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Surface second-harmonic generation (SHG) has been used to reveal the symmetry characteristics of
buried interfaces on oxidized vicinal Si(100). For native oxides, onefold and threefold symmetries are
prominent, arising from the presence of steps and ordered Si-O bonds in the vicinity of the steps, respec-
tively. For thermal oxides grown at 900 °C, twofold symmetry is most prominent, consistent with the
presence of highly oriented microcrystallites at the buried interface. SHG measurements of postoxida-
tion annealing of oxides grown in steam are consistent with the amount of stress reduction occurring as a
result of annealing being too small to be observed by SHG, and with hydrogen leaving the buried inter-

face below 600 °C.

I. INTRODUCTION

The SiO,/Si(100) interface has been the subject of in-
tense study due to its important role in semiconductor
technology. One fundamental issue concerns the atomic
mechanisms by which the structural and chemical transi-
tions from Si(100) to amorphous SiO, occur in the inter-
facial region. Several experimental techniques have been
used in an attempt to determine the structure of the in-
terface, its extent, and its roughness.!™!° Previous stud-
ies generally agree in identifying two distinct regions.
The region near the interface consists of a few atomic lay-
ers containing Si atoms in intermediate oxidation
states.! "% A second region extends about 30 A into the
SiO, overlayer.! The SiO, in this layer is compressed be-
cause the number density of Si atoms in Si is higher than
in Si0,.! Several structural models have been proposed
for the transition from Si(100) to amorphous SiO,, each
predicting a characteristic distribution of oxidation
states. >

There have been theoretical predictions of a boundary
layer of microcrystallites between the Si substrate and the
amorphous overlayer which allows the long-range order
to decay gradually into the amorphous film.2° Clear evi-
dence for the presence of crystalline order in the interfa-
cial SiO, layer was seen in the work of Fuoss et al.® In
that work, x-ray-diffraction peaks from small crystallites
were found. Similar experiments performed by Rochet
et al. clearly show the presence of microcrystallites at
the interface of a misoriented Si(100) substrate.” Photo-
emission studies performed by Niwano et al. are also
consistent with crystalline order being present in the in-
terfacial region.? All three of these papers put the ex-
istence of SiO, microcrystallites in oxide layers grown at
relatively high temperatures (7' 700°C) on a firm foot-
ing. However, the conclusions drawn from data for ox-
ides grown at lower temperatures are more controversial.
High-resolution transmission electron microscopy (TEM)
measurements of Ourmazd et al. appear to indicate the
existence of a transition interfacial layer between the SiO,
film and the Si(100) substrate which could possibly be tri-
dymite, a high-temperature polymorph of crystalline
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Si0,.>>® But modeling by Akatsu and Ohdomari® of
TEM images from amorphous oxide layers with no inter-
vening ¢-SiO, yielded images consistent with those ob-
served by Ourmazd et al. Core-level spectroscopy (CLS)
work performed by Himpsel et al. showed a substantial
concentration of Si atoms in intermediate oxidation
states, implying that the interface is not perfectly abrupt
on an atomic scale, and that either the interface is ex-
tended over a few layers, or that it is disordered.! How-
ever, by using grazing-incidence x-ray scattering Renaud
et al. later obtained evidence of an epitaxial interfacial
layer which contained a significant amount of both order
and disorder on an atomic scale.!® Nevertheless, the
presence and structure of the epitaxial oxide have
remained highly controversial, mainly because of the in-
ability of electron diffraction to yield diffraction peaks
which can be assigned unambiguously.

In this paper we use optical second-harmonic genera-
tion (SHG) to determine the macroscopic symmetry
properties of the interfacial SiO, layer and to investigate
the possibility of crystalline order present at the SiO,/Si
interface on vicinal Si(100) surfaces, prepared under vari-
ous conditions. The surface SHG technique has been re-
viewed by Shen?! and Richmond et al.?? In general, op-
tical methods can probe the interface of two condensed
media if one of them is transparent to the probing optical
beam. This fact gives an important advantage to optical
methods over other techniques which are based on parti-
cle beam scattering and diffraction. However, the linear-
optical response of the interface usually provides little in-
formation on possible crystalline structures of the interfa-
cial layer between the two media since the linear-optical
parameters are scalar in cubic media. In contrast, the
symmetry characteristics resolved by the higher-order
nonlinear optical susceptibilities are indicative of the
symmetry of the interfacial structure. Thus the optical
second-harmonic (SH) response turns out to be sensitive
to any modification of the interfacial layer structure as
has been clearly shown in a number of experiments in re-
cent years. 11,12,23,24

The outline of this paper is as follows. In Sec. II we
discuss the phenomenology of the symmetry properties of
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the SH intensity dependence on sample azimuthal angle
for vicinal Si(100) surfaces, as well as the possible micro-
scopic origins of the SH intensity. In Sec. III we define
our experimental conditions and present data obtained
from oxides prepared under various conditions. In Sec.
IV we discuss the implications of the data obtained from
the various oxides on the interfacial structure including
the influence of mechanical stress, step-induced defects,
bonded hydrogen, and crystalline order present at the in-
terface. Section V contains our conclusions.

II. THEORY

In the experiments reported below, we concentrate on
the p-polarized SH response I s(j,“’) for an s-polarized fun-
damental field E'®) since this polarization combination
contains one isotropic and most of the anisotropic non-
linear susceptibility tensor elements.?® The theoretical
dependence of the SH intensity on the sample azimuthal
angle ¥ from the flat Si(100) surface is well known: the
surface yields only an isotropic response, and therefore
SHG is insensitive to surface symmetry. The electric
dipole-allowed interfacial contribution originates from
broken inversion symmetry normal to the interface and is
isotropic with respect to variation of . The bulk non-
linear polarization density in Si(100) is magnetic dipole or
electric quadrupole in character and gives rise to an an-
isotropic contribution with C,, symmetry in addition to
an isotropic contribution. For vicinal Si(100), interfacial
anisotropic contributions to SHG up to threefold in sym-
metry are permitted, enabling the structural symmetry
present to be deduced. This approach is not limited to
Si(100), but applies quite generally to all the (100) sur-
faces of cubic centrosymmetric media. The dependence
of Is(j,“” on ¥ is given phenomenologically by a truncated
Fourier expansion®

2
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where x'? is the total second-order susceptibility, the c,,
are linear combinations of x'* tensor elements, which
are, in general, complex quantities, and I'® is the s-
polarized fundamental beam intensity. We note that, in
general, y'?) contains contributions from the Si(100)
surface-dipole and bulk-quadrupole sources,? as well as
contributions that are caused by stress,'! static electric
fields, or noncentrosymmetric crystalline phases of SiO,
at the interface. 1

Using Eq. (1) to fit the experimental data reported
below we have deduced the relative values of the c,, for
various Si0,/Si(100) interfaces. Because of the large iso-
tropic ¢ coefficient it is impossible to determine small
relative phases between the anisotropic c,, and ¢, under
the s-input and p-output polarization combination alone.
However, these can be determined by measuring the s-
polarized SH output, when the analyzer is slightly rotat-
ed away from s polarization, in order to introduce a small
amount of the isotropic term.?® Including these measure-
ments in our analysis we found the relative phase of the
complex c,, with respect to ¢, to be 0° or 180° with an ac-
curacy of +10° indicating that to a good approximation
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the c,, are real and that spectroscopically we are in a
nonresonant regime for the oxidized surface. Note that
because interfacial SHG is described by a third rank ten-
sor, all interfacial symmetries higher than C;, yield an
isotropic response; ¢, arises only from bulk sources and is
independent of any interfacial modification.?* In contrast
to SHG from vicinal Si(111) surfaces where c; has both
bulk and interfacial contributions,?*»?* and will vary with
surface preparation, we can normalize the c,, to ¢, for vi-
cinal Si(100) surfaces.?’

III. EXPERIMENTAL CONDITIONS AND RESULTS

For SHG we used a mode-locked Ti:sapphire laser
operating at a wavelength of 765 nm (1.63 eV), generating
a train of 130-fs pulses at 76 MHz with an average power
of 0.8 W. In all experiments the beam was focused on the
sample to a 40-um-diam spot at an angle of incidence of
45°. The SH intensity was measured with a photomulti-
plier tube and a gated photon counter as a function of ¢,
which we define as the angle between the plane of in-
cidence and the [011] axis.

To investigate the symmetry characteristics of the
buried interface, we have measured the SH response from
the SiO,/Si(100) interface on vicinal Si(100) after oxide
growth in various environments. Oxides were grown in
steam at 550°C, and in dry O, at 100 and 900°C. Sam-
ples with three different vicinal angles a were studied:
a=0° 2°, and 5° (all +1°). The miscut direction was to-
wards [011], producing a regular step structure with
different step densities.”® The wafers were n type (~60
Qcm; P doped) with a native oxide grown in steam at
550°C and are referred to henceforth as the native oxide
in steam (NOS) samples. This preparation temperature is
expected to result in monatomic steps at the interface.?

To determine the influence of the oxide layer on the
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FIG. 1. I{2*(¢) from the NOS samples with vicinal angles a
of (a) 0% (b) 2° (c) 5°.
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FIG. 2. I{3*(¢) from the a=5" clean surface.

symmetry characteristics of the vicinal surface as ob-
served by SHG, we have measured Is(j,“’)(d/) from the
a=15° surface in an ultrahigh vacuum (UHYV) chamber
with a base pressure below 6X 107! Torr. An almost
single domain low-energy electron diffraction pattern was
obtained from the sample after heating it to 1200°C and
cooling from 900°C at ~1°Cs™! to room temperature.
The surface contamination was found to be below the
Auger electron spectroscopy =~1% limit. The sample
was mounted on a holder which permitted azimuthal ro-
tation of 180° while in UHV.

We consider first the SHG results from the NOS sam-
ples. Figure 1 shows Is‘j,“’)(t/x) from the NOS samples in
air for different @. The response for a=0°, indicated in
Fig. 1(a), is well known and is dominated by isotropic and
C,, symmetry contributions.”> However, for a#0° the
C,, symmetry is clearly broken as indicated in Figs. 1(b)
and 1(c). Deviation from C,, symmetry clearly increases
with increasing a. In Fig. 1 all three curves are sym-
metric about ¥=0°, 180°, confirming that the step struc-
ture preserves the (011) mirror plane. For the vicinal
NOS surfaces, two anisotropic coefficients emerge and
dominate: ¢; and c¢;. We observe that ¢, and c; are (ap-
proximately) linear functions of a, consistent with a
step-induced contribution whose magnitude necessarily
scales with tana. Table I lists the values of the c,,
coefficients deduced from the data in Fig. 1(c).

To prove that the SiO, at the interface has a substan-
tial influence on the SHG process, we have measured
IS(:‘;,“’)(lﬁ) for the clean a=5° surface in UHV. Figure 2

shows I, s(j,“’)( ¥) thus obtained; the ¢, coefficients are listed
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FIG. 3. I{2”(4) from the a=>5° surface thermally oxidized at
(a) 100°C; (b) 900 °C.

in Table I. Because of the mirror symmetry present in
Fig. 1 about ¥=0°, 180° we have mirror-imaged the data
at ¥=0° to show a complete rotation. The symmetry
characteristics revealed by Figs. 1(c) and 2 are very
different, indicating that SHG is extremely sensitive to
the interfacial structure. The most striking difference is
the increase in ¢, for the clean surface. The occurrence
of a significant ¢, shows the predominance of the (1X2)
Si-Si dimer structure on the clean sample due to biatomic
steps, yielding a terrace distribution with net C,, symme-
try.2® Sensitivity of SHG to the dimers is expected since
the fundamental photon energy is near the dimer surface
state energy. !> In qualitative agreement with Hollering,
Dijkkamp, and Elswijk,?® ¢, changes by a factor of —3
when the oxide is removed. There is still a net
c3~ —4c;, which is not surprising because there are two
possible contributions to c;: the bulk contribution due to
the misorientation®’ and a trigonometric effect arising
from C,, step symmetry.?’

To investigate further the effect of oxide growth condi-
tions on the structure of the SiO,/Si interface we have
oxidized the clean a=5° surface at different tempera-
tures. A low-temperature oxidation (LTO) at 100°C and
a high-temperature oxidation (HTO) at 900 °C were per-
formed with an exposure to 3000 L of dry O, (1 L=10"°
Torrs) at a pressure of 2X 107> Torr. The steps on the
clean surface prior to LTO were mainly biatomic,
whereas for HTO they were monatomic.?® Figures 3(a)
and 3(b) show I\%°((¢) for LTO and HTO, respectively,

TABLE 1. Fourier coefficients from Si(100):5° deduced from the SHG data normalized using ¢, =1.

Treatment Fig. no. ¢o cy c, c3 Remarks
NOS, 550°C 1(c) 13 —2.4 0.3 —3.2 monatomic steps
clean, 100°C 2 —36 —11 1.9 4.1 biatomic steps
LTO, 100°C 3(a) —28 —4.3 —1.4 —3.7 biatomic steps
HTO, 900°C 3(b) —16 —23 —4.6 —1.8 monatomic steps
H covered, 100°C 14 —1.9 —1.1 —3.2 biatomic steps, dihydride
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mirror imaged at =0 the c,, coefficients are listed in
Table I.

IV. DISCUSSION

A. Native oxide samples

First we discuss the SH rotational anisotropy of the
NOS and LTO samples. We observe that ¢ is indepen-
dent of a, which is in agreement with the invariance of
the CLS results of Himpsel et al. with vicinal angle, sug-
gesting that the SiO, sublayer is not affected significantly
by the presence of steps.! In general, the ¢, coefficient
arises from the stepped surface and is indicative of its C,,
symmetry.?»?* However, for the NOS sample, |c;| actu-
ally exceeds |c,| and therefore is strongly suggestive of
the presence of ordered Si-O bonds in the vicinity of the
steps.

We note that c; is a linear function of tana for a =5°
which implies that c; is not generated over the entire ter-
race. To estimate the in-plane extension of the hypotheti-
cal SiO, sublayer with C;, symmetry, we have compared
the absolute magnitude of c; in Fig. 1(c) with the d; sus-
ceptibility tensor element of a-quartz which arises from
its D; symmetry.*® This approach is reasonable because
in both cases the nonlinear polarization results from or-
dered Si-O bonds. By taking into account an average in-
terfacial width of 6 A as determined by several tech-
niques’’ and an average terrace width of 15 A (for mona-
tomic steps when a=15°) we estimate that c; is generated
in an area extending a distance of ~3 A in the [011]
direction either side of each step, i.e., ~2 Si-O bonds.
This interpretation is supported by the TEM image of an
interfacial monatomic step in Fig. 3(c) of Ref. 8 which
shows the structure of an epitaxial oxide sublayer chang-
ing over approximately this distance. Macroscopically,
the terrace interfacial structure is therefore either of a
higher symmetry (C,, or C,) or disordered yielding an
isotropic response. °

The C;, symmetry at the steps and the macroscopical-
ly isotropic terrace oxide symmetry with respect to SHG
impose strict limitations on the possible interfacial phases
of ¢-Si0,. The growth mechanism of tridymite proposed
by Ourmazd et al.’® places the c axis parallel to [011] and
creates a macroscopic C,, terrace c¢-SiO, symmetry re-
sulting from a 90° rotation of the C,, symmetry of each
tridymite domain when a monatomic step is encountered.
Our laser spot size is such that SHG originates from
~30000 terraces for the a=5° monatomically stepped
surface, and therefore SHG is sensitive to the macroscop-
ic symmetry with a statistically high significance, in con-
trast to TEM.® When tridymite grows across a mona-
tomic step, a plane defect is created which can give rise
to a C;, symmetry axis normal to the interface by inter-
rupting the hexagonal puckered ring structure.

After LTO, |c,| is much larger than the value from the
NOS sample, while c; is similar in value. The increase in
lc,| is in agreement with the tridymite model® since the
predominance of biatomic steps will give the tridymite a
net C,, symmetry, while the similar values of c¢; suggest
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that the amount of tridymite present at the interface is al-
most invariant. Tridymite is therefore a good candidate
for a possible epitaxial SiO, sublayer. However, it is im-
portant to note that Akatsu and Ohdomari’ were able to
obtain similar TEM data to that obtained by Ourmazd
et al. and co-workers>>? in simulations of TEM images
of rough interfaces with no intervening c¢-SiO,. There-
fore, as acknowledged by Ourmazd et al.,’ the tridymite
model is not unique to their TEM data. The same cau-
tionary note must be applied to the above interpretation
of the SHG data: it might be possible to construct other
models which would give rise to qualitatively similar
data. Therefore, at this juncture we can neither totally
exclude nor completely corroborate the existence of an
epitaxial oxide sublayer of the native grown SiO,. Howev-
er, as discussed above, the large |c3| from both the NOS
and LTO samples is strongly suggestive of the presence of
crystalline order in the vicinity of the steps.

B. Sample after postoxidation annealing

In order to improve interfacial quality, such processing
procedures as two-step oxidation and postoxidation an-
nealing have been proposed.!* There is general agree-
ment that annealing improves both electronic properties
and interfacial flatness. " In addition, information on the
mechanisms underlying the interfacial stress and its
influence on the SH response can be obtained from mea-
surements made after various annealing treatments.!! For
this purpose several annealing cycles were performed on
the Si(100):5° NOS sample. In the first cycle the sample
temperature was ramped from room temperature to
600°C at a rate of 10°C/min and the sample was subse-
quently cooled to room temperature at the same rate. In
the subsequent cycles the maximum temperature was in-
creased successively by 50°C. Figure 4 shows the ¢,
coefficients of the SH rotational anisotropy as a function
of the maximum annealing temperature taken at room
temperature after each cycle.

The results presented in Fig. 4 show that within experi-
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FIG. 4. The dependence of the SH Fourier coefficients ob-
tained from NOS samples on postoxidation annealing as a func-
tion of the maximum annealing temperature. For details see
text.
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mental error the c,, remain constant after annealing ex-
cept for the isotropic coefficient ¢, to which we return
later. Govorkov et al.!' found that the SH intensity
from SiO,/Si(111) samples, in which the oxide was highly
stressed by a rapid cooling after oxidation, decreased by a
factor of about 10 after an annealing cycle to 500 °C due
to stress relaxation. On the other hand, samples that
were oxidized in dry oxygen and cooled down gradually
did not show any noticeable increase in the SH intensity
or any change in its rotational dependence.!! Therefore
the existence of a large metastable stress-induced non-
linearity can be considered unlikely because after post-
oxidation annealing of the NOS samples the ¢,
coefficients of the SH response remain unchanged and are
consistent with those obtained from the LTO samples.
Note that this does not mean that there is no stress
present at the buried interface, but merely that we do not
observe a change in the amount of stress present as a re-
sult of postoxidation annealing. EerNisse established
that large amounts of stress occurred in oxides grown at
temperatures below 950°C.!® More recently Fitch
et al.'” have shown that there is always a substantial re-
sidual intrinsic interfacial stress on flat surfaces, which is
independent of the growth temperature and thermal an-
nealing. The surface step model proposed by Mott3! in
conjunction with results of Leroy!® show how it may be
possible to form SiO, on vicinal Si surfaces without the
necessity for the buildup of a large intrinsic stress.!® If
oxidation takes place predominantly at steps (edge or
kink sites), the oxide film will advance with a volume ex-
pansion laterally as well as normal to the surface. In this
manner a large fraction of stress will be relieved as the
film grows.

After the first annealing cycle of the NOS sample, ¢
has changed sign and its magnitude has increased, but is
similar to the value obtained from the LTO and the clean
surface. Several models suggest that Si-Si dimers remain
at the interface, whereas the hydrogen atoms in steam are
known to eliminate interface states' and dimer states. '3
In order to support the assertion that the change in the
sign of ¢, is due to the presence of hydrogen at the inter-
face, we have exposed the clean Si(100):5° surface to hy-
drogen until the SH response saturated. The c,
coefficients of the SH rotational dependence from the hy-
drogen saturated Si(100):5° surface are shown in Table I,
and ¢, was found to be similar to the value obtained from
the NOS sample. This observation can be explained in a
spectroscopic manner. The photoemission spectra of
Hansson and Uhrberg!® show that the surface dimer and
dangling-bond states are located between 2 and 0.5 eV
below the Fermi level, which is less than our SH photon
energy (3.25 eV). On the other hand, these surface states
are completely removed on the hydrogen-saturated
Si(100) surface and two hydrogen-induced interfacial
states occur at 4.8 and 5.6 eV below the Fermi level,
which is greater than our SH photon energy. In both
cases the SH response is nonresonant, but the phase of ¢,
with respect to ¢, (where c, arises entirely from the bulk
SH response) changes upon hydrogenation of the Si(100)
surface. Therefore we suggest that Si dimers are still
present at the interface after LTO but are not present on
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the NOS samples. However the change in ¢, after an-
nealing the NOS sample to 600 °C indicates the removal
of hydrogen from the interface. This observation is sup-
ported by the secondary-ion mass-spectrometry studies of
Johnson, Biegelsen, and Moyer,!*> which show that the
hydrogen concentration at the interface decreases
significantly for annealing temperatures above 500 °C.

C. Thermal oxide samples

After HTO, the most striking result is a threefold in-
crease in |c,| relative to LTO, which is contrary to the
expectation that the monatomic steps present during
HTO will eliminate the single domain character of the in-
terface present after LTO. |c,| is the largest of the aniso-
tropic coefficients, and it exceeds |c2| obtained from the
clean surface.

The dominance of C,, symmetry on this surface is in-
compatible with the model proposed by Ourmazd et al.,>
which leads to a macroscopic C,, symmetry for a mona-
tomically stepped surface. We point out that Fuoss
et al.% found that in the interfacial region order decays
from the infinite long-range order of the Si(100) substrate
through highly oriented microcrystallites embedded in an
amorphous matrix and, finally, to a progressively sparser,
more randomly oriented and more disordered
microcrystalline-amorphous mixture. Experimental ob-
servations of similar oxide layers performed by Rochet
et al.” clearly show the presence of microcrystallites at
the interface on a Si(100) substrate misoriented by 5° to-
wards [011], a misorientation which is consistent with
that of the substrate used in most of our experiments.
Their experiments have shown that one can induce the
formation of microcrystallites of c-SiO, after an oxidation
treatment in dry O, at 800°C. The presence of “long”
(greater than 100 A) [110] ledges along which epitaxy
occurs allows the precise determination of the projected
Si positions by TEM, so that they were able to propose
models for this phase derived from the ideal B-cristobalite
structure contracted along two crystal axes and elongated
along the third.

The highly oriented, elongated microcrystallites of
cristobalite induced by the presence of steps which have

4/1’///
" BUk S0, |\_

 Crystallites

Protrusions

FIG. 5. Schematic representation of our model of the inter-
face after HTO.
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been observed by Rochet et al.” are a very strong candi-
date for the microscopic origin of the large |c,]
coefficient reported here. The contribution of faceting to
lc,| would appear to be negligible because Rochet et al.*
have observed only (111) facets on such surfaces, and
these ought to influence |c,| and not |c,|. Figure 5 shows
a sketch of our model of the SiO,/Si(100):5° interface
which has been grown at high temperature. Note the
well-oriented microcrystallites which lead to a macro-
scopic twofold symmetry arising from the suggested
structure by Rochet et al.” of the nonideal B-cristobalite.

V. CONCLUSIONS

We have shown that the interfacial region on vicinal
Si(100) surfaces covered with a native oxide possess mac-
roscopic C;, and C;, symmetry. The magnitude of the
SH intensity is consistent with the latter originating from
a region of ~3 A perpendicular to each step and is also
consistent with the presence of a step-induced plane de-
fect in an epitaxial ¢-SiO, layer of tridymite. The absence
of C,, symmetry from the native oxide interface grown in
steam is consistent with the model proposed by Ourmazd
et al. in which tridymite domains of C,, symmetry are
rotated by 90° at monatomic steps, leading to a macro-
scopic C,, symmetry.> In contrast to this, C,, symmetry
is clearly present after oxidation of the clean Si(100) sur-
face in dry O, at different temperatures. For low temper-
atures, this is consistent with the presence of dimers at
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the single domain buried interface, as well as being con-
sistent with the resulting net C,, symmetry of tridymite.
However, neither of these interpretations applies to the
interface present after high-temperature oxidation, in
agreement with both Fuoss et al. and Rochet et al. who
observed highly oriented microcrystallites of cristobalite
after oxide growth at similar temperatures.®’ Therefore,
our data are consistent with the interpretation that the
amount and structure of c-SiO, present at the interface is
dependent on the oxidation temperature. SHG measure-
ments of postoxidation annealing of the NOS samples are
consistent with the amount of stress reduction occurring
as a result of annealing being too small to be observed by
SHG, and with hydrogen leaving the buried interface for
a temperature below 600°C. SHG has been shown to be
a powerful probe of the SiO,/Si(100) interfacial structure
since it can probe interfaces created by a wide variety of
oxide growth conditions.
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