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Abstract

In this study, we propose a system for determining the curvature of a material surface by a collimated Gaussian laser beam (CGLB) as the test light source. We will demonstrate that the measuring level can be improved and the experimental procedure can be reduced. The spot-radius of the test beam is nearly a constant and it is independent of the swing of the spot intensity. The proposed system can decrease the optical path-length and has the higher sensitivity than the test system by using a Gaussian laser beam (GLB).
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1. Introduction

 Open circuits from metal cracking and voiding and short circuits due to hillocks are the phenomena related to mechanical stress.1 Analyzing the curvature of a material surface optically allows to determine the mechanical stress without damaging the sample and provides information on dynamic structural changes.1-5 The improved Optical-Lever measurement is an optical method with practical application in analyzing a material’s curvature. A practical application is that uses the relationship between the changes in the sample’s curvature and the displacement of the two parallel laser beams reflected by the sample to determine the radius of curvature of the sample. 6-9 In our previous study, 10 we had used the relationship between the sample’s curvature and the spot-radius of a Gaussian laser beam (GLB) reflected by the sample to replace the improved Optical-Lever. The method provided a simpler experimental layout, the easy signal detection, and a stronger measuring capability than the improved Optical-Lever method for a given path-length. When the test beam is collimated from its original status, the proposed system can decrease the optical path-length and has the higher sensitivity and accuracy.

In this study, an equation relating the radius of a material surface curvature to the radius of a laser wave-front curvature, the spot-radius of a laser beam at the sample and the test plane, and the optical path length are first established.10 However, when the system uses a collimated Gaussian laser beam (CGLB) as the test laser beam, the radius of curvature of the laser wave-front is no longer considered and the spot-radius of a laser beam before contacting the sample became a constant. The radius of curvature of the sample will be directly determined by the spot-radius of a laser beam at the test plane for a given optical path-length. Therefore, this method has a well-executed and simplified experimental procedure. Moreover, when the laser beam is collimated, the spot-radius is independent of the up-down swing of the spot intensity. The results imply that the signal management of the CGLB system is easier than the GLB system. In addition, comparing the results obtained from the CGLB system and GLB system, we find that the CGLB system has a shorter optical path-length than the GLB system for a given sensitivity and accuracy. We propose the system for determining the curvature of a material surface by a CGLB is an improvement of the GLB system.
2. Experimental Set-up
Figure 1 shows the experimental set-up. A 5 x 105 nm thick n-type (100) silicone wafer with a 450 nm thick SiO2 film, which is grown in a wet environment at 1050 oC, is chosen as the object and a rectangular sample with the size of approximately 5 x 0.5 cm2 . The stable-frequency He-Ne laser with a wavelength of 632.8 nm is chosen as the light source to yield the minimum swing of the GLB spot. When the incident laser beam is collimated by the collimator and arrives at the half-transparent mirror on an adjustable rotator, half of the incident beam is deviated by the beam-splitter toward the temperature-controlled support. The temperature controller is used to alter the curvature of the sample to determine the sensitivity of this system with the maximum temperature of about 650 oC. Then, the beam that has been reflected by the support surface is reflected at right angle and finally arrived at the test plane. The LBA-100A system is used to detect and analyze the signal including a global digital camera with a sensitive chip of 1.0 x 1.0 cm2. The chip with a minimum signal resolution around 1x10-4 cm is at the front aperture of the camera and is seen as the test plane. The spot-radius at the assigned temperature for every piece of the sample is obtained as an average of 20 tests, since the swing of the laser spot seems to be a period during these tests.
In our previous study,10 the test beam is GLB. When the laser beam reflects and reaches the test plane after a distance L, the radius of curvature of the sample surface (Rs) is expressed as10

[image: image1.wmf](

)

(

)

ï

þ

ï

ý

ü

ï

î

ï

í

ì

ú

û

ù

ê

ë

é

-

-

÷

÷

ø

ö

ç

ç

è

æ

+

=

2

1

2

2

2

2

1

2

L

i

L

i

s

W

L

W

W

R

L

L

R

p

l

                       (1)

where Ri is the radius of curvature of the laser wave-front at the sample zi. Wi and WL represent the spot-radius at the sample zi and at a distance L from the sample, respectively. λis the wavelength of the beam. Ri can be obtained by the substitution of two testing values WL and Wi. However, the whole procedures in this method seem to be lengthy due to the gain of Ri. When the GLB has been collimated by a collimator letting the beam’s cross-sectional intensity become constant, the beam is a plane wave and the radius of curvature of this laser wave-front (Ri) become infinite, i.e., Ri =∞. Thus, Eq. (1) can be simplified as
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In this simplifier equation, the values of Wi can be a constants for a given optical path-length. Thus, Rs can be a function of WL only for a CGLB.
3. Results and discussion

In our previous study10, to make sure of the GLB system with high sensitivity as the improved Optical-Lever system, the respective optical path-lengths from the sample surface to the test plane were designed at the same length of 5 m as that of the improved Optical-Lever system. In this study, at first, the respective optical path-lengths are also maintained at 5 m to verify the reliable result obtained from the proposed system with a CGLB. Then, we would equally shorten the length 2 m in the two systems to further proof the sensitivity and accuracy of the CGLB system are better than those of the GLB system at the optical path-length of 3 m.
When the GLB is propagated without touching any body, it yields the measured radii of the laser spot area, W1 and W2 of 0.077 cm and 0.111 cm at the test points z1 and z2 of 100 cm and 150 cm, respectively. The calculated radius of curvature of the laser wave-front (Ri) is 117.728 cm. The optical path from the sample surface to the testing plane is 5 m. Table 1 shows the comparison of the experimental results using the GLB and CGLB as the test light, separately. The table clearly shows when the temperature is increased from 25 oC to 600 oC, the radius (WL) of the GLB spot decreases from 0.434 cm to 0.418 cm, and the radius (WL) of the CGLB spot in the proposed system decreases from 0.334 cm to 0.282 cm  Furthermore, the radius of curvature of the sample surface (RS) with GLB varies from –2954 cm to –7544 cm and the radius of curvature of the sample surface (RS) with CGLB varies from –2929 cm to –7470 cm. The errors of the radius of curvature of the sample surface between the two different test beams, Eδ5, are 0.01 %~1 %, implying that the radii of curvature of the sample surface (RS) with CGLB are all reliable at this optical path-length.
Table 2 shows the experimental results that the optical path-length from the sample surface to the testing plane is decreased to 3 m. At this optical path-length, the proposed system still could find the variation of the radii of the sample surface curvature from 500 oC to 600 oC, which are varied from –6496 cm to –7470 cm. However, the test system with GLB did not have such a capability. Moreover, the maximum error (Eδ3) of these results between the two systems, excluding that at 600 oC, is greater than 6.0 %. Therefore, the data listed in this table reveal that the results between the GLB system and the CGLB system have some difference, and the CGLB can find a smaller variation of the sample bending than that of GLB system at this optical path-length. 
Conclusively, the CGLB system has a higher sensitivity than the GLB system after reducing the optical path-length to 3 m. In other words, the CGLB has a shorter optical-path-length than the GLB system for a given sensitivity.
4. Conclusion

We propose a system for determining the curvature of a material surface by used a CGLB. The advantage is that the radius of curvature of the laser wave-front is no more necessary by used a GLB for obtaining the value of the radius of curvature of the sample surface. Moreover, the spot-radius of the beam in the GLB system is obviously affected by the swing of the spot intensity. Due to the spot-radius of the beam in the CGLB system is nearly a constant that is independent of the swing of the spot intensity, thus, the system has an easier signal management than the GLB system. In addition, when the optical path-length from the sample surface to the test plane is decreased from 5 m to 3 m, the CGLB system still can detect the variation in the radii of curvature of the sample surface from 500 oC to 600 oC, but the GLB system can not. The CGLB system can distinguish smaller change in the radius of the sample surface curvature at short optical path-length. Therefore, the CGLB system has the higher sensitivity than the system with a GLB has after the decreasing of the optical path-length. 
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Table 1. The experimental results when the sample was annealed from 25 oC to 600 oC and the optical path-length of the beam from the sample to the testing plane is 5 m. 

	
	Gaussian Laser Beam
	Collimated Gaussian Laser Beam
	

	Temperature

(oC)
	Ri
(cm)
	Wi
(cm)
	WL
(cm)
	RS
(m)
	Ri
(cm)
	Wi
(cm)
	WL
(cm)
	Rs
(cm)
	100%x|ΔR/ RS|
Eδ (%)

	25
	117.728
	0.077
	0.434
	-2954
	∞
	0.249
	0.334
	-2929
	0.8

	100
	117.728
	0.077
	0.430
	-3484
	∞
	0.249
	0.320
	-3507
	0.6

	200
	117.728
	0.077
	0.426
	-4246
	∞
	0.249
	0.308
	-4220
	0.6

	300
	117.728
	0.077
	0.424
	-4767
	∞
	0.249
	0.301
	-4788
	0.4

	400
	117.728
	0.077
	0.422
	-5433
	∞
	0.249
	0.295
	-5414
	0.3

	500
	117.728
	0.077
	0.420
	-6317
	∞
	0.249
	0.288
	-6385
	1

	600
	117.728
	0.077
	0.418
	-7544
	∞
	0.249
	0.282
	-7545
	0.01


Table 2. The experimental results when the sample was annealed from 25 oC to 500 oC and the optical path-length of the beam from the sample to the testing plane is 3 m.

	
	Gaussian Laser Beam
	Collimated Gaussian Laser Beam
	

	Temperature

(oC)
	Ri
(cm)
	Wi
(cm)
	WL
(cm)
	RS
(cm)
	Ri
(cm)
	Wi
(cm)
	WL
(cm)
	RS
(cm)
	100%x|ΔR/ RS|
Eδ (%)

	25
	117.728
	0.077
	0.292
	-2860
	∞
	0.249
	0.300
	-2929
	2.4

	100
	117.728
	0.077
	0.289
	-3505
	∞
	0.249
	0.291
	-3557
	1.5

	200
	117.728
	0.077
	0.287
	-4125
	∞
	0.249
	0.284
	-4269
	1.0

	300
	117.728
	0.077
	0.286
	-4526
	∞
	0.249
	0.280
	-4819
	6.1

	400
	117.728
	0.077
	0.285
	-5013
	∞
	0.249
	0.277
	-5336
	6.4

	500
	117.728
	0.077
	0.283
	-6386
	∞
	0.249
	0.272
	-6496
	1.7

	600
	117.728
	0.077
	0.283
	-6386
	∞
	0.249
	0.269
	-7470
	14.5


Fig.1. The experimental set-up for measuring the curvature of a sample. The imaginary line implies that the collimated laser beam is reflected by the smooth support and the real line terminating at the testing plane shows that the beam is reflected by the sample at the support. 
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