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Optical absorption in ultrathin silicon oxide films near the SiOz/Si interface
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The optical absorption in ultrathin silicon oxide films was studied by measuring their reflectance spec-
tra in the vacuum ultraviolet. By applying a modified Kramers-Kronig analysis, with multiple

reflections at the boundaries of the film taken into account, depth profiling was performed of the optical
absorption in the oxide films near the SiO~/Si interface below the fundamental absorption edge of fused

quartz. The structural imperfections contributing to this optical absorption were found to arise partly
from Si-Si bonds localized within a distance of 1.4 nm from the interface in the oxide films.

I. INTRODUCTION

According to studies on the transmittance spectra of
nearly 50-nm-thick silicon thermal oxide films, ' the ab-

sorption coefficients in the vacuum ultraviolet were found
to coincide with those calculated from the optical con-
stants of fused quartz. However, the optical absorption
in SiOz/Si interfacial transition region cannot be deter-
mined from these studies alone. The reason is that the in-

terfacial transition region was removed along with the sil-

icon substrate by the chemical etching at the time that
the substrate was selectively etched off in order to obtain
a silicon oxide film supported by a silicon substrate at the
periphery of the silicon oxide film for a transmittance
measurement. Therefore nondestructive measurements,
such as a reflectance measurement, are necessary for
detection of optical absorption in the interfacial transi-
tion region. Philipp and Taft pointed out that silicon
oxide films having thicknesses of less than 3 nm formed
on a silicon substrate exhibit large changes in the
reflectance with thickness change in the photon-energy
range 8.5 —12 eV. In particular, they showed that the ex-
istence of ultrathin thermal oxide films has an apprecia-
ble effect on the reflectance in the vacuum ultraviolet.
Furthermore, they found that the reflectance spectrum of
a 2.6-nm-thick native oxide film formed on a silicon sub-
strate was different from that of a thermal oxide film

formed on a silicon substrate with the same thickness in
the photon-energy range 8.5 —12 eV. In particular, they
found that the reflectance was affected strongly by the de-
viation in composition of the native oxide film from that
of the thermal oxide film.

However, the dependence of the optical properties on
the oxide film thickness cannot be determined from the

reflectance spectrum alone because the reflectance of ul-

trathin silicon oxide films is affected strongly by the
thickness change. Thus, the modified Kramers-Kronig
relation derived by Lupashiko, Miloslavskii, and
Shklyarevskii, which takes into account the effect of
multiple reflections at the boundaries of the film, was
used to analyze the reflectance spectra in order to deter-
mine the optical constants of the silicon oxide films.
For this analysis, it is necessary to determine the complex
frequency at which the complex reflectance becomes
zero. Because the complex reflectance cannot be deter-
mined from the measurement, the complex frequency was
determined for a silicon oxide film with thickness t as fol-
lows: The complex frequency is determined for a
quartz film with thickness t. Then the complex frequency
is adjusted near this complex frequency so that the mea-
sured spectrum satisfies the modified Kramers-Kronig re-
lation. Based on preliminary studies on the
reflectance of ultrathin thermal oxide films, optical ab-
sorption due to Si-Si bonds in the oxide film near the in-
terface has been found.

Near the SiOz/Si interface, both compositional and
structural transition regions exist. By using surface-
sensitive techniques, such as photoelectron spectroscopy,
the thickness of a compositional transition layer was
found to be in the range 0.3—0.6 nm, while that of a
structural transition layer was found to be in the range
3—7 nm. In the compositional transition region, subox-
ides were detected.

It is the purpose of the present paper to clarify the
chemical structures of compositional and structural tran-
sition layers from the analysis of the reflectance spec-
trum. First, the method used to determine the optical-
absorption coefficients of thermal-oxide film from the
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reflectance spectrum is described in detail. Second, the
measurements on the change in reflectance caused by the
change in thickness are described. These measurements
are analyzed to determine the change in optical proper-
ties as a function of depth. It is shown that a decrease in
thickness results in an increase in the absorption
coefficients below the fundamental absorption edge of
fused quartz. The origin of this optical absorption near
the interface is shown to arise from suboxides existing in
the oxide film near the interface.

II. EXPERIMENTAL DETAILS

After removing nearly 200-nm-thick oxide films by ad-
vanced buffered hydrogen fluoride (HF 3.7 wt. %%uo, NH4 F
20 wt. %), which were formed on 3-Qcm p-type (100)-
oriented CZ silicon wafers in dry oxygen at 1000'C, suc-
cessively thinner oxides were grown in dry oxygen at
800'C by an ultraclean oxidation method. ' Reflectance
measurements were performed on as-grown oxide films
with thicknesses of 1.9, 4.5, 7.1, 9.1, and 12.3 nm and on
oxide films with thicknesses of 1.4, 2.7, and 3.5 nrn ob-
tained from the chemical etching of 4.5-nm-thick
thermal-oxide films. The chemical etching was per-
formed using dilute HF ([HF]:[CH3OH]:[H20]=1:18:1)
with ultrasonic vibration of the solution. Transmittance
measurement was performed on a 50.5-nm-thick
thermal-oxide film. This oxide film was prepared by re-
moving silicon substrate in two steps. In the first step,
the substrate was etched by anisotropic etching"' until
the thickness of the substrate reached 1 pm. In the
second step, the silicon substrate was etched off by XF2. '

The thickness of silicon oxide films, except for 50.5-nrn-
thick silicon oxide film, were determined from the ratio
of (No/Ns). ' Here, No and Ns are the Si 2p spectral
intensities for silicon in silicon dioxide and for silicon in
the silicon substrate, respectively. Surface Science In-
struments SSX-100 furnished with monochromatized Al
Ea radiation was used to measure highly resolved Si 2p
photoelectron spectra. The values of electron escape
depths in a silicon substrate and in silicon thermal oxide
are 2.7 and 3.4 nm, respectively. These electron escape
depths were determined from the oxide film thickness
dependence of (No/Ns). The thickness of the thermal-
oxide film used for transmittance measurement was de-
duced from the analysis of the transmittance spectrum.

The measurement of reflectance was carried out at
Beam Line 1 of the 0.38 GeV SOR ring of the Institute
for Solid State Physics by using a 1-m Seya-Namioka-
type monochromator in the photon energy range 5 —23
eV. The monochromatic light, which was incident on the
silicon oxide film with an incident angle of 10, was polar-
ized in the plane of incidence. Since the reflectance is
weakly affected by the optical constants of silicon oxide
film in the photon-energy range 5.1 —5.4 eV, the absolute
values of reflectance could be determined and the refrac-
tive index of thermally grown silicon oxide films found to
be equal to that of fused quartz' in this photon-energy
range. This was confirmed by the fact that the absolute
value of reflectivity shown in Fig. 1, which was measured
by using a Shirnadzu MPC-300 in the photon-energy
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FIG. 1. Solid line shows the absolute value of reflectivity
measured for 6.6-nm-thick thermal-oxide film formed in dry ox-

ygen at 800'C. The dashed line shows the reflectivity of fused
quartz (Ref. 15).

range 1.5 —4 eV, almost coincides with that calculated
from optical constants of fused-quartz' and single-
crystal silicon. '

III. ANALYSIS OF THE REFLECTANCE SPECTRUM

"OIa

OI Nc= 1

N, =n, -ik,

N, =n, -ik,

SUBSTRATE

FIG. 2. Schematic diagram of the oxidized silicon surface
idealized as a single layer of material with thickness t.

In order to determine the optical constants of silicon
oxide film grown thermally on single-crystal silicon from
the reflectance spectrum alone, it is necessary to deter-
mine the phase change on reflection from the Kramers-
Kronig analysis of reflectance in the photon-energy range
zero to infinity. Then, after describing the method of ex-
trapolation of reflectivity beyond the photon-energy
range studied, a modified Kramers-Kronig analysis that
takes into account multiple reflections at the boundaries
of the film is described.

As shown in Fig. 2, the sample studied is assumed to
consist of a silicon thermal oxide film with a complex in-
dex of refraction N, and thickness t and a silicon sub-

strate with a complex index of refraction F2. Then,
reflection coefficient ro&2 at normal incidence is given by
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the following equation:

No —N

No +N]

N)+N2

ro, + r,~exp( 2—i 5, )

1+, , ( —2'5 )

Here, A, is the wavelength of incident light and
5, =(2m/A. )N, t. Therefore, in order to determine the

complex index of refraction of silicon oxide film, the
phase change on reflection P is necessary in addition to
reflectivity R.

slightly oxidized silicon surfaces are quite similar to those
of single-crystal silicon. '

B. Phase change on reflection

co; „ln[R (co;)/R (co)]
P(co;)= ~+ dco

0 CO CO;

T r

n —1

arctan
&mm=0

According to Lupashiko, Miloslavskii and
Shklyarevskii, the phase change on reflection at normal
incidence can be given by the following modified
Kramers-Kronig relation, which includes the effect of
multiple reflections at the boundaries of the film:

A. Extrapolation of the re8ectance spectrum
—arctan

Vm

Xm +CO).

The reflectance spectrum beyond the photon-energy
range studied was determined as follows. The reflectance
spectrum in the photon-energy range 0—5.1 eV is calcu-
lated by using optical constants of fused-quartz' and
single-crystal silicon. ' The connection of this
reflectance spectrum to measured reflectance spectra is
already described in the preceding section. Furthermore,
the reflectance spectrum in the photon energy larger than
23 eV is calculated by assuming that real and imaginary
parts of the complex dielectric constant of single-crystal
silicon and silicon thermal oxide can be approximated by
the following equations

and

Ct)p
E)=n k

co2r +1

Sp7
e2=2nk =

co(co r +1)
Here, n and k are respectively, the real and imaginary
parts of the complex index of refraction. m and m are
the angular frequency and angular plasma frequency, re-
spectively. ~ is a momentum relaxation time constant.
In the case of single-crystal silicon, the values of co and ~
are determined such that optical constants determined
from these equations coincide with those of single-crystal
silicon in the photon-energy range 23 —23.5 eV. In the
case of oxide film grown thermally on single-crystal sil-
icon, the values of m and ~ are determined such that the
reflectance calculated using these expressions coincides
with the measured spectrum in the photon-energy range
22 —23 eV. The values of Ace and ~ used for the descrip-
tion of optica1 constants of single-crystal silicon are 16.5
eV and 1.02 X 10 ' s, respectively. On the other hand,
the values of Ace and ~ used for the description of optical
constants of oxide film grown therma11y on single-crystal
silicon depends weakly on the oxide film thickness such
that the value of Ace is in the range 26.2 —27.9 eV and the
value of ~ is in the range 6.54X10 ' —8.57X10 ' s.
The existence of a plasma resonance in the oxide film is
plausible because bulk- and surface-1oss functions of

C. Determination of branch points

Because the branch points (x,y ) cannot be deter-
mined from the reflectivity measured, the branch points
were first determined for the fused-quartz film on single-
crystal silicon. In particular, the phase change on
reflection Pf is determined by substituting optical con-
stants of fused-quartz' and single-crystal silicon' in the
expression of reflection coefficient ro, z. In Fig. 3, the
dependence of phase change Pf on photon energy for
6.0-nm-thick fused-quartz film on single-crystal silicon is
shown in addition to Pt obtained by applying a Kramers-
Kronig analysis to the reflectance calculated from the op-
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FIG. 3. Dependence of phase change on reflections Pf and P,
on photon energy for 6-nm-thick fused-quartz film.

=—P,(R)+$2(x,y ) .

Here, R (co) is the reflectivity at frequency co and P(co; ) is
the phase change on reflection at frequency co, . The com-
plex reflectivity is defined such that the real frequency ro

in the real reflectivity is replaced by a complex frequency,
co. x and y are the real and imaginary parts of 9, at
which complex reflectivity becomes zero; in other words,
ln[R (co; )/R (co )] becomes infinity. This co is denoted
as a branch point. n is the number of branch points. P2
arises from a phase change on multiple reflection at the
boundaries of the silicon oxide film.
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FIG. 4. Dependence of phase change on reflections Pf and P,
on photon energy for 5-nm-thick fused-quartz film.
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FIG. 6. Dependence of values of the second branch point on
oxide film thickness.

tical constants of fused-quartz' and single-crystal sil-
icon. ' By performing the same kind of calculation of the
phase change on reflection, the photon-energy depen-
dences of Pf and P& shown in Fig. 4 are obtained for 5.0-
nm-thick fused-quartz film on single-crystal silicon. Be-
cause Fig. 3 exhibits an abrupt change near the photon
energy of 10 eV, the branch point must be located near 10
eV. Specifically, the branch point (xf&,yf &) is determined
such that the photon-energy dependence of P is close to
that of Pf. However, the photon-energy dependence of
pf in Fig. 3 cannot be explained by only one branch
point. Therefore, another branch point (xfz,yfz) is as-
sumed at a higher photon energy. The phase change cal-
culated by using these two branch points coincides ex-
tremely well with Pf. Applying the same kinds of calcu-
lations of phase changes on reflection for fused-quartz
films with various thicknesses, n=1 is found for fused-
quartz film with a thickness ~5.2 nm, while n=2 is
found for fused-quartz film with thickness between 5.3
and 36 nm. The thickness dependence of branch points
(xf ] yf, ), (xf2,yf 2 ) thus determined are shown in Figs. 5

and 6.
The phase change on reflection for an oxide film with

thickness t was then calculated by substituting the
reflectance spectrum of the oxide film and branch points

for a fused-quartz film with thickness t into the modified
Kramers-Kronig relation. The deviation of this phase
change from the phase change for the fused-quartz film
with thickness t was minimized in the photon-energy
range 5.1-5.4 eV by changing the values of branch points
near those for fused-quartz film. This procedure is
equivalent to the assumption that the optical constants of
oxide film are equal to those of fused-quartz film below
the photon energy of 5.4 eV; in other words, optical ab-
sorption arising from structural imperfections in the ox-
ide film is negligible below the photon energy of 5.4 eV.

From the branch points thus determined and the mea-
sured reflectance spectrum, the optical constants of
thermal-oxide films were determined.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Re8ectsnce spectrum

The change in the reflectance spectrum of 4.5-nm-thick
silicon oxide films with a decrease in oxide film thickness
is shown in Fig. 7. The dashed lines in this figure are cal-
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FIG. 7. Change in the re6ectance spectrum with decrease in
oxide film thickness. 3.6-, 2.7- and 1.4-nm-thick thermal-oxide
film was obtained by chemical etching of 4.5-nm as-grown thick
thermal-oxide film.
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FIG. 8. Solid lines are optical constants calculated from
reflectance spectra of oxide films used for Fig. 7 and dashed
lines are optical constants of fused-quartz film.

B. Optical constants

The solid lines in Fig. 8 show the photon-energy depen-
dence of the optical constants determined by the pro-
cedure described in the preceding section. The dashed
lines in this figure indicate the optical constants of fused
quartz. It can be seen from this figure that the difference
in optical constants between a thermal-oxide film and a
fused-quartz film increases with decreasing thickness,
especially in the photon-energy range 6—9 eV.

I I I I
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4.5 nm

culated for the reflectance of fused-quartz films whose
thicknesses are equal to those of the thermal-oxide films.
It can be seen from this figure that the difference in the
reflectance between a thermal-oxide film and a fused-
quartz film is appreciable, especially in the photon-energy
range 6—9 eV.

C. Absorption coefBcients

The solid lines in Fig. 9 show the photon-energy depen-
dence of the optical-absorption coefficients calculated
from the optical constants of silicon oxide films shown in
Fig. 8. The dashed lines in this figure show the optical-
absorption coefficient of fused quartz. In order to show
the change in absorption coefficients as a function of
depth, the difference in absorption coefficients Aa be-
tween two oxide film thickness are calculated using the
relation ha=(azt2 —a, t, )/(tz t, )

—and are shown in

Fig. 10, that is, the difference in the absorption coefficient
for 4.5- and 3.6-nm-thick thermal oxide, that for 3.6- and
2.7-nm-thick thermal oxide, and that for 2.7- and 1.4-
nm-thick thermal oxide. Here, a2 and e& are the absorp-
tion coefficient of oxide film with thickness t2 and t&, re-
spectively. It can be seen from this figure that the
structural imperfections in the oxide film contributing to
optical absorption all exist within a distance of 1.4 nm
from the interface.

Because the optical-absorption tail of fused quartz can
be approximated by an exponential function, the so-
called Urbach tail, the optical-absorption tails of the ox-
ide films in Fig. 9 were approximated by the exponential
function. The subraction of such optical-absorption tails
from the optical absorptions in Fig. 9, followed by a
deconvolution, results in three absorption bands with
Gaussian line shapes located at 6.5, 7.8, and 8.8 eV. An
example of such deconvolution is shown in Fig. 9 for a
4.5-nm-thick oxide film. Therefore, the deviation of the
optical-absorption tail shown by dotted lines from that
for fused quartz is appreciable for a 1.4-nm-thick oxide
film.

Extensive studies have been previously performed on
the optical absorption of bulk silica glasses below the fun-
damental absorption edge. ' ' The existence of an
optical-absorption band due to Si-Si bonds in silicon diox-
ide was theoretically predicted and was detected in sili-
ca glass, which was prepared by the chemical-vapor-
deposited (CVD) soot method and subsequently dehy-
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FIG. 11. Areal density of Si-Si bonds at the interface estimat-

ed from optical absorption and areal density of Si'+ estimated
from the Si 2p photoelectron spectrum.

as-grown oxide films. Therefore, the Si-Si bonds detected
are not produced by the chemical etching.

drated by chlorine gas treatment before sintering the
CVD soot. This optical-absorption band appears at 7.6
eV, which is close to the energy gap of 7.7 eV for the 0.-
o* transition of the Si-Si bond, and has an optical-
absorption cross section of 8 X 10 ' cm . Based on these
studies, the absorption near 7.8 eV is ascribed to Si-Si
bonds in the oxide film. The optical-absorption band at
6.5 eV was detected in the transmittance spectrum of sil-
icon oxide, which was obtained by oxidizing single-
crystal silicon film on sapphire, and was considered to
originate from Si-Si-Si bonds in the oxide film. It is plau-
sible that optical-absorption band at 8.8 eV may be corre-
lated with the Si-0-0-Si bond, whose optical absorption
at 8.6 eV is theoretically predicted by O'Reilly and
Robertson.

The dependence of the number of Si-Si bonds on the
oxide film thickness can be calculated using the relation
E =at/o and is shown in Fig. 11. Here, X is the nutn-

ber density of Si-Si bonds in the oxide film, cr is the
optical-absorption cross section, a is the absorption
coefficient, and t is the thickness. This figure implies that
Si-Si bonds with an areal density of SX 10' cm localize
in the oxide film within a distance of 1.4 nm from the in-
terface. Furthermore, the areal density of the Si-Si bonds
in chemically etched films is nearly the same as that in

D. Transmittance spectrum

The solid line in Fig. 12 shows the transmittance spec-
trum for a 50.5-nm-thick thermal-oxide film, while the
dashed line in this figure shows the transmittance spec-
trum for a 50.5-nm-thick fused-quartz film, and the
dashed-dotted line in this figure shows the transmittance
spectrum for a 50.5-nrn-thick thermal-oxide film calculat-
ed using optical constants of a 12.3-nm-thick therrnal-
oxide film. Therefore, the measured transmittance spec-
trurn observed can be roughly explained by the optical
constants determined from the reflectance spectrum of
the 12.3-nm-thick thermal-oxide film. Furthermore, it
can be seen from Fig. 13 that strong absorption at 10.3
eV is clearly observed for silicon thermal oxide, which
was observed in fused quartz' and was also theoretically
explained.

E. Si 2p photoelectron spectra

The change in the Si 2p3/2 photoelectron spectrum of a
4.5-nm-thick silicon oxide film with a decrease in the ox-
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FIG. 14. Si 2p3/2 photoelectron spectra for oxide films used
in Fig. 7. Deconvoluted spectra are also shown.
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ide film thickness measured using ESCA-300 is shown in
Fig. 14. These spectra were measured at a photoelectron
takeoff angle of 90' with an acceptance angle of 3.3'. The
method of removing the Si 2p»2 spin-orbit partner from
the measured spectra is almost the same as that used by
Hollinger and Himpsel. The decon voluted spectra
shown in this figure were obtained by assuming that the
spectrum denoted by Si'+,Si +,Si + has almost the same
chemical shift and bonding configuration as that deter-
mined by Himpsel et al. and the spectrum denoted by
Si + has almost the same chemical shift and bonding
configuration as that determined by Sugiyama et al.
Here, the spectral intensities for silicon in the silicon sub-
strate are adjusted to be equal to each other. Because the
Si + spectral intensity divided by the spectral intensity of
silicon in the silicon substrate depends weakly on the ox-
ide film thickness, Si + must be mostly localized near the
SiOz/Si interface. ' Therefore, if it is assumed that Si +

is localized in a silicon oxide film near the interface, the
amounts of Si + determined from these deconvoluted
spectra shown in Fig. 11 are obtained. The amounts of
Si + determined with the same assumption for the 1.9-,
7.1-, and 9.1-nm-thick silicon oxide films are also shown
in Fig. 11. Because a Si-Si bond consists of two Si +, a
large difference exists between the amount of Si + es-
timated from optical absorption and that estimated from
the Si 2p photoelectron spectrum. This difference implies
the existence of unknown structural imperfections con-
tributing to the optical absorption at 7.8 eV and is the
subject of further study.

V. CONCLUSION

The reflectance spectra of silicon thermal-oxide films
with thicknesses in the range 1.4—12.3 nm were measured
in the photon-energy range 5 —23 eV. By applying a
modified Kramers-Kronig analysis to these spectra, with
multiple reflections at the boundaries of the film taken
into account, the change in the optical properties of
thermal-oxide films as a function of depth was clarified.
Namely, the thickness dependence of the optical absorp-
tion below the fundamental absorption edge of fused
quartz indicates that the structural imperfections contrib-
uting to optical absorption localize in the oxide film
within a distance of 1.4 nm from the interface. The opti-
cal absorption appears at 7.8 eV and is attributed to the
existence of Si-Si bonds in the thermal-oxide film within a
distance of 1.4 nm from the interface. The areal density
of these Si-Si bonds is 8X10' cm and is larger than
that estimated from the analysis of Si 2p photoelectron
spectra. The optical absorption in the photon-energy
range 6—9 eV was confirmed from the measurement of
transmittance of a nearly 50-nm-thick thermal-oxide film.
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