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High-Density Layer at the SiO2/Si Interface Observed by Difference X-Ray Reflectivity
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We have developed a high-accuracy difference X-ray reflectivity (DXR) method using intense synchrotron
radiation for the evaluation of ultrathin thermal oxides on Si(100). By carefully analyzing DXR data for gate
oxides with thicknesses of 40 A and 70 A grown at 800°C to 1000°C, the existence of a dense (~2.4 g/cm?®), thin
(~10 A) layer at the SiO,/Si interface has been revealed. The thickness of the interfacial layer decreases with
increasing oxidation temperature. Oxides grown in Oz or HCI/O2 have a thinner interfacial layer compared to

those grown in Os.
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The current trend toward increased density of
ultralarge-scale integrated devices has required highiy
reliable ultrathin SiO, gates as thin as 40 A. For such
ultrathin oxides, characterization of the initial surface
before oxidation is an important issue along with the in-
terfacial structure of the grown oxide. In the previous
paper,t? we developed high-accuracy X-ray reflectivity
techniques using intense synchrotron radiation for the
evaluation of native oxides formed by various chemical
treatments. In this work, we generalized the method as
a difference X-ray reflectivity technique and applied this
to evaluate the structure of ultrathin thermally grown
oxides.

We prepared thermal oxides with the thicknesses of
40 A and 70 A. Czochralski (CZ) grown Si (100) wafers
were cleaned by H,SO,/H,0, followed by dipping in 5%
HF solution to remove chemically formed oxides. These
wafers were then treated in boiled HNOj; solution to form
native oxide. For the preparation of 40 A oxides, part
of the wafers were treated with UV/O; prior to the ox-
idation to elucidate the effect of the quality of native
oxide on the grown oxide. The UV/O, treatment was
performed by transferring the wafer in a quartz cham-
ber, in which a highly purified oxygen gas containing 5%
ozone produced by a discharge ozonizer flows (2SLM),
with irradiation from a mercury tube for 5 minutes.?
These wafers were transferred to the load-locked oxida-
tion furnace without exposure to air to avoid humidity
and contamination. Oxides 40 A thick were grown at
800°C in 200 Torr Oz ambient, and better electric prop-
erties were obtained compared to using O, ambient. The
heating system is a hot-walled type with 4-5% ozone
generated by a discharge ozonizer. We grew 70-A-thick
oxides in three different ambients, 200 Torr O, 200 Torr
Oz and atmospheric-pressure HC1/O,, at temperatures
between 800°C and 1000°C to elucidate their structural
differences.?

The X-ray reflectivity was measured using synchrotron
radiation at the beamline 17C photon factory (PF) KEK,
by selecting the X-ray wavelength of 1.3 A. In the previ-
ous analysis, we extracted the contribution of native ox-
ide by subtracting log-reflectivity of the Si substrate from
that of native oxides for accurate evaluation. Here, we
generalize the subtracted reflectivity as DXR (denoted
by AR) defined as

AR = loglo (R/Ra.ve)’

where R,.. is the reference reflectivity that reproduces
the average behavior of the measured reflectivity, R. R.,.
must be clearly defined and has no oscillatory behavior.
It is not difficult to mathematically confirm, if the den-
sities of film and substrate are similar, reflectivity from
the substrate is appropriate for R,,.. To obtain DXR
of the thermally grown oxides, the measured reflectiv-
ity of the Si substrate is not appropriate for R,,. since
the surface roughnesses of the grown oxide and that of
the Si substrate are not necessarily similar, in contrast
to the case of native oxide. Therefore, we applied the
calculated reflectivity of the Si substrate with the same
surface roughness, 0gi0,, as that of grown oxide for the
average reflectivity of R.,. = Rs;,ca1c(0si0,)-

We developed an optimization program based on the
Marquardt minimization procedure for the extraction
of film parameters, where the reflectivity is calculated
based on the Vidal and Vincent formalism.®) The follow-
ing standard error function was applied in the optimiza-
tion since R,,. terms in the observed and calculated AR
cancel each other out.

X2 = Z(loglo Rdata. - loglo Rca.lc)2

In the least squares refinement of the model for the
thermal oxides, there are two possible solutions having
the same interference amplitude in which the oxide den-
sity is low or high compared to that of the Si substrates.
Figure 1 shows the calculated DXR for the 40-A-thick
oxide whose density varied from 2.15 to 2.5 g/cm?, along
with the usual X-ray reflectivity for oxide with the den-
sity of 2.15 g/cm® From the figure, the interference
fringe clearly changes in phase when the oxide density co-
incides with that of the Si substrates, 2.33 g/cm®. Then,
the ambiguous solutions of density can be resolved from
the shape of the first fringe at around the critical an-
gle, 1., where the peaks indicate denser oxides and dips
indicate less dense oxides, compared to the density of Si.

In Figs. 2 and 3, typical DXRs are shown for the 40-A-
thick oxides (a) without and (b) with UV/O; pretreat-
ment, (c) for 70-A-thick oxide grown at 1000°C in Oj
ambient, and (d) for 70-A-thick oxide grown at 1000°C
in HC1/O, ambient. Based on the first oscillation of the
interference, the densities of oxides (a) and (b) exceed
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Fig. 1. Calculated difference X-ray reflectivity for 40-A-thick ox-

ides. The assumed oxide densities are from 2.15 to 2.5 g/cm?.
Interference oscillation changes its phase when the oxide density
exceeds that of Si (2.33 g/cm?3). Original X-ray reflectivity for
oxide with the density of 2.15 g/cm? is also shown.
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Tig. 2. Observed difference X-ray reflectivity for 40-A-thick ox-
ides grown at 800°C in Oz ambient. Before oxidation, (a) Si
wafers are cleaned by boiling in HNO3, and (b) with additional
UV/O3 treatment. Broken lines indicate the results of optimiza-
tion based on the single-layer model. Solid line represents the
two-layer model which assumes a thin, dense interfacial layer at
the SiO2/Si interface.

that of Si, whereas oxides (c) and (d) are less dense com-
pared to that of Si.

The broken line in these figures represents the result of
the optimization based on the single-layer model where
a uniform SiO, layer on a Si substrate is assumed. How-
ever, the calculated DXR cannot reproduce the measured
data, especially the oscillation phase and the intensity
modulation. In a highly constrained single-layer model,
such intensity modulation and phase change cannot be
accommodated. During the analysis, we found that the
two-layer model with a thin, high-density interfacial layer
precisely reproduces the measured reflectivity, as shown
by the solid line in the same figures. The existence of this
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Fig. 3. Observed difference X-ray reflectivity for 70-A-thick ox-
ides grown at 1000°C in (c) Oz ambient and (d) HCI/Oz am-
bient. Broken line and solid lines are the same as in Fig. 2.

additional thin layer induces a wide-interval oscillation
amplitude with which the regular oscillation from the
bulk SiO, layer interferes, which can reproduce the ob-
served modulation features. The dense interfacial layer
was seen in all measured samples. In the model, we as-
sumed the chemical composition of the interfacial layer
to be SiO,. Results from the X-ray reflectivity technique
are insensitive to the chemical composition and chemical
bonding. é in the complex refractive indices, which de-

" termines the shape of the reflectivity curve, is given by

(roNa/2m)N2p (Z + f')/ A, where 7, is the classical elec-
tron radius, N, is Avogadro’s number, A is the X-ray
wavelength, p is the density, A is the atomic mass, and
(Z + f') is the atomic scattering factor. In the equation,
the composition-dependent electron density (Z + f')/A
has values of 0.5040 and 0.5046 for SiO, and SiO, re-
spectively, at the X-ray wavelength of 1.3 A. Since & is
the product of (Z + f')/A and the density, only a 0.12%
error can be expected in the estimated density of the in-
terfacial layer whether we assume SiO, or SiO for the.
composition of the layer. In this two-layer model, we set
the rms-roughness between the interfacial layer and SiO,
layer to be 2 A since the results were insensitive to the
roughness. Results from the two-layer model for 40-A-
thick oxides are summarized in Table I. The main dif-
ference between these two samples is in the thickness of
the interfacial layer, where the UV /Oj; treatment caused
the interfacial layer to be 2 A thinner.

Figure 4 shows the change of the interfacial layer thick-
ness with oxidation temperature for 70-A-thick samples.
The layer thickness ranges from 8 A to 14 A and de-
creases as the temperature increases. The O,-grown
oxides have the thickest interfacial layers, while oxides
grown in O3 and HCl/O, ambient have thinner interfa-
cial layers.

Figure 5 shows the densities of the interfacial layer and
SiO, layer versus oxidation temperature. The density
of the interfacial layer is almost constant at around 2.4
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Table I. Extracted parameters for 40-A-thick thermal oxides, grown at 800°C in O3 ambient, based on the two-layer
model where the thin, dense interfacial layer exists at SiO,/Si interface. os and oy indicate the SiO2 surface
roughness and interface roughness at Si substrate, respectively.
Interfacial layer SiOg layer
Pretreatment
before oxidation o1 Density Thickness Os Density . Thickness
A) (g/cm?) (&) A) (g/cm?) A)
(a) HNO3 _ 1.8 2.41 14.0 4.1 2.35 25.6
(b) HNO3 + UV/O3 2.2 2.41 12.1 4.0 2.36 28.3
Error +2.0 +0.02 +1.0 +0.1 +0.02 +1.0
15 O, and Oj; oxides, while it decreases much more rapidly
in the case of HCl/O, oxide as oxidation temperature
14r 7] increases.
13l __ The results above, obtained by our X-ray reflectiv-
ity technique, clearly contradict those obtained by the
~ 121 . grazing-incidence X-ray diffraction technique,® where a
ﬂa 11k _ structure with a 70-A-thick less dense (2.4 g/cm?®) tran-
- sition layer between Si and the high-density (2.6 g/cm?)
10 - bulk SiO, layer was proposed. However, such a high-
ol a density oxide (as dense as quartz) should give the unac-
ceptably high refractive index of 1.557 for the optical el-
8+ . lipsometry, compared to the standard value of 1.46. This
7 | | | | | unacceptably high oxide density with the thick interfa-
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Fig. 4. Change in the thickness of the interfacial layer versus ox-
idation temperature for 70-A-thick oxides. Each symbol corre-
sponds to the oxide grown in O;, Oz and HCl/O; ambients,
respectively.
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Fig. 5. Evolution of the density of 70-A-thick oxides on oxidation
temperature. Black and white symbols represent the densities of
interfacial layer and SiO3 layer, respectively. Each symbol corre-
sponds to the oxide grown in Oz and O3 and HCl/O; ambients,
respectively.

g/cm?® for all samples, which indicates the existence of
similar oxidation mechanisms even in the HIC1/O, ambi-
ent. On the SiO, layer, the density decreases in the same
manner as does that of the interfacial layer in the case of

cial layer may be due to the large error inherent in the
estimation of X-ray penetration depth at incident angles
near the critical angle of total reflection.

The density obtained by the DXR method should have
small systematic error compared to that in the above
method since the observed interference fringes depend on
the density difference relative to that of the Si substrate
whose density is well known and kept constant at 2.33
g/cm?® during optimization. The oxide structure, in addi-
tion to the effects of thickness and the surface/interface
roughness, can be evaluated separately for each sample,
since these parameters relate to the interference differ-
ently.

So far, various characterizations have been performed
on the SiO, /Si system, and the experimental results have
been explained in terms of (I) a model in which the inter-
face is abrupt and has no interfacial layer,® (II) a model
in which there is a substoichiometric (SiO,) layer at the
SiO,/Si ihterface,®!? (III) a model in which the transi-
tion of crystaline Si into amorphous SiO, proceeds via
the crystalline or ordered phase of Si0,.1*71)

Our results clearly disagree with the model I. Also,
in the case of model II, the density of the SiO, layer is

~ unlikely to have a high value compared to the densities

of SiO, and Si, except in the case of interstitial oxygen
diffusion at the interface. In model III, the quasi-stable
crystalline polymorph of SiO, like tridymite, cristobalite,
quartz or coesite are assumed whose densities range from
2.26 to 2.9 g/cm® which can account for the observed
high density of about 2.4 g/cm?® of the interfacial layer.
Since the unit sizes of these polymorphs are around 6
to 11 A, the observed thickness of the interfacial layer
corresponds to one or two monolayers. Because the
crystalline phase will be quasi-stable, the population of
the phase will decrease as the oxidation temperature in-
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creases, which agrees with the observed decrease in the
thickness of the interfacial layer. The existence of chem-
ically active O3 and HCI accelerates the transition of the
crystalline phase into amorphous SiO, which leads to a
thinner interfacial layer, in agreement with the crystal-
truncation rod (CTR) study of O,- and Oj-grown ox-
ides.'® Therefore, our results can be explained by model
III in which the ordered phase exists near the interface.

The electrical study of 40 A gate oxides® indicated
that oxide grown from the UV /O;-treated dense native
oxide has low surface state density (D;,) and small leak-
age current compared to that without the treatment,
even under the same oxidation conditions. UV/Os-
treated native oxide, free of poor-quality areas associated
with Si-H or Si-OH bonds, generates a uniform oxida-
tion layer at the Si surface whose uniformity remains on
the interface in the case of such ultrathin oxides. This
may lead to good-quality gate oxides.

O;-grown oxide has superior electrical properties com-
pared to O,-grown oxides.? It is plausible that ozone
accelerates the phase transition of crystal-to-amorphous
SiO, which suppresses the nonuniform growth of micro-
crystals at the interfacial defects of Si,'¥ which in turn
leads to uniform amorphous SiO, with improved electric
qualifies.
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