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Grazing Incidence X-ray Reflectivity and CTR
Scattering Study of Ultra-thin Silicon Dioxide Films

Naoki AWAJI
Fujitsu Laboratories LTD

We studied the silicon d1ox1de ﬁlms usmg a grazmg incidence x-ray reﬁectmty and a crystal truncatlon'
rod scattering. High-precision reflectivity study using synchrotron radiation revealed the dlﬁ'erences in the
density of native oxides formed during various chemical cleanings. For thermally grown oxides, the evi-
dence of a dense (~2.4 g/cm?), thin (~1 nm) layer at the SiO,/Si interface has been obtained. The appli-
cation of x-ray reflectivity to silicon oxynitride films and chemically deposited silicon dioxide films have
been mentioned: We succeeded with an in situ observation of the epitaxial microcrystal produced in ther—, .
mally grown oxide by applying the grazing incidence diffraction. The epitaxial mlcrocrystal has found even
in a 2.3 nm thick SiO, and may be the stable phase at high temperature L
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Figure 1. Observed x-ray reflectivity from native oxides formed by

various chemical solutions. For clarity, each curve has been dis-
placed vertically.
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Figure 2. Difference x-ray reflectivity, obtained by dividing the
reflectivity of native oxide by that of HF-treated Si wafer, for vari-
ous chemically formed samples.
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Figure 3. Observed difference x-ray reflectivity for 4-nm-thick
oxides grown at 800°C in O, ambient. Broken lines indicate the
results of optimization based on the single-layer model. The solid
line is for a two-layer model that assumes a thin, dense interfacial
layer at SiO,/Si interface.
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Figure 4. Observed difference x-ray reflectivity for 7-nm-thick

oxides grown at 1000°C in (c) O, ambient and (d) HCl/O, ambient.
Broken and solid lines are the same as Fig. 3.
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Figure 5. Observed difference x-ray reflectivity for 5-nm-thick

oxide with and without post nitridation at 850°C and 900°C in NO
ambient. The solid line is for two-layer model.
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Figure 6. Observed and calculated difference x-ray reflectivity for
30-nm-thick CVD SiO, film annealed in O, ambient for 30 min at
various temperatures (upper) and 100-nm-thick CVD SiO, film an-
nealed at 800°C in same ambient for various annealing times
(lower) . Arrows indicate node position in interference caused by an
additional layer.
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Figure 7. Intensity profile of the (1, 1, L) rod scan for 20-nm-
thick SiO, on Si. The peak at aroud L=0.45 is considered as
microcrystal epitaxially formed on Si. The solid line represents calcu-
lation based on pseudocrystobalite model.
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Figure 8. Schematic configuration of an asymmetric grazing inci-
dence diffraction measurement. An incident angle w was set to the
critical angle of the total reflection. The direction of incident, reflect-
ed, and diffracted x-ray is show by ko, k and g, respectively.
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Figure 9. A lamp annealing equipment developed for an in situ ob-
servation of thermal oxidation of Si. A focused infrared ray with
the directly provided oxidation gas for the wafer enables the oxida-
tion without contamination from the environment.
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Figure 10. Intensity profiles of the (1, 1, L) rod scan during oxida-

tion. The dots indicate the measured intensity. The broken line is
the estimated contribution of CTR scattering. The solid line
represents calculations based on the present model. For clarity, each
profile has been displaced vertically by one decade.
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Figure 11. Change in the lattice constant of the c-axis of
microcrystal vs oxide thickness. The black marks represent the data
obtained during oxidation; the white marks represent the data ob-
tained after cooling.
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Figure 12. Evolution of the model parameters as oxide thickness
increases. P, is the constant representing the population of
microcrystal at the Si0,/Si interface. ¢ is the length of the distribu-
tion of the microcrystal in the SiO, layer. S is the summed popula-
tion of the microcrystal over the SiO, layer. The black marks and
the white marks are the same as in Fig. 11.
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