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Strain at Native SiO2/Si(111) Interface
Characterized by Strain-Scanning

Second-Harmonic Generation
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Gang Jia, and Hong-Bo Sun, Member, IEEE

Abstract— A strain-scanning second-harmonic generation tech-
nique is proposed for high-sensitivity measurement of weak strain
in film surfaces or interfaces. The basic idea is the sequential
application of tensile and compressive strains to a strained film
sample. From the strain-dependent second-harmonic generation
(SHG) intensity, the type of the strain can be easily judged from
whether the SHG is enhanced or weakened, and its magnitude
can be precisely calibrated by an externally applied strain that
is known. Thus, the built-in strain of a SiO2/Si interface could
be determined as tensile with a magnitude of 3.07 × 10−4.

Index Terms— Biaxial strain, femtosecond laser, native SiO2/Si
interface, second-harmonic generation.

I. INTRODUCTION

THE Si surface and the SiO2/Si interface have continu-
ously attracted tremendous research attention because of

their important roles in microelectronics, particularly when the
linewidth of integrated circuits falls from hundreds of nanome-
ters to tens of nanometers. Properties of micro-nano devices
such as metal oxide semiconductors are sensitively affected by
the intrinsic mechanical strain built at the SiO2/Si interface.
In fact, the intrinsic strain determines the displacement of
atoms, subsurface layer symmetry modification, charge redis-
tribution, dioxide-trap charging, and defect formation [1]–[3].
However, the strain in native SiO2/Si interface has not been
systematically studied because of the lack of appropriate
characterization tools. Several experimental techniques have
been employed to meet this end, including Raman scattering,
piezoelectroreflectance, and X-ray diffraction [4]–[6]. Their
sensitivity is good enough for thermal-oxidation SiO2/Si inter-
face, in which the strain is of the order 10−3, but insufficient
for intrinsic SiO2/Si interface strain, which is generally one or-
der smaller [1], [7], [8]. Moreover, the state of the strain tensor
remains unknown. On the other hand, optical second-harmonic
generation (SHG) as a high-sensitivity (10−5−10−4) nonlinear
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optical method has been implemented for characterizing the
SiO2/Si interface by resolving the tiny change of centrosym-
metry of Si bulk materials [2], [9]. However, an open problem
associated with technique is arriving at a reliable relationship
between the measured second-harmonic (SH) intensity and the
strain without any simplified theoretical assumptions [10]. In
this paper, we have solved the problem using a strain-scanning
second-harmonic generation (SS-SHG) approach. The funda-
mental idea is to continuously apply mechanical stress to in-
duce strains from tensile to compressive or vice versa, until the
built-in strain at the interface is completely compensated. As
both the strain and SHG intensity are accurately measurable, a
natural link between them is built for quantitative calibration of
the strength and status of the strain between SiO2/Si interfaces.

II. EXPERIMENTS

A single-side-polished naturally oxidized Si(111) wafer
with a diameter of 50.8 mm and thickness of 0.5 mm was
chosen. The thickness of the native oxide film formed due
to substrate passivation in air is around 4 nm, as determined
by ellipsometry. Its existence prevents further oxidation of
the wafer. A strain-supplying device was designed to exert
biaxial spherical strain, from which a spherical tensile strain
[11, Fig. 1(a)] was induced by pushing a stainless steel ball
(3 mm in diameter) along the [111] direction of the wafer, i.e.,
z-axis, from the center of its backside. On the other hand, the
biaxial compressive strain [Fig. 1(b)] was achieved by pushing
a stainless steel disc with a center hole, the latter for allowing
light to pass from the oxidized surface to the front side. Both
the ball and the ring were driven by a propeller micrometer
for high-precision force imposition. There are two types of
strains at the SiO2/Si interface: a tensile strain is exerted by the
SiO2 ultrathin film, and the other, either tensile or compressive
depending on the substrate bending direction, comes from the
lower portion of the wafer. The strain distribution across the
entire thickness of the silicon wafer is roughly divided by
a zero-strain layer into two parts when an external force is
applied as illustrated in the inset of Fig. 2. The upper part
undergoes tensile strain while the lower part feels compressive
strain if the wafer protrudes upward at the center. Considering
the effects of the crystalline orientation, the strain distribution
in the inner portion of the silicon wafer is quite complicated.
However, what we are concerned with in this paper is the
surface layer, solely about 100 nm in thickness, as determined
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Fig. 1. (a) Right, the setup of biaxial tensile strain device using a center
force to bend the Si wafer with 2a = 45.0 mm; Left, the scheme of deformed
Si wafer after applying of the biaxial tensile strain. (b) Right, the setup of
biaxial compressive strain device using a circular force to bend the Si wafer
with 2a = 45.0 mm and 2b = 22.5 mm; Left, the scheme of Si wafer near
the center after applying of the biaxial compressive strain. (c) Tensile strain
as a function of the moving distance of the micrometer system and the data
points are obtained by measuring the radius of curvature. (d) Compressive
strain as a function of the moving distance of the micrometer system and the
data points are obtained by measuring the radius of curvature.

by the penetration depth of the 400-nm wavelength of the
SHG laser. This layer thickness is only 1/5000 of the wafer
thickness. The strain distribution on the surface layer may
therefore be reasonably considered as uniform.

When an external force is added, two orthogonal strain
components in SiO2/Si(111) surface were kept proportional
to the displacement of the wafer center, where the maximum
strains were expressed as εx x = εyy = ε0 = h/2R (ε0 is
the strain at the wafer center) [12]–[14], where h is the
thickness of the Si wafer and R denotes the radius of bending
curvature, which can be directly measured by the deflection of
a monitoring laser beam [11]. In addition, the x- and y-axis
were chosen as the [11̄0] and [112̄] directions, respectively.
The strain as a function of the displacement of the center
of the wafer as the wafer bends toward the two opposite
directions is shown in Fig. 1. As the forces are locally exerted,
the strain distribution should be inhomogeneous in the Si(111)
surface but uniform along the [111] direction. Consequently,
the inversion symmetry of a single-crystalline Si wafer would
be destroyed in the volume near the wafer center, where SHG
would arise [15], [16]. For the SHG experiment, a 120-fs,
82-MHz repetition rate Ti: sapphire femtosecond laser oscil-
lator was used. The beam diameter was about 10 μm and the
laser intensity was 140 mW. The s-polarized fundamental light
of 800 nm was focused onto the sample at an incident angle
of 45° with respect to the Si [111] direction. The reflected
p-polarized SHG signal was selected using a polarization
analyzer, filtered by a saturated CuSO4 solution, and then
detected by a photomultiplier tube and a lock-in amplifier. The
experimental setup is shown in Fig. 2. The use of the 800-nm
femtosecond laser is, on one hand, for minimizing thermal
effect, which is the major source of drift of the SHG signal,
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Fig. 2. SS-SHG experimental setup. The s-polarized fundamental light of
800 nm was focused onto the strained sample at an incident angle of 45°
with respect to Si [111] direction. The reflected p-polarized SHG signal was
selected using a polarimeter, filtered by the saturated CuSO4 solution, and
then detected by detector. Here, the detector includes a photomultiplier tube
and a lock-in amplifier. The inset shows the strain distribution across the
interface when the sample is convex.

and on the other hand for improving the longitudinal spatial
resolution by its penetration depth around 100 nm. In order
to further avoid thermal fluctuation, SHG signal measurement
was performed 5s after the laser irradiation on to the silicon
sample.

III. RESULTS AND DISCUSSIONS

To clarify the strain type at the built-in native SiO2/Si(111)
interface, p-polarized SH signal reflected from the interface
under s-polarized excitation with external mechanical forces
was measured. The SH intensity, dependent on the azimuthal
angle φ, under different strains is shown in Fig. 3(a), where
φ starts from the [11̄0] direction and around the wafer surface
normal. The SH intensity as a function of the external tensile
strain at φ = 60° is shown in Fig. 4. The SH intensity is
enhanced when the Si sample is subjected to a biaxial tensile
strain. The enhancement of SH signal could be attributed to
the inhomogeneity of distribution of the strain, which resulted
in the so-called strain-induced second-order nonlinear suscep-
tibility χ

(2)
strain [4]. The SHG curves for both unstrained and

strained SiO2/Si(111) interfaces, shown in Fig. 3(a), possess
a threefold symmetry for s-input/p-output. The distortion of
the SHG intensity curve may arise from the 3° miscut [1] of
the surface plane toward [112̄] direction and it is exaggerated
when forces are loaded. According to the phenomenological
theory of surface SHG, the p-polarized SH generated from
SiO2/Si(111) interface with the s-polarized excitation can be
written as [4], [16], [17]

Is→p(2ω) = ∣
∣asp + csp cos 3φ

∣
∣
2

=
[

∣
∣asp

∣
∣
2 +

∣
∣csp

∣
∣2

2

]

+ Re(aspc∗
sp)

[

ei3φ + e−i3φ
]

+
∣
∣csp

∣
∣2 [

ei6φ + e−i6φ
]

4
(1)
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Fig. 3. (a) s-polarized input/p-polarized output SH intensity as a function
of azimuthal angle of Si(111) sample. Curve A corresponds to the SHG from
unstrained Si(111) wafer and curve B is measured when the tensile strain is
equal to 2.41 × 10−4. (b) Fourier transforms of SHG patterns of (a). Graph
A is the Fourier transform corresponding to curve A of (a) and graph B is
the Fourier transform corresponding to curve B of (a).

where the coefficients asp and csp represent the total SH contri-
butions that result from the interface dipolar polarizations, bulk
electric quadrupole, the contributions induced by dc electric
field, and the built-in strain at the SiO2/Si(111) interface for
unstrained SiO2/Si(111). With the external strain applied, a
new term describing the external strain-induced second-order
nonlinear polarization in asp and csp coefficients appears. The
curves in Fig. 3(a) agree well with (1). Curves A and B are
the SH signals reflected from the unstrained Si wafer and
strained Si sample, respectively. The SH signal enhancement
(curves A and B) with the increase in the external tensile
strain indicates that the strain in the built-in native SiO2/Si
interface has the same sign as the externally applied one.
In other words, the intrinsic strain is tensile. The underlying
physics of the enhancement should be a result of the shift of
the point group symmetry from Oh to C3v. The strained Si
has the same symmetry as the SiO2/Si(111) interface and the
nonvanishing independent components of the strain-induced
χ

(2)
strain are χ

(2)strain
zzz , χ

(2)strain
zx x = χ

(2)strain
zyy , χ

(2)strain
yyy =

χ
(2)strain
x xy [4]. In addition, the p-polarized SH electric field

reflected from the strained Si with an s-polarized field is found
to be proportional to [4], [16], [17]

Es→p(2ω) ∝ iχ(2),strain
zyy + K2z(2ω)ζ (2)

where K2z is the component of effective spring constant in
the direction that is perpendicular to SiO2/Si interface and ζ
is the bulk quadrupole contribution which is independent of the
external strain. χ

(2),strain
zyy is the component of strain-induced

second-order nonlinear susceptibility, which is proportional to

0.0 0.5 1.0 1.5 2.0 2.5
1.75

1.80

1.85

1.90

1.95

2.00

2.05

2.10

SH
 I

nt
en

si
ty

 (
a.

u.
)

Tensile Strain (10−4)

Experimental data
Fitting curve

Fig. 4. p-polarized SHG intensity under s-polarized excitation reflected from
native SiO2/Si(111) interface as a function of the tensile strain. The solid
curve is fitted, and the fitting function can be expressed as Is→p = 3.0656 ×
106ε2

0 + 0.0004 × 106ε0 + 106693.

the tensile strain of wafer center, calculated as follows for
SiO2/Si(111) interface [4], [10]:

χ(2),strain
zyy (esu) = 1.03 × 10−6ε0 (3)

from (2), it can be seen that

∣
∣csp(strain)

∣
∣2
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∣
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2

.

(4)

The coefficients asp and csp are determined by Fourier
analysis and Fourier transform of the SH azimuthal depen-
dence, as shown in Fig. 3(b). It can be seen from Fig. 3(b)
that |csp(strain)|2/|csp(0)|2 = 1.54 when strain is 2.41×10−4.
Considering K2zζ = 4.0×10−10 esu [4], we can calculate the
strain at the center as 2.86 × 10−4 from (3). The magnitude
of the tensile strain is readily altered by continuous strain
scanning, which leads to quantitative determination of the
relation between SH intensity and known strains [Fig. 4].

Exerting a force with the ring instead of the ball from the
front side of the wafer induces a compressive strain, from
which a change in the type and magnitude of the strain in
the built-in native SiO2/Si interface can be expected. The
SH intensity is found first to reduce with the increase of
the external compressive strain, and then to increase in the
course of strain scanning. A knee point appears, as indicated
in Fig. 5. The occurrence of the minimum of SH intensity at
a compressive strain of 3.07 × 10−4 is surprising, but is well
understandable. That is, the external compressive strain has
the opposite sign of the intrinsic strain, which is consistent
with the result of tensile strain scanning, and at the minimum
point, the built-in tensile strain is completely compensated by
the external compression. The same phenomenon has been
experimentally observed with high reproducibility from the
different points of a wafer and from different wafers when a
compressive force is added from zero to a maximum, beyond
which the wafer would break. In the entire strain-scanning
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Fig. 5. Intensity of the p-polarized SHG under s-polarized excitation reflected
from native SiO2/Si(111) interface as a function of the compressive strain.
The compressive strain that corresponds to the minimum of SH intensity is
equal to 3.07 × 10−4.

process, the built-in tensile strain is first reduced because of
the less deformation of the silicon lattice at the interface, then
is minimized because of the minimal lattice deformation, and
the final increase should be the result of enhanced lattice
distortion due to compressive strain. There are three points
that are worthy of mentioning: 1) the nonzero level of the
minimum should be associated with other contributions (such
as the surface dipolar polarizations, bulk electric quadrupole,
the contributions induced by the dc electric field built-in
SiO2/Si(111) interface) that are independent of strain-induced
SH contribution; 2) the occurrence of the minimal point in
the compressive strain scanning is highly reproducible from
various samples, but increase in the external force leads to
wafer fracture; and 3) the strain resolution of the strain
scanning, associated with the screwing step of the propeller
micrometer and the measurement accuracy of the deflected
beam spot is 10−5, which is similar to the SHG detection
accuracy.

IV. CONCLUSION

In conclusion, this paper demonstrated an SS-SHG tech-
nique that is useful for weak strain measurement. As an
application example, we continuously exerted tensile and
compressive strains onto a native SiO2/Si interface, and as
a result its built-in strain was determined as tensile with a
magnitude of 3.07 × 10−4. This technnique may find broad
application in surface studies, particularly, of silicon micro-
nano devices in the integrated circuit industry.
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