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Abstract. Using the optical-polarization technique with polarization modulation, we meas-
ured stresses due to surface tension in a single-crystalline silicon sample. Optical anisotropy
distribution along the normal to the sample surface was studied at different state conditions,
depending on its treatment. It was found that presence of a surface layer in the crystal, with
physical properties differing from those in the bulk, gave rise to extended distribution of
stresses in the uniform part of the crystal.
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1. Introduction

The optical-polarization technique (used for study and
measurement of strains and stresses in semiconductor
wafers, multilayer structures and integrated circuit ele-
ments) has several advantages as compared to a number
of other (X-ray, optical, holographic, acoustic-reso-
nance, etc.) methods. These advantages are, first of all,
high sensitivity and spatial resolving power.

Application of this technique to measurement of such
topical subject of investigation as strain resulting from
surface tension, however, presents some constraints. One
of them stems from the polarization transformation laws.
It implies that the index ellipsoid (that characterizes crys-
tal anisotropy due to surface tension) should be oriented
in the plane that is normal to the wave vector. Clearly
this condition is not fulfilled in the typical case when
light is propagating along the normal to the studied sur-
face of a thin plate. Another limitation is related to a
multiple-valued dependence of the detected signal on the
optical anisotropy (i.e., on stress value). This fact makes
explanation of results obtained rather complicated and,
sometimes, even impossible.

A different situation arises if one combines the tradi-
tional optical-polarization technique with modulation of
polarization. In this case (as follows from an analysis of
arole of polarization modulator in polarimetric systems
[1]) the measuring system sensitivity to anisotropy (and,
therefore, the dynamic range of the measured signal as
well) becomes several orders greater. This fact opens up
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possibility for measurements of those stresses that lie in
the range of the first order «interference». (This means
not only the first period of the oscillating signal vs volt-
age curve but also the case when this dependence is strictly
linear).

Here we demonstrate the above possibility by our
study of stress distribution resulting from surface tension
in the single-crystalline silicon samples.

2. Experimental technique

A cubic (side of 1 cm) sample has been cut from a low-
doped (p = 200 Qldm) p-Si bar along its principal
crystallographic axes. Then it was treated in a standard
way to obtain mirror and flat surfaces. All the faces of the
initial sample have been treated with a polishing etchant.
Before further measurements the side (relative to the illu-
minated surface) faces were mechanically polished with
a diamond paste (grain size of 2 pm) and then lapped
with a powder (grain size of 40 um).

The measured optical anisotropy was proportional to
the difference (0, — 0;) between the principal components
of stress lying in the x-y plane that was perpendicular to
the direction of light propagation (Fig. 1). The orienta-
tion of the crystal index ellipsoid was known since it co-
incided with the sample axes. So we used linear polariza-
tion of radiation in the initial state for reasons of conven-
ience of signal registration. The azimuth orientation of
polarization was determined from the transformation
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Fig. 1. Scheme of the experiment. E is the electric field of a
polarized electromagnetic wave.

rules for anisotropic medium. It made an angle of 45°
with the sample axes and,consequently, with the optical
indicatrix ones.

A He-Ne laser (wavelength A = 1.15 um) served as a
source of probing radiation. Such radiation is known [2]
to be weakly absorbed in Si. This fact was of importance
since we used a rather thick sample. The light coming out
from the sample was directed at the polarization modu-
lator that served as a polarization analyzer. It involved
the Jasperson photoelastic modulator [3] and a polariza-
tion prism whose azimuth is oriented relatively to the modu-
lator axes in such a way as to obtain maximal alternating
signal. It was registered with a lock-in nanovoltmeter tuned
to measure a signal at the modulator fundamental fre-
quency . In this case, according to the results of the above-
mentioned analysis [2], one measures the circular compo-
nent of (generally elliptically polarized) radiation. The
dependence of this component on optical anisotropy (in
other words, on stress) dis given by the following expres-
sion: Iy = I;pksind¥in wr. Here I, (1) 1s the intensity
of light that is incident on (coming out from) the sample; &
is a constant that characterizes intensity attenuation by
the optical system elements. One can see that at small
values of parameter dthe output signal changes linearly
with stress or difference between its principal components
that lie in the plane normal to the wave vector.

Sample displacement relatively to the light beam along
the x coordinate was linked to one of the graph plotter
inputs. A signal from the amplifier came to another in-
put. This made it possible to automatically register the
birefringence distribution. In such a way we measured
the birefringence distribution and (related to it) stress
along one of the sample coordinates. The stress magni-
tude was determined using the measuring system calibra-
tion from an equivalent sample where a uniform stress
influencing a preset value has been produced.
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3. Results and discussion

Shown in Fig. 2 is the experimentally determined distri-
bution of the difference (0, — 0,) between the principal
components of stress (that produce anisotropy of dielec-
tric properties in the x-y plane ) for three different treat-
ments of the sample surface. It should be noted, first of
all, that the maximal stress values in Fig. 2 are almost an
order of magnitude less than those at which the sample
were a quarter-wave plate (and, accordingly, a signal from
the circular component of polarized light were maximal).
In this case the noise level of the measuring system was
from two to three orders of magnitude less than the signals
corresponded to the stress values presented in Fig. 2.
One can see from the Fig. 2 that the reason for stress
appearance in the crystal bulk is a near-surface layer.
Even when markings from mechanical treatment have been
removed from the sample surface to the greatest possible
extent, a stress in this layer was still observed (curve 1). Its
appearance was less pronounced as compared to curves 2
and 3. The only reason for this was that the stress value in
the near-surface layer was comparable to the residual
stress in the sample. Our investigations have established
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Fig. 2. Distribution of differences between principal stress com-
ponents, 0y — 0,, along the coordinate x in the sample whose all
side faces have been: etched (1); polished with diamond paste
(grain size of 2 mm) (2); lapped with a powder with grain sizes of
40 pm (3).
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that these stresses exist even in those initial crystals that
have not been specifically doped. They are due to
nonuniform distribution of crystal lattice defects.

As to the cases presented by curves 2 and 3, one can
state with assurance that the nature of corresponding
stresses is related to dislocations that appeared as a re-
sult of mechanical treatment of the crystal. It was estab-
lished in [4] that the dislocation density depends on both
the abrasive grain size and forces applied during lap-
ping. It may be as high as 3107 cm 2. Spatial distribution
of dislocations along the normal to the surface is nonuni-
form. Their density goes down as the distance from the
surface increases; it becomes zero at a depth comparable
to the grain size. Even in the most favorable for disloca-
tion detection case (when we used for surface treatment a
powder with grain diameter of about 40 pm), direct prob-
ing of the near-surface layer using the optical-polariza-
tion technique seems to be conjectural. However, one can
see from Fig. 2 that manifestation of this layer through a
macroscopic strain of the sample is quite pronounced.
Moreover, an additional measurement has established
that the sign of bulk strain (stretching) correlates well
with both the sign and nature of the near-surface strain
(compression). It is known [5] that, according to the con-
dition of sample equilibrium, there exists an unambigu-
ous correspondence between the magnitudes, as well as
signs, of strains for the near-surface layer and bulk. This
means that the sign of surface strain has to be opposite to
that of bulk strain, and stresses in the near-surface layer
are much greater than those in the bulk. Their magnitudes
depend on the sample sizes (all other factors being equal)
and, as it has been done in [6] for other configuration,
can be calculated. However, taking into consideration
that in this case one can obtain only numerical (and not
analytical) results, it seems reasonable to make such cal-
culations independently for every individual case.
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Conclusions

We have demonstrated unique potentialities of the opti-
cal-polarization technique (improved by the use of po-
larization modulation) and showed how changes in sur-
face properties lead to appearance of anisotropy of the
dielectric properties in the bulk. However, not only such
strong actions as those used by us can be detected with
the polarization-modulation technique. Taking into ac-
count that the range of stresses that can be measured by
our method spans several orders of magnitude, it is possi-
ble to detect practically any surface reconstruction and
relaxation of its properties.
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