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X-Ray Stress Measurement of Silicon Single Crystal
Using Multiple Regression Analysis
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Multiple regression analysis was applied to the X-ray stress measurements of silicon single
crystal wafer which has the [001] direction perpendicular to the surface. Using an X-ray
diffractometer with parallel beam optics, X-ray profiles were recored by a scintillation counter while
the specimen was oscillated around two axes. The X-ray measurement conditions were first
determined, and then the method was successfully applied to measure the loading stress in a silicon
single specimen subjected to four-point bending. The oscillation of the specimen between £1to 2 deg
during recording was necessary to determine in peak position. An setting error of the specimen
position of *100 pm gave an error in diffraction angle of =0.004 deg at most, corresponding to an
error in stress of 3 MPa. The uniaxial stress was applied in [110] direction (longitudinal direction)
of the specimen. Three stress components, ou1, 022 and 01z were determined from the measurement of
diffraction angles of five diffractions, 133, 133, 313, 313, 331, which had the same spacing between
diffraction planes. The measured stress of ou is 0.993 of the applied stress and the two other
components, 0z and 012, were nearly zero. Multiple regression analysis was proved to be powerful
to determine three stress components of single crystals under the plane stress state. The residual
stress in polished silicone wafer was small tension of the order of 10 MPa.

Key Words: Residual Stress, Experimental Stress Analysis, Ceramics, Silicon Single Crystal,
X-ray Stress Measurement, Four-Point Bending, Measurement Condition
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Fig. 1. Relation among three coordinate systems.
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Fig. 4. Standard (001) stereograph for cubic single crystal.
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Table 1. Tilt angles, ¢, of {331} diffractions.

Diffraction plane | 133 133 313 313 331
p-angle (deg) | 26.565 | 63.435 | 116.565 | 153.435 | 90.000
y-angle (deg) 46.508 76.737
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Fig. 5. Overview of X-ray system (M21X).
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Fig. 6. 4-point bending jig for X-ray stress
measurement.

Table 2. X-ray conditions.
Characteristic X-ray Cr-Kar
Measuring method Side-Inclination method
Diffraction plane of Si 5 diffraction of {331}
Diffraction angle, 20 (deg) 133.53
Irradiated area (mm) 5x5
Preset time (sec) 90
Preset step (deg/step) 0.05
@ -oscillation angle (deg) +1.5
¢ -oscillation angle (deg) +1.5
8 -oscillation speed (deg/min) 2
@ -oscillation speed (deg/min) 300
Tube voltage (kV) 40
Tube current (mA) 80
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Fig. 7. Stress due to error of diffraction angle.
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Fig. 8. X-ray diffraction profile obtained in oscillation.
(6: £1.5 deg, 2 deg/min;
@: £ 1.5 deg, 300 deg/min.)
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Fig. 9. Variation of diffraction angle of (313) with
oscillation angle.
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Fig. 10. Relation between applied stress and
measured stress. The measured diffraction angle .
in stress-free condition does not vary with stress.

Table 3. Residual stresses measured on
polished silicone wafer.

Specimen No. | 0|, (MPa) C,, (MPa) O,,(MPa)
No.1 13.6 17.6 0.3
No.2 15.4 24.8 3.8
No.3 10.6 7.5 44
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