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Detailed studies of the often-observed resonance feature near 3.4 eV in the reflectance difference
spectrum of Si/SiO, interfaces and Si surfaces show that the ‘resonance is due to the intrinsic
local-field effect, and that its energy position coincides with the £ energy of bulk Si. Using the
energy position of the resonance of the pseudomorphically grown Si/CaF; interfaces as a reference
point, the strain-induced resonance energy shift of the Si interface layer at several Si/SiO, interfaces
are obtained and the strain in these layers is determined. The results show that the interface layers
are highly strained with an equivalent hydrostatic pressure of 0.79 GPa, but still maintain a high
degree of order. © 1997 American Institute of Physics. [S0003-6951(97)05027-4]

The demand for further dimension reduction of Si-bdsed
integrated circuits has imposed even greater challenges to the
growth of thinner gate oxides of high quality. One of the
critical concerns is the strain at the interface between Si and
the oxides, Various technigues have been developed to study
the strain in both the oxide layer and the Si layer near the
interface. The thickness-averaged strain in the oxide layers,
studied by the laser deflected beam technigue and by infrared
spectroscopy,’ was found to be closely related to the inter-
face state density at the Si midgap. To measure the strain in
the 5i interface layer, several optical techniques, including
photoreflection (PR),” spectroscopic ellipsometry {SE)* and
nonlinear optical spectroscopy, such as second-harmonic
generation (SHG),* have been employed, The main effort
has been concentrated on the measurement of the strain-
induced energy shift of the E, critical energy of Si, These
technigques, though quite successful, had their limits. The PR
signals from the Si interface layer were very weak, and a
line-shape fit was required to extract the value of £, . The
SHG signals were also quite weak, and measurements at sev-
eral crystal orientations were needed.*® Furthermore, the ef-
fects of high excitation in SHG experiments on £, energy
were not all clear. The SE technique required high-precision
measurements of the combined optical function of the oxide/
interface/Si system and careful least-square fitting of several
samples with presumably identical interfaces but different
oxide layer thicknesses.’ From the peaks of the dielectric
function. the value of £, could then be obtained. Due to
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these limitations, the uncertainty of the strain measured so
far has been quite large, and improved techniques are cer-
tainly in demand.

We demonstrate that the reflectance difference/
anisotropy spectroscopy (RDS/RAS) is a more effective
technique in studying the strain in the Si interface layer of
8i/Si0, interfaces. First, we will show that the resonance
often observed in 5i surface and Si/Si0. interface RD spectra
near 3.4 eV (Ref. 6) is due to the local field effect of well-
ordered Si surfaces and interfaces.” The strain in the Si in-
terface layer of a Si/Si0; interface can then be determined by
comparing the strain shifted RD resonance with that of a
Si/CaF; interface served as a reference, because Si and
CaF; are almost lattice matched.

Several (211) and (111) vicinal orientation Si/Si0, inter-
faces with either native oxide or formed by dry oxidation
were studied. The samples with native oxide were as-
received wafers without further treatments. Normal dry-
oxidation procedures for metal-oxide—semiconductor de-
vices were followed to prepare the oxide layers of about 10
nm thickness. The wafers were first cleaned in 10:1 sulfuric-
acid/hydrogen-peroxide solution, and then were etched twice
for | min in 1:50 HF solution. The oxidation was carried out
at 950°C with dry oxygen. Some of the dry-oxidized
samples were subjected to rapid thermal annealing (RTA) in
pure argon gas for 100 s at 1050 °C immediately after the
oxidation. All the SifSiO, interfaces were formed on 2 in.
p-type {~0.1 £} cm) wafers. The (111) wafer was uninten-
tionally miscut, and was found by x-ray diffraction measure-
ment to be 2° off towards the [211] direction plus 0.6° to-
wards the [011] direction.

The CaF5/Si(111) heterostructures were grown by mo-
lecular beam epitaxy using an Intevac modular Gen [I sys-
tem. The Si (111) substrates with —3 misorientation pre-
pared using a modified Shiraki etch® followed by a 10% HF
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FIG. 1. The RD spectrum of several Sifinsulator interfaces. The dashed
curve represents the real RD specirum of the (211)-oriented SuSi0 inter-
face, while the solid curves are the imaginary RD spectrum of the interfaces
being investigated. The spectra have been shifted vertically for clamy.

dip exhibited well-defined Si(111)-(7%7) reflection high-

energy electron diffraction patterns after in situ thermal.

cleaning at 700 °C. A high-purity polycrystalline CaF,
source was evaporated from a graphite-coated pyrolytic bo-
ron nitride crucible at around 1280 °C. This produced a beam
equivalent pressure of ~7.0x 107" Torr and a growth rate
of ~0.1 ML/S. The substrates were rotated at 10 rpm (o
improve film uniformity. A background pressure of
~107" Torr was maintained throughout the growth. The
sample was grown pseudomorphically using a two-stage
growth procedure,” where a single monolayer of CaF; was
first grown at 700 °C before the growth of the following 4
ML ensued at a reduced substrate temperature {~ 100 °C).

The RDS measurements were carried out after the oxide
layers were formed. The RDS apparatus was virtually the
same as the one in Ref. 10. Low-temperature RDS was car-
ried out in a cold finger cryostat with a stress-free quartz
window. No noticeable birefringement effects from the win-
dow were observed in the RDS spectra when the setup was
tested with a singular (001} Si wafer. The two principal axes
of the RDS were the [0,1.1] and the [],1,1] directions for the
{211) oriented interface, and along and perpendicular to the
tilt direction for the vicinal (111) interfaces,

A common feature often observed in the real RD spec-
trum of a well-ordered Si surface is the derivativelike struc-
ture near 3.4 eV, This feature has been observed for a num-
ber of Si surfaces terminated with H or O and several
SU/Si0; interfaces.”'! The energy position and the shape of
the structure resemble well the theoretical ones based on the
local-field effect.” We have also observed this feature in the
real RD spectrum of all the samples studied, and a typical
one for the (211)-oriented Si/Si0; interface is shown as a
dashed curve in Fig. 1. A corresponding line-shaped reso-
nance appears at the same energy in the imaginary RD spec-
tra (solid curves), as expected.'* The intensity of the reso-
nance for the (211) interface is about ten times of that of the
{111} vicinal interfaces. This is because a singular (111) in-
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FIG, 2. The imaginary RD spectra of the {21 | -oriented Sif$iCh interface at
Lo temperatures showing the change of the dominant resonance.

terface is expected to be isotropic. The observed optical an-
isotropy is caused by the misorientation and the magnitude
of which is roughly proportional to the misorientation
angle."! The influence of the optical activity inside the oxide
layer or the CaF, layer to the RD spectra can be neglected
since the layers are less than 15 nm thick.

We propose, based on the following observations, that
the resonance near 3.4 eV is due to the intrinsic surface
local-field effect of a well-ordered anisotropic Si surface or
interface layer. The resonance is a dominant feature in the
RD spectra of almost all the Si surfaces and interfaces re-
ported so far, and it is not sensitive to the type of chemical
species covering the surface. The resonance had been ob-
served in the RD spectrum of (011) surfaces covered with
H.® (001) vicinal surfaces covered with O, a number of
$i/8i0, interfaces of different orientations,'’ and the (111)
vicinal Si/CaF; interface shown in Fig. 1. The energy posi-
tion and the line shape of the resonance fit the theory well,”
which predicts that the resonance is due to the combined
contribution of the Ej and the £ critical energies of bulk Si.
For further verification, we performed low-temperature RDS
to see whether the energy shift of the resonance follows that
of the E; and the E, critical energies. Figure 2 shows the
low-temperature RDS spectra of the (211) sample subjected
o RTA at 1050 °C. Lowering the temperature at which the
RDS was taken shifts the resonance to higher energy and
enhances the amplitude, while the linewidth narrows only
slightly. The resonance of the (111) vicinal 5i/Si0, and the
Si/CaF, samples behave the same. Figure 3 shows the reso-
nance energy of the (111) Si/CaF,, the (211) Si/SiO,. and
the (111} Si/Si0, interfaces as a function of temperature.
Apart from a temperature-independent energy shift of 37
meV for the Si/CaF; interface, all the data points form a
single line with a common slope of —(0.20
+0.05) meV/K. This value is consistent with the £, tem-
perature coefficient of —0.21=0.10 meV/K for bulk
silicon.'? The fact that the resonance energy of all three in-
terfaces have the same temperature coefficient indicates that
the origin of the resonance for the three interfaces is the
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FIG. 3. The energy position of the resonance as a function of remperature of
the 121 1-oriented SUSi0, interface. the (111) vicinal Sif5i0; interface, and
the (1111 vicinal Si/CaF; interfoce. The data points of the SifCaF, interface
have been shifted downwards by 37 meV.

same. The amplitude of the resonance keeps increasing with-
out saturation down to 79 K. This linewidth and intensity
change is also consistent with that of the £ peak of the Si
dielectric function.'® The rempcrature dependence of the
resonance strongly suggests that it is closely related to the
Ej and the E| critical energies of bulk Si, and that it is due
to the interface local-field effect.

Silicon is almost lattice matched to CaF, (<0.6% at 300
K. so that the Si interface layer next to the thin layer of
pseudomorphically grown CaF, is not sirained. The energy
position of the RDS resonance (see Fig. 1} at 3407
*+0.005 13\-'r therefore, represents the E, energy of un-
strained Si,'" and can be used as a reference point to deter-
mine the strain in the SifSiO, interface system. This value is
almost identical to the reference £, energy value of 3408
£0.010 eV obtained by PR in Ref. 2, The £, energy shift of
the 5i/Si0; interfaces studied here is 37% 10 meV. The shift
for the native oxide interface is slightly smaller than that of
the dry-oxidized one. This is probably because the native
oxide is not as dense as the one formed by the well-
controlled dry-oxidation process. The energy shift indicates a
highly strained Si interface layer with an equivalent hydro-
static pressure of 0.79 GPa. This value is smaller than, but is
within the experimental error of, that reported in Refs. 2 and
3, which ranges from 0.81 to 1.4 GPa with an error of
+0:4 GPa. The interface layer siill maintains a high degree
of order so that the local-field effect is manifested in the RD
spectra. The fact that the linewidth of the Si/Si0, interface is
comparable to that of the Si/CaF, interface indicates that the
strain distribution within the interface layer is uniform. Since
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a gradual change of strain in the direction perpendicular to
the interface into the Si substrate is expected, the narrow
linewidth suggests that only a very thin Si interface layer is
being probed by the RDS. The resonance for the as-grown
(211) SifSiO; interface is almost identical in position and
intensity as the ones subjected to RTA, indicating that RTA
has virually no influence on the strain. This is consistent
with previous findings.**

In summary, we have demonstrated that the RDS tech-
nique is a useful tool to study the strain in the Si interface
layer of Si/SiO, interfaces. The RDS spectra are easy 1o in-
terpret because only the peak position and the intensity are
involved. The strain values so obtained are of good accuracy
because the resonance line is well defined, and unlike SE. no
fitting process to an optical model is needed. Our results
show that the interface layer of Si is highly strained with an
equivalent hydrostatic pressure of (.79 GPa, but the interface
layer still maintains a high degree of order. The interface
layer, which is uniformly strained, is probably confined to a
few monolayers of Si atoms. The scope of RDS application
can be extended to other Si-based interfaces, such as
SI/SIN, interfaces as well.
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