ion
in the transition layer, (1.50.5)x 10'® cm ™2 as reported by beam oxides did not show any shift in tf@01] blocking dip
Himpsel et al,® is close to the minimum limit (1.20.5)  position either before or after annealing. The blocking dip
X 10'° cm2 estimated above, which suggests that the majorshifts for the thermal oxides were smaller than those for the
ity of the oxygen atoms in the transition layer are used tdon beam oxides. To confirm the dip position shift for the
form SiO,. The thickness of the interface with (4:D.5) thermal oxides, another 3 nm thermal oxide madsitu was
X 10'° Si atoms cm? corresponds to (1:80.2) nm consid- analyzed with similar results, drawn in open squares in Fig.
ering the volume expansion due to Si oxidation, which is3(c).
very similar to the value reported by a previous MEIS From Fig. 3, it is clear that there are shifts in {id. 1]
analysis’ The results for 3 nm thermal oxide grown in the dip positions for the thermal oxides and the ion beam oxides
reactor chamber were very similar to the above. before and after annealing, but no shifts for {0@1] dips.
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The maximum shifts of th¢111] dip positions were (0.26 mal oxides and ion beam oxides were measured by MEIS.
+0.14)° and (0.7% 0.13)° for the thermal oxide and the ion The presence of crystalline Si lattices in the transition layer
beam oxide, respectively. Annealing of the Si@yer made was clearly observed in the energy spectra and the blocking
by oxygen ion beam bombardment did not change the maxidips. From the shift of the blocking dip position, the strain of
mum shift in the dip position, even though the transitionthe crystalline Si lattices and its distribution in the transition
layer thickness decreased significantly. Based on a simpliyer could be measured. The strains were in the vertical
trigonometric estimation, the above angular shiftg bf1] direction and the maximum values were 0.96% and 2.8% for
dips can be converted to 0.0011 nm and 0.0038 nm verticdhe thermal oxides and the ion beam oxides, respectively.
displacements of the Si atoms, which correspond to 0.96% Financial support from the Center for Molecular Sci-
and 2.8% strains calculated fromd;gy/digo;;, Where — ence, Korea, and the Ministry of Science and Technology,
drooy is the (00)) interlayer distance, 0.136 nn. Korea, is appreciated. The authors thank Y. Kido and K.
The strain in the vertical direction of the Si lattices in the Koshikawa for providing the program to calculate the energy
interface could be understood in terms of stress due to thepectra.
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