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ABSTRACT 

Crack Detection in Silicon Wafers Using Shearography 

Ramak Motamedi 

Defects in silicon wafers affect their mechanical stability considerably during their 

processing and handling. In the new generation of thin silicon wafers, in addition to sub

surface defects, cracks are also one of the most important defects that need to be 

evaluated. A comprehensive review of literature suggests the use of different techniques 

for non destructive evaluation (NDE) of silicon wafers. Among the few NDE techniques 

that can be used for both sub-surface and crack detection, Shearography has the 

advantage of being a whole field technique that can be utilized as a non-contact method 

for online inspection. 

Although, recently shearography has been used for sub-surface defect detection in silicon 

wafers, the capability of this technique to identify and detect cracks has not been 

investigated yet. In this work, a shearography system has been developed for non

destructive evaluation of silicon wafers. The optical set-up was arranged and several 

experiments were carried out to optimize its performance. Batch of perfect wafers, wafers 

with sub-surface defects and cracked wafers of 500pm thickness were qualitatively 

evaluated using the developed system. Two different loading mechanisms were used to 

stress the silicon wafer and the advantage of uniform thermal loading over concentrated 

force loading for crack and sub-surface defect detection has been discussed. In addition to 

crack detection, the unique potential of the developed system for detection of crack 

propagation has been discussed. 
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Chapter 1 Introduction 

1.1 Silicon wafers 

Silicon wafers are extensively used in the semiconductor industries and microelectronic 

applications. With recent work in alternative energy sources, the solar industry is also one 

of the main consumers of the silicon for producing solar cells and panels economically. 

To balance the rising cost of silicon and also due to the fact the silicon surface is only of 

importance; now the silicon wafers are produced with the thickness of lOOum which are 

much thinner than the previous wafers with the thickness of 600um [1]. This 

methodology for making the wafers decreases the efficiency of the manufacturing 

systems because of the developing cracks in the wafers, due to their thin thickness, and 

consequently their breakages. The critical mechanical stresses that may cause the thin 

wafers breakage can happen through: wafer handling and processing. The wafers 

breakages cause the operation line to be shut down for cleaning up the tools and fixtures. 

In addition to the time-consuming part of the cleaning up the equipment, the wafer slices 

damage the production equipment which decreases their life time significantly. So, there 

is an inevitable need for inspecting the silicon wafers while manufacturing to avoid loss 

due to wafer breakages. 

1.2 Defects in silicon wafers 

Silicon wafers breakage can occur due to crack defects and also inherent defects which 

are created during its crystal growth. In the new thin silicon wafers, cracks are one of the 
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most important defects. Cracks can appear in the wafers during wafer sawing or laser 

cutting. These cracks can propagate in the wafer through the post-processing of the 

wafers, such as the process of antirefieting coating, front and back contact firing and 

soldering of contact grid, in case of solar silicon wafers [2]. Crystal originated pits 

(COPs), surface metals, oxide precipitates, hydrogen-induced defects and process-

induced defects are some of the most common types of the surface and sub-surface 

defects in silicon wafers in addition to cracks [3]. Since these defects affect the symmetry 

of the wafer plane under the loading procedures, they can also cause extra stress on the 

wafer. Thus, detecting the size and location of these types of defects also help to prevent 

the use of defective wafers in the processing. 

1.3 Defect detection techniques 

There are several techniques that are currently in use for defect detection in silicon 

wafers, like light scattering, scanning electron microscopy (SEM), atomic force 

microscopy (AFM), x-ray diffraction, ultrasonic measurement techniques, thermography, 

optical transmission and interferometric techniques. Some of these techniques like light 

scattering, SEM and AFM can be used only for surface cracks and surface defects. While 

the other techniques such as x-ray diffraction, ultrasonic measurement techniques, 

thermography and interferometric techniques can be used for both surfaces (including 

cracks) and subsurface defects. A method like optical transmission can only be used for 

crack detection. In next section, an overview of these techniques and their applicability to 

silicon wafer inspection has been discussed briefly. 
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1.3.1 Light scattering 

Light scattering method is one of the most common and simple techniques that have been 

used for defect detection of silicon wafers. This technique is based on the change of the 

light intensity of the scattered light due to its interaction with the diverse 

microconstructions of a rough surface [4]. In this method, the sample surface is 

illuminated with the laser light and the scattered light is recorded by a detector. The 

intensity distribution of the scattered light provides the information of the surface profile. 

An unexpected change of light intensity would happen when the light scatters from 

defects and the defects can be identified through the interpretation of the intensity based 

map. 

Okamoto et al. have developed a laser scattering system to detect 30-40nm particles on 

silicon wafers [5]. They use a 266-nm solid-state continuous-wave laser to increase the 

sensitivity of this detection method. This optical set-up is shown in Figure 1.1(a). The 

wafer surface is illuminated by the laser light from two different angles. The wafer is 

both rotated and moved in order to be scanned without moving the laser. The scattered 

laser-light is gathered by four detectors positioned at four different places. By comparing 

the light intensity of the scattered light from two illuminating angles, the particles and 

defects on the wafer surface can be distinguished (Figure 1.1 (b) and 1.1 (c)). 
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Figure 1.1 (a) Optical set-up of the 30-40nm particles detection system, (b) Light 
scattering signal obtained from line scanning the wafer surface and (c) Macro scratches 
observed by laser scattering system [5] 

1.3.2 Scanning electron microscopy (SEM) 

In SEM, a high-energy beam of electrons impinges on the sample surface, as shown in 

Figure 1.2(a), and the ejected electrons are sensed by a detector. The SEM image shows 

the intensity distribution of the emitted signals from the scanned surface [6]. SEM is also 

one of the frequently used methods for defect detection on silicon wafers and several 

researches have been done in this field [7-8]. 

Miyazaki et al. have used SEM to observe microstructure shapes of COP's on silicon 

wafers [9]. In their work, after determining the position of COP's on the wafer by the 

laser particle counter, SEM has been used to irradiate the marked area by its electron 

beam. This irradiation causes the area to become resistant to etching by SC-1 and so, 

during the wafer cleaning the marked area will be shaped as a hill on surface. Figure 

1.2(b) shows the SEM image of their work which demonstrates a single and double-type 

COP on a mirror-polished wafer. 
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Figure 1.2 (a) Schematic of a Scanning electron microscope [6] (b) SEM image of a 
single and double-type COP [8] 

1.3.3 Atomic force microscopy (AFM) 

The AFM principle is based on measuring the deflection of a microcantiliver which scans 

the sample surface with a sharp tip at its end. The cantilever deflection is usually 

measured by a laser point reflected from its tip and sensed by the photodiodes [10]. 

Kobayashi et al. have used AFM as a coordinate linked method with a laser scattering 

system to monitor directly the surface defects of an immersed silicon wafer in slightly 

Cu-contaminated water [11]. Since the defects that are generated on the wafer surface are 

too tiny to be observed accurately by laser scattering technique, they have used the AFM 

to image more precisely the area of defects. By using a highly sensitive laser scattering 

system, they detect the defects that are equal to or larger than 50nm and then, the detected 

defect regions are imaged with AFM to obtain the real image of the defects. Nishimura et 

al. have developed an AFM that can directly inspect the whole surface of a 12-in wafer, 

Figure 1.3. This AFM uses the laser scattering method to characterize the defect shapes 

[12]. 
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(a) (b) (c) 
Figure 1.3 (a) AFMconfiguration to detect defects on a 12-in Si wafer, (b) AFM image of 
the COP detected on a Si wafer and (c) AFM image of the scratches polished as lines on 
Si wafer [12] 

1.3.4 X-ray diffraction 

This technique is based on the diffraction of the x-ray that is scattered from the sample 

surface. Diffraction happens when the wavelength of the incident wave to a periodic 

surface is in the range of the repeated distance. Since the wavelength of the x-ray is in 

angstroms scale and this scale is equal to the atomic distance in crystals, x-rays can be 

diffracted from the repeating atomic structures in crystalline materials. The intensity 

distribution of the diffracted x-ray is recorded and it can provide information about the 

crystallographic structure, physical properties and surface topography of materials [13]. 

Kawado has reviewed the current development in X-ray diffraction techniques for 

detection of crystal perfection and surface contamination in large-diameter silicon wafers 

[14]. Two X-ray testing techniques are usually used to evaluate the wafer surfaces, 

transmission topography and double-crystal topography, as shown in Figures 1.4(a) and 

1.4(b). While the transmission method can be used simply and under easy conditions, the 

double-crystal topography can be used when more sensitivity for detection of small 

defect areas is needed. The problem with X-ray topography methods, even the ones 
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developed for more accurate characterization like plane-wave X-ray topography [15], is 

the low contrast of their resulting images (Figure 3(c)). 
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Figure 1.4 (a) Optical set-up configuration for X-ray transmission topography, (b) 
Example of an optical set-up for double-crystal topography and (c) Microdefects, in an 
as-grown CZ-Si wafer, detected by plane-wave X-ray topography [14] 

1.3.5 Ultrasonic measurement techniques 

Scanning acoustic microscopy (SAM): In this technique, the sound waves emitted by an 

ultrasound transducer hit the sample surface and are reflected by both surface defects and 

defects inside the material, and boundary surfaces of the sample, as shown in Figure 

1.5(a). The change in the acoustic impedance of the all reflected waves compared to those 

of the reflected waves from the backside surface of the sample will show the material 

density variation or material discontinuity in the sample. The SAM image is obtained 

through scanning the entire sample surface. The resolution of the image depends on the 

frequency of the sound wave. Since the ultrasound wave attenuates in air, a coupling 

medium, either fluid or vacuum, is needed. The sample will be immersed in coupling 

medium during the testing time [16]. 
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(a) (b) 
Figure 1.5 (a) Schematic of a scanning acoustic microscope [16] and (b) SAM image of a 
silicon wafer with a crack on its edge (left image: zooming area of the crack) [17] 

Belyaev et al. have inspected silicon wafers by using SAM to detect the periphery 

microcracks [17]. The wafers have been placed in a tank of deionized water (coupling 

medium) and the reflected acoustic waves from the front and back surfaces of the wafer 

was received by the transducer and converted to voltage. The resulting image of the 

digitized voltage data for the entire silicon wafer was acquired in a few minutes. The 

accuracy of SAM for crack detection reported in their work is in the range of few 

micrometers. 

Resonance ultrasonic vibrations methodology: Dallas et al. have proposed a new 

technique for crack detection in silicon wafers which was first used to analyze the elastic 

stress in full-size silicon wafers [1-2]. In this technique, ultrasonic vibrations with 

adjustable amplitude and frequency were generated by a piezoelectric transducer and 

applied to the silicon wafer. As it has been shown in Figure 1 -6(a), the wafer was coupled 

to the transducer by applying vacuum to the backside of the wafer. Through transmission 

of vibrations to the wafer, the acoustic waves were formed at resonance frequencies. An 

ultrasonic probe was used to scan the surface of the wafer to measure and distinguish the 
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longitudinal vibration mode on each point of the surface. The Resonance ultrasonic 

vibrations (RUV) method can detect the cracked wafers by checking their resonance peak 

amplitude, bandwidth and frequency as shown in Figure 1.6(b). The RUV system can 

monitor millimeter and sub-millimeter length cracks. 

! Si wafer 

Ultrasonic probe 
on X-stage 

CZ=3 

Computer | 
controlled I 
electronics I 86400 86800 87200 87600 880O0 

Frequency (Hz) 

(a) (b) 

Figure 1.6 (a) Schematic of RUV set-up and (b) RUV parameter variation on a wafer 
with 6mm crack [1] 

1.3.6 Thermography 

This method is based on the differences between the thermal conductivity of the defective 

area compared to that of the perfect areas. Flash lamps or heat lamps are used to heat up 

the sample surface and the resulting heat distribution over the object surface is detected 

by an infrared camera. To improve the efficiency of this technique, a new method of 

ultrasound lock-in thermography (ULT) has been introduced, shown in Figure 1.7, where 

instead of a thermal source, harmonic vibrations are applied to locally heat the flawed 

areas with temperature gradient of tens of degrees [18]. However, in order to improve the 

signal-to-noise ratio, acquiring the images in this technique needs an integration time of 

some minutes. 
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(a) (b) 

Figure 1.7 (a) Schematic of a lock-in ultrasound thermography set-up [18] and (b) ULT 
image of a silicon wafer containing a microcrack [19] 

Rakotoniaina et al. have detected cracks in silicon wafers and solar cells by using lock-in 

ultrasound thermography [19]. They coupled the wafer to an ultrasound energy 

transducer through vacuum. Due to the ultrasound excitation, the friction at the perimeter 

of cracks will generate local heating, which is imaged via the infrared camera. Since the 

infrared emissivity of the sample surface affect the results considerably, to reduce the 

wafer transparency to the infrared light, they coat the wafer surface with black paint. 

1.3.7 Optical transmission 

In this technique, as it has been shown in Figure 1.8, a high intensity flash lamp is placed 

under the silicon wafer and the flashlight will transmit though the wafer. A CCD camera 

with an appropriate optical filter is used to capture the image of silicon wafer surface. 

The width of the cracks that can be detected with this method is determined by the optical 

diffraction limit which is related to the wavelength of the flash lamp. This method can 

only detect the cracks which have penetrated through the entire thickness of the wafer. 

10 



CCD I 
Optical filter 

Si wafer 

Flashlight , ^ | f i f e 

(a) (b) 

Figure 1.8 (a) Schematic of an optical transmission set-up and (b) an artificial n-crack 
detection image in Cz mono-Si with a developed optical transmission system [20] 

Rueland et al. have detected u.-cracks in silicon wafers and solar cells by using optical 

transmission method [20]. In their research, an infrared flash-light lamp and a high-

resolution CCD camera combined with a blue filter were used. The blue filter was used to 

detect selectively the cracks with width greater than lum since by using this filter, the 

white light can only be detected by the camera. The final solar cells and the wafers with 

Al coating on their backside can be inspected by this technique if the crack penetrates to 

the backside of the coated wafer. 

1.4 Interferometric techniques for defect detection 

Interferometric techniques are used to visualize or measure the object deformation 

through determining the phase change of the interfering beams coming from the light 

source and object surface. Since the defective parts, either due to surface defects or sub

surface defects, show different deformations compared to the perfect parts, the defective 

areas can be distinguished as anomalies areas in the interference patterns (fringes) as 

shown in Figure 1.9. 

11 
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Figure 1.9 (a) Sub-surface defect in a material shown after and before the deformation 
and (b) shearographic fringe of the 11 mm diameter defect 0.28 mm below the surface of 
the object [21] 

Choosing an appropriate type of loading to deform the object surface and have a 

sufficient amount of deformation is one of the main parts of any interferometric testing 

set-up. Thermal loading, pressure (or vacuum) loading, vibrational and concentrate-force 

(mechanical) loading are the most common methods used for a non-destructive 

interferometry testing; the choice of which depends on type and size of the defect which 

is supposed to be detected and the size of the object itself. 

The interferometric techniques have the advantage of being full-filed and non-contact 

compared to other mentioned methods for defect detection. The accuracy of these testing 

methods is in the range of sub-micrometer. Holographic interferometry and speckle 

pattern interferometry are the common interferometric methods used for non-destructive 

evaluation of materials. 

1.4.1 Holography 

In this method, the laser beam which is scattered by the object surface interferes with a 

reference beam and the interference pattern is recorded by a detector. A three-
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dimensional image of the object can be reconstructed by illuminating the holographic 

recording (hologram) either with the same reference beam or another one. A holography 

set-up and a hologram phase data of a mirror containing a scratch has been shown in 

Figure 1.10. Holography method has a high spatial resolution compared to speckle 

interferometry techniques, but its high sensitivity to external vibrations has restricted its 

use in industrial environments [22]. 

To observe the deformation of an object by holography, a hologram is recorded from the 

first state of the object. After deforming the object to its second state, an interference 

pattern can be created by interfering the object beam from its second state and the 

reconstructed object beam from the hologram of its first state. 

Holographic 
recording 
medium 

(a) (b) 

Figure 1.10 (a) Schematic of a holography set-up for NDT technique and (b) hologram 
phase data of a mirror containing a scratch [23] 

Mark et al. have used digital holography to detect defects on semiconductor wafers [24]. 

To have a better spatial resolution for high aspect ratio defects, they have used a laser 

with a small wavelength (266nm, Deep ultraviolet laser) which can penetrate well inside 

the tiny defects. By obtaining the phase data with digital holography, they can observe an 

accurate topology of each defect. 

13 



1.4.2 Speckle pattern interferometry 

Electronic speckle pattern interferometry (ESPI) and Shearing speckle pattern 

interferometry (Shearography), shown schematically in Figure 1.11, are the two speckle 

interferometric techniques that used as non-destructive testing methods [25-27]. These 

techniques will be explained in detail in chapter 2. Speckle interferometry techniques can 

be performed much simpler and faster than holography method, however they have lower 

spatial resolution. Because of its less sensitivity to ambient vibrations, shearography is of 

more interest in industrial environment. 

Scattered light Lens 

Object with 
rough surface 

Laser 

T Reference beam 

* a 
Detector 

Mirrors 

Sheared object 
beam 

(a) (b) 

Figure 1.11 Schematic of the speckle interferometry set-ups (a) ESPI and (b) 
Shearography 

1.5 Motivation for Current work 

All the techniques overviewed have their own advantages and limitations. One of the 

main problems of some of these inspection methods is their testing duration which is 

relatively long. The probe and scanning based methods are such time-consuming methods 

which are not useful for fast on-line inspection. Another important problem with some of 

these testing techniques is related to the type of their defect detection system. For 

example, while imaging the microcracks, regardless of its difficulties, will help to learn 
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more about their sources and investigate on their behavior, there is not a simple relation 

between the existence of the microcracks and wafer breakage. It means that even some 

wafers with microcracks can be processed and transported under moderate loading 

conditions without any breakage. So, it seems that it is more useful to test the wafers in a 

way that shows the critical defects which cause the breakage of the wafer under the 

conditions (stresses) that the wafer will experience in the industrial environment. The 

critical defects can be detected if the stress distribution in the wafer is almost equal to the 

real applied stress distribution during the wafer processing and handling. A higher stress 

distribution will cause the non-serious defects (for example, small cracks) become visible 

and a lower stress distribution does not allow the critical defects to be observed. 

Shearography overcomes these two main disadvantages of the above mentioned 

inspection methods. One, it is fast since it is a full-field technique. Two, critical defects 

can be identified as there is a need to apply a specific amount of stress to show the 

defective areas. Also, shearography has the ability to detect the surface and sub-surface 

defects simultaneously which can be done only by a few inspection methods such as x-

ray, ultrasonic and thermography techniques. Compared to these three techniques, as 

explained before, shearography has the first priority to be used as an on-line inspection 

technique due to its shorter inspection time, simplicity and being safer when compared to 

using x-rays. 
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1.6 Objective and scope of the research 

The objective of this work is to test the feasibility of shearography technique for crack 

detection in silicon wafers. Though Shearography has been reported in 2004 for 

identification of sub-surface defects in silicon wafers [27], there is not any work done on 

the ability of this technique for crack detection in silicon wafers. The scope of this 

research includes: 

• Study the theoretical and practical aspects of the shearography technique for 

qualitatively evaluation of materials 

• Develop a compact and rigid shearography optical set-up 

• Perform experiments to optimize the performance of the shearography set-up 

• Test the capability of the shearography technique for crack detection in silicon 

wafers simultaneously with sub-surface defects detection 
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Chapter 2 Theory of Speckle Interferometry 

2.1 Introduction 

The speckle interferometric technique was first recognized by Leendertz and Butters in 

the early 1970s and further research in this field introduced a new area of measuring 

methods in the world of optical metrology [28]. Electronic speckle pattern interferometry 

(ESPI) and shearing speckle pattern interferometry (shearography) are the most 

commonly used speckle interferometry techniques. As explained briefly in previous 

chapter, in ESPI and shearography, the comparison between the two speckle patterns of 

the deformed object (before and after deformation) gives the information about the 

displacement and displacement gradient of the object surface. 

Although shearography was at first used for slope measurement [28], Hung developed 

this method and reported his results for non-destructive testing (NDT) of the materials 

[29]. As the displacement gradients are the components of strain, shearography can 

directly provide the strain information of the object deformation. Since the defective 

areas in materials produce strain concentration areas on the surface, the defects can be 

simply detected through determination of anomaly areas on the shearography fringe 

pattern. Because the unexpected movement of the object like its rigid-body motion during 

the test does not make any strain, shearography is quite insensitive to vibrations and can 

be used in hostile environments. 
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Due to simplicity and its insensitivity to vibrations, the application of shearography has 

been extended in industrial environments for NDT [30-33], strain measurement [34-35] 

and vibration analysis [36-37]. Based on the need for a qualitative measurement or a 

quantitative measurement, different type of shearography set-ups can be used. 

In this chapter, first the basic theory of the speckle interferometry is explained. Next, the 

qualitative and quantitative measurements by speckle interferometry techniques are 

discussed and the fundamental principles of ESPI and shearography are described in 

detail. Finally the application of shearography in NDE has been reviewed. 

2.2 Speckles 

When a rough surface is illuminated with coherent light, an observer sees a grainy 

appearance of the object. The scattered waves from the object surface interfere with each 

other in space and dark and bright spots will be seen. These spots are called speckles and 

the whole grainy appearance is named speckle pattern, Figure 2.1. The speckle pattern 

appears if the wavelength of the illuminating light is smaller than the height variations of 

the rough surface [22]. 

Figure 2.1 Speckle pattern of a rough surface (Al plate) illuminated with laser 
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The phases of the scattered waves are random due to the different heights of the surface 

points. These phases are constant in time but vary point to point. So, when the waves 

interfere with each other, they develop a stationary speckle pattern. Each speckle in the 

speckle pattern has the phase information of the interference of the scattered waves 

coming from the related point on the object surface. 

Figure 2.2 shows that the speckles can be observed in two ways [38]. When they are 

seen directly in the space in front of the rough surface, they are called objective speckles, 

Figure 2.2(a). If an image is taken from the surface of the object, the speckles can be seen 

in the image, too. In this case, that is most common in speckle interferometry, they are 

called subjective speckles, Figure 2.2(b). 

Coherent light 

Rough surface Observation 
plane 

I 
Rough surface 

(a) 

Coherent light 

Observation 
plane 

(b) 

Figure 2.2 Speckle configurations: (a) Objective speckle and (b) Subjective speckle 

Assuming a monochromatic polarized and fully developed speckle field, it can be shown 

that the objective speckle diameter ds is equal to [25]: 

d =1.22 
D 

(2.1) 
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Where X is the wavelength of the illumination light, z is the distance between the 

observation plane and the object surface, and D is the diameter of the illuminated area. 

Since imaging system is usually used for metrology purpose, the results of the objective 

speckle field should also be validated for subjective speckle field. For a lens with a focal 

length of/and a magnification of M and aperture NA, z (the distance between the image 

plane and the object surface) is equal to f(l+M). For small observation angles, the 

numerical aperture NA of a lens is equal to D/2f. So, in this case, the speckle size can be 

written as: 

d.=0.61^±j£ (2.2) 

NA 

As it can be seen in Equation (2.2), the size of the subjective speckles is dependent on the 

numerical aperture of the lens in imaging system. The speckles become larger if the 

aperture of the lens is decreased and vice versa. 

In many measurement applications, the speckles are considered as noise and they 

decrease the precision and accuracy of the results. However, some applications, such as 

speckle photography, speckle interferometry and shearography have created new 

measurement methods, using the speckles effect. 

2.3 Speckle interferometry 

The speckle interferometry is the interference of two speckle fields, or a speckle field and 

a constant reference wave. The same principles that exist in wave interference can be 

applied for the speckle interferometry. Considering the speckle pattern is imaged on 
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(x,y)-plane (image plane on detector) and omit the time dependent part e ,wt (stationary 

speckle pattern where w is the frequency), it can be written [39]: 

E0(xty)=A0e**-'-*'{")) (2.3) 

Er{x,y) = Are
i{g-r-*Ax'y)) (2.4) 

Where E0 and Er are the electric fields of the object speckle field and constant reference 

wave (or second speckle field), respectively. Also, A is the amplitude, g is the 

propagation vectors and cp is the phase constant. The intensity distribution of the 

interference pattern can be written as: 

A^y)=i0(*>y)+ir (*> y)+Uh (*> y)h (*, y) c°s(^0 (*, y) - $r (x, y)) (2.5) 

Where 70 and Ir are the intensity of the object speckle field and constant reference wave 

(or second speckle field), respectively. The intensity image can be also shown as [25]: 

j(x,y) = I0(x,y)+ IM (x,y)cosf{x,y) (2.6) 

In which I0, IM, and <f> are referred to the background intensity, the modulation 

intensity and the phase, respectively. 

Unlike the classical interferometry, there are no visible fringes in the interference pattern 

(interferogram) of the speckle interferometry. As mentioned before, the phases in the 

speckle field vary point to point and so, their difference {<j>0 -fir) also varies randomly in 

space. So, the information which could be obtained from a single interferogram in 

speckle interferometry is not very useful and practical, since its phase map is random. 

The fringes as it appears in classical interferometry can also be achieved in speckle 

interferometry, if two speckle fields from two different states of the object (before and 
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after deformation) are compared and this comparison is called speckle correlation and 

results in correlation fringes. 

2.3.1 Correlation fringes 

To create the correlation fringes, the interferogram images are used directly. The 

interferograms can be added or subtracted, and the result will show the points of equal 

phase difference in the same way that appear classical fringes. This method is more 

desirable in quantitative measurements, especially in NDE methods. In non-destructive 

evaluation of the materials, finding the location and size of the sub-surface defects that 

appears as anomalies in a correlation fringe pattern has the first priority compared to the 

quantitative measurements that indicate the displacement or gradient displacement of the 

object surface. 

The intensity / of the interferograms for the two different states of the object can be 

written as: 

/ , = / „ +Ir + 2jTJrcos<f> (2-7) 

I2=I0 +1, +2, /7Xcos(^ + y/) (2.8) 

Where /, and I2 are the interference patterns intensity, before and after deformation. 

The deformation causes the phase difference of y/ as shown in Equation 2.8. For creating 

correlation fringes, there are three methods: Additive processing, Subtractive processing, 

and Additive-subtractive processing [40]. 
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Additive processing: In this method, the two interferograms will be added to each other 

and the addition Vadd can be shown as: 

Vadd = |/, +121 = 2(/0 + Ir) + 4 V 7 X cos(^ + W12)cos(^ / 2) (2.9) 

The result Fflrfrf is named additive correlation fringe pattern. In additive processing, the 

addition of interferograms can be done by any analog recording devices. So, the camera 

which is used to record the speckle patterns can record and add the two consequent 

interferograms and VaM can be seen directly on the monitor. Using the camera itself to 

add the interferograms has two advantages. First, there is no need to have any extra 

storage to keep the interferograms. Second, since the camera adds the interferograms at 

the time of capturing them, the correlation fringes are created very quickly and the effect 

of ambient noise will be decreased to a large extent on the fringes. 

As shown in Equation (2.9), the additive correlation fringe pattern has two terms of 

intensity {l0 + Ir) which are recorded by the camera, even without having the other beam 

(reference or object beam). These terms are named self-interference terms. The contrast 

of the correlation fringes in additive processing is very low because of the existence of 

these self-interference terms. 

This poor visibility is the disadvantage of additive processing, as it causes to lose the 

information of the correlation fringes when it is focused on small areas of the object. 

Figure 2.3 (a) shows an additive correlation fringe pattern. The pattern was acquired from 

a fixed-edge circular plate vibrated at 5 KHz. 
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Performing a spatial Fourier filtering on the additive correlation fringes will help to 

eliminate the low-frequency noise of the self-interference terms, while the high-

frequency noise remains and the contrast is still low. 

Subtractive processing: In this method, the interferograms of the two different 

states of the object will be subtracted from each other and the subtraction Vsub can be 

written as: 

K„b =|7> - / 2 | = |4V7Xsin(^ + ̂ /2)sin(^/2) | (2.10) 

Eq. (2.24) shows that there is no self-interference term in a subtraction correlation fringe 

pattern, bringing the contrast to unity. As it can be seen in Equation (2.10), when the 

phase difference y/ is equal to 2kn, where A: = 0,1,2,..., the second sin factor becomes 

zero and a dark fringe appears. Also, for if/ = kn, k-1,3,5,..., the sin factor has its 

maximum value and a bright fringe pattern such as shown in Figure 2.3 (b) can be seen. 

The appearance of the speckles on the bright fringes is because of the discontinuity in the 

amplitude and phase of the speckles. Compared to additive processing, the visibility of 

the subtractive fringes is much better. For quantitative measurements using speckle 

interferometry, especially NDT applications, the subtraction method is the common 

method to process the interferograms. 

Unlike the additive processing, the subtraction processing method can not be carried out 

by the camera itself. After capturing each interferogram, it must be digitized and stored. 

Then, by using a digital image processor, the two interferograms can be subtracted from 

each other. The disadvantages of this method (compare to the additive processing) are its 
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additional cost because of the digital image processor, and the results affected by ambient 

noise due to longer processing time. 

Additive-subtractiveprocessing: This method is a combination of both additive and 

subtractive processing. First, an additive fringe pattern Vadd, of the two different states of 

the object is obtained, using an analog recording device. Then, a phase shift will be 

applied intentionally on the recording process, and the second additive fringe pattern 

Vaddl will be acquired exactly for the same states of the object that used for the first 

additive fringe pattern. These additive fringes can be shown as: 

Vadd, =2(/0 + / r )+4 A /7Xcos(^ + ̂ /2)cos(^ /2) (2.11) 

Vadd2 =2{l0+Ir)+4jlj;cos{<?> + S + V,/2)cos(¥/2) (2.12) 

Where 8 is the phase shift (usually equal to n) during the acquisition of the second 

additive fringe pattern. The additive-subtractive fringe pattern will be achieved by 

digitally subtracting the additive fringe patterns and it can be written as: 

* add-sub ~Y add .\ ^add.2\ 8^/TX sH</> + SI2 + y/l 2)sin(<5 / 2)cos(y/ / 2)| (2.13) 

Figure 2.3 (c) shows the additive-subtractive correlation fringe pattern of the same plate 

shown in figure 2.3 (a) and 2.3 (b). This type of processing has the advantages of both 

previous methods. The resulting correlation fringe has the contrast of unity (from 

subtractive processing) and it is not affected by the ambient noise that much of in the 

subtractive processing (from additive processing), but a complex experimental system to 

provide phase shift is required. 
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(a) (b) (c) 

Figure 2.3 Correlation fringe patterns obtained by (a) Additive processing, (b) 
Subtractive processing and (c) Additive-subtractive processing [40] 

2.3.2 Quantitative analysis of the interferograms 

The first result of a quantitative analysis of a fringe pattern is a phase map that is related 

to the intensity distribution of the fringe. Then, the parameter which causes the phase 

differences at the surface points of the object, which is surface displacement, can be 

obtained from the phase map. For creating the phase map, the phase difference in each 

point must be extracted from the fringe pattern. There two group of methods that are used 

to provide the phase map: Phase shifting methods [41-42] and Intensity based methods 

[43-46]. 

Fringe tracking and Fourier transform are the common techniques used in the intensity 

based methods. The most important advantage of intensity based methods over phase 

shifting methods is their simplicity that makes them preferred in many industrial 

applications. Fourier transform technique has been used in this work for processing the 

fringe patterns and it will be explained in chapter 3. 
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2.4 Speckle interferometry techniques 

The concept of speckle interferometry is used in two different optical set-ups: Electronic 

speckle pattern interferometry (ESPI) and Shearing speckle interferometry 

(Shearography) 

2.4.1 Electronic speckle pattern interferometry (ESPI) 

As its name shows, ESPI is the electronic recording and processing of the speckle 

interference patterns. The interferograms are captured by CCD camera and either 

intensity based or phase shifting methods (based on the application) can be used to 

process the interferograms and extracting the phase map. Figure 2.4 shows the two ESPI 

optical set-ups. 

When speckle pattern interferometry is used to find out the surface displacement, the 

relation between the phase value &<f> and displacement components can be written as 

[25]: 

A$(x, y) = — w(x, y) Out-of-plane displacement (2.14) 
A, 

A yrr-

A</>{x,y)=—u{x,y)sma In-plane displacement (2.15) 

A 

Where u{x,y) and w\x,y) are the displacements components in x and z directions, 

respectively, and a is the angle of illumination in x-z plane (assuming normal 

illumination for out-of-plane displacement, a = 0). The sensitivity of the out-of-plane 
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displacement measurement is XI2 and the sensitivity of the in-plane displacement 

measurement is A/2s ina . 

As shown in Figure 2.4, the reference beam and object beam in an ESPI set-up have 

different optical path. So, they can be affected differently by noises such as air 

turbulence, unintentional vibrations and the object rigid body motion, hence it is not 

suitable for industrial application. 

(a) (b) 

Figure 2.4 ESPI optical set-ups: (a) Out-of-plane displacement measurement and (b) In-
plane displacement measurement [47] 

2.4.2 Shearing speckle interferometry (Shearography) 

To counter the effect of sensitivity to external noise in speckle interferometry 

shearography is used [26]. If a sheared copy of the object beam is used as the reference 

beam, the shearography optical set-up, where both the interfering beams have the object 

beam optical path, can be achieved. The sheared copy of the object beam can be created 

in different ways. Lateral, radial, rotational and reversal shearing are the different types 

of the techniques which are used to shear the object beam. 
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Among these shearing methods, lateral shearing is most commonly used in shearing 

speckle interferometry (shearography). In this technique the object beam is shifted 

laterally by a small amount and the interference occurs between the object beam and its 

shifted copy. For the planar wavefront, the lateral shearing can be obtained by shifting the 

wavefront in its own plane (either vertically or horizontally) and for the spherical 

wavefront, the lateral shearing can be obtained by rotating the wavefront about the axis 

passing through the centre of the curvature of the spherical wavefront. 

There are different ways for applying lateral shear on the object beam. The most common 

ways are: using a shear wedge or a Michelson interferometer. Figure 2.5 shows a 

shearography optical set-up, which is a Michelson-type shearing speckle interferometer. 

Besides its simplicity compared to shear wedge, the Michelson configuration also allows 

the fringe evaluation to be done by phase shifting method [48]. 

Figure 2.5 A Michelson-type shearing speckle interferometer [47] 

The processing techniques of the interferograms in shearography are the same as that 

explained for speckle interferometry. The phase value in shearography is related to the 

gradient of the displacement [25]: 
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For out-of-plane gradient of displacement (illumination in x-z plane): 

When shearing is in x-direction: 

Wx{x,y) = 
2n8x 

X 
— (x, yjsin a + — (x, y)fcl + cos a) 
dx dx 

(2.16) 

When shearing is in y-direction: 

wMyh2-^ 
x 

— (x, j)sin a-\ (x, y%. + cos a) 
dy dy 

(2.17) 

For in-plane gradient of displacement (illumination in x-z plane): 

. . / \ 4TVSX 6u / \ . 
M {x, y) = —— — (x, y)sm a 

A OX 

. , / \ Andy du , ^ . 
&0Y {x, y) = ———[x, y)sm a 

A dy 

(2.18) 

(2.19) 

Where —{x,y), —{x,y) , — i x , y ) and —(x,_v)are the in-plane and out-of-plane 
dx dy dx dy 

displacements gradient components, respectively. Also, Sx and dy are the shearing 

amounts in x and y direction, respectively. The sensitivity of the out-of-plane 

displacement gradient measurement (considering a normal illumination,a = 0) is XI25 

and the sensitivity of the in-plane displacement gradient measurement is X128since, 

where 8 is the shearing amount in x or y direction. So, the sensitivity of the 

shearography can be changed by adjusting the shearing amount. 

2.5 Applications of shearography in NDE 

Digital shearography has been developed in many different technical points of view in 

1990s [26] and its advantage of being full field, non-contact and fast make it as one the 
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important NDT techniques in recent years. One of the main NDE applications of 

shearography is for evaluation of composite materials in aerospace and automotive 

industry. The use of shearography has also been extended to test the pressure vessels and 

even biomaterials. Regarding the application of shearography in each of these areas, 

many researches have been done in order to observe the capability of this method for 

testing the materials and also prove its better potential compared to the other methods 

[49-56]. In 1999, Hung reviewed the application of shearography for composite 

structures [49]. Recently, Ruzek et al. have compared the visual, ultrasonic C-Scan and 

shearography methods in their work to evaluate and identify the impact defect in 

sandwich panels [50]. Among these methods, shearography due to its simplicity and 

reliability found to be the most appropriate technique for inspection of wing and fuselage 

outer surface. Xide et al. have also combined holography and shearography techniques in 

order to perform quantitative defect detection in thin-walled pressure vessels [51]. Their 

results were promising and the size and depth of the cracks and cavities could be 

estimated accurately. Figure 2.6 shows the shearography images of some defected 

composite structures reported in these works. Also, Narayanan et al. have used 

shearography for non-destructive testing of phantom tissue surfaces [56]. They have 

simulated the abnormal growth in body cavities by abnormalities in layers of a sample 

phantom and as it can be seen in Figure 2.7, the defective area could be detected. 

The application of shearography for bulk silicon wafers inspection has been done recently 

in Singapore University [57]. Ganesha et al. have done research in this field and the sub

surface defect detection in silicon wafers by using shearography is emphasized in their 
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Figure 2.6 (a) a crack in a composite turbine blade stressed by thermal loading [49] (b) 
a delamination in a filament-wound composite pressure vessel [49] (c) impact damages 
in a carbon skin sandwich structure stressed by thermal loading [50] and (d) several 
cavities in a steel 45 pressure vessel [51] 

abnormality 

Figure 2.7 Fringe patterns of a phantom specimen with abnormal areas [56] 

work [27]. For surface defect detection, they have used SEM and in order to find the 

defect size and depth, optical profiler has been utilized. Shearography has been used in 

their work for sub-surface defect detection. By using thermal loading, the positions of the 
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sub-surface defects were determined due to the anomaly areas on the fringe pattern. 

However the size of the defects could not be determined perfectly. Figure 2.8 shows the 

fringe patterns of the sub-surface defects. 

Figure 2.8 Shearography fringe pattern of an unpolished silicon wafer with sub-surface 
defects [57] 

Though Shearography has been used for identification of sub-surface defects in silicon 

wafers, there is not any work done on the ability of this technique to identify crack and 

crack propagation. In this work, the ability of shearography for crack detection in silicon 

wafers at the same time of sub-surface defect detection is investigated. 

2.6 Summary 

In this chapter, the theory of the speckle interferometry was explained and the ESPI and 

Shearography methods were described. The application of shearography for NDE in 

different fields was also reviewed. In the next chapter, the optical arrangement of the 

shearography set-up and the criteria to choose each component of the set-up is discussed. 
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Chapter 3 Shearography Optical Set-up 

3.1 Introduction 

In this chapter the systematic design of the proposed shearography optical set-up is 

described. In first section, the basic arrangement of the optical set-up is illustrated and in 

second section, the criteria of selection of each part of the set-up are explained. 

3.2 Basic arrangement of the optical set-up 

A Diode laser is used to illuminate the sample surface and as it has been shown in Figure 

3.1, in front of the output of the laser, a spatial filter is placed to make uniform the light 

intensity and also a polarizer to adjust the intensity of the light for different surfaces. The 

spatial filter combined to an objective lens is used to expand the laser light for 

illuminating the desired testing area. A Michelson interferometer is arranged as the 

shearing head. A lens with adjustable focus and numerical aperture is mounted on the 

CCD camera and a bandpass filter is fixed in front of the CCD array. The filter can only 

pass the wavelengths in the neighborhood of the laser wavelength. So, there is no need to 

have a dark room and the experiments can be done in the laboratory environment. The 

mechanical design for applying stress on the silicon wafer surface consists of a fixture 

and the loading system. The fixture is supposed to clamp all edges of the sample. Two 

types of loading have been used in the experiments: concentrate force loading and 

thermal loading. The object is deformed by applying load on its surface and the 

interferograms are recorded before and after the object deformation. In this work, the 
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Fringe Processor software is used to process the interferograms and analyze the resulting 

fringe patterns. 

Figure 3.1 The schematic of the shearography optical set-up 

3.3 Selection criteria of the optical set-up components 

In this section, the components of the Shearography set-up are defined and described. 

The experimental set-up is arranged on a vibration isolation table and all the components 

are fixed to the base to relatively avoid the influence of any unwanted vibrations on the 

optical set-up. As Figure 3.2 shows, the optical set-up is divided to six separately 

modules. These parts are: the illumination system, the shearing system, the imaging 

system, the recording system, the image processing system and the mechanical system for 
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applying load. The characterization of each of these fundamental parts and the criteria to 

choose the appropriate components for each of them are described in detail in next 

section. 

Mechanical system 
for applying load 

Figure 3.2 The functional components of the shearography optical set-up 

3.3.1 The illumination system 

Making a small and compact set-up has the advantage of being portable and so, more 

applicable in different conditions. For this reason, we decided to choose a small laser for 

the illumination part. Regarding the laser size and its power, the appropriate lasers that 

can be used for a speckle interferometry set-up have been shown in Table 3.1: 

Laser Type 
He-Ne laser [58] 
Nd:YAG laser [59] 
Diode laser [60] 
Argon-ion laser [61] 

Wavelength 
633 nm 
532 nm 

635-980 nm 
514, 488 nm 

Power 
Up to 50mW CW 
Up to 5W CW and Pulsed 
Up to lOOmW CW and Pulsed 
Up to 20W CW 

Coherence length 
0.2-0.3m 

Many meters 
Order of meters 

A few centimeters 

Table 3. J Different lasers that can be used for a shearography set-up [25] 
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Beside the properties of the laser such as its power and wavelength, there is another 

important factor which should be taken in account in any interferometer. This factor is 

the laser's coherence length which should be large enough compared to the difference in 

optical path length between the object beam and reference beam [25]. The building 

properties of each laser affect its coherence length. Basic components of a laser are: 

active laser medium (gain medium), pump source which is supposed to apply energy to 

gain medium and optical cavity in which the laser radiation can circulate between 

reflectors and pass the gain medium. The laser coherence length is related to the laser 

optical cavity and the smaller optical cavity causes the smaller coherence length [62]. 

Moreover, to have the optimal performance of an interferometry set-up, the illumination 

and recording system should be matched. Considering the sensitivity of the recording 

device (which is discussed in the recording system section), we should decide about the 

power and wavelength of the laser. 

A Diode Laser is chosen for the set-up because it is simple to use, economical to maintain 

and do not need much space to sit (they do not have water cooling). The coherent length 

of the diode lasers with Fabry-Perot type resonator designs, which are the most common 

used diode lasers because of their low-cost, can be expected to be short, in the order of a 

few millimeters at best [25]. Fortunately, in shearography, a large coherence length is not 

required and it is usually in the order of microns [63]. One of the advantages of 

shearography over the speckle interferometry is this smaller coherence length due to the 

absence of the separate reference beam in shearography. 
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The laser used in this optical set-up is a continuous wave laser and its wavelength and 

power is 658nm and 65mW, respectively. Due to dust particles and other contaminants in 

the atmosphere, the laser beam has spatial disturbances. So, a spatial filter must be used 

in order to filter these disturbances and uniform the laser light intensity. The principle of 

spatial filtering and its effect on the optical system is shown in Figure 3.3. In the 

proposed set-up, a 10X objective lens with a \5\im pinhole aperture is used to achieve a 

uniform laser beam. In front of the output of the spatial filter, a polarizer has been placed 

in order to adjust the intensity of the light for different surface colors. A precision linear 

polarizer for visible wavelengths range (430-670 ran) is used in this set-up. 

/P\ 

y^r *r y^ i Sr-———\ I -~~W 
< W " » A V SCATTERING FHCM \ J I . _ „ . „ ''*«•' f?EAN'' "*""'""""--

(b) (c) 

Figure 3.3 (a) Schematic of a spatial filter configuration (b) a speckle pattern before 
spatial filtering and (c) after spatial filtering 
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3.3.2 The Shearing system 

In shearing speckle interferometry, the object beam interferes with the "sheared" object 

beam, instead of interfering with reference beam which we have in speckle 

interferometry. 

The most popular way of shearing is lateral shearing, especially in non-destructive testing 

applications using shearography. For spherical wavefront, as explained before, the lateral 

shear results from rotating the wavefront about the axis passing through the centre of the 

curvature of the spherical wavefront, as it has been shown in Figure 3.4 [26]. 

Laterally sheared 
wavefront 

Original wavefront 
Lateral shearing instrument 

for spherical wavefront Lateral shear 

Original wavefront 

Figure 3.4 Lateral shearing for spherical wavefront 

There are different shearing instruments that can be used to apply the lateral shearing, 

such as a Michelson interferometer, a bi-prism, a wedge or two tilted flat glass plates 

[26]. The advantage of Michelson interferometer over the other shearing elements is that 

the amount and direction of the shear can be applied simply by only tilting one of the 

mirrors positioned on the two sides of the beam splitter. 

The shearing instrument in the set-up is a Michelson interferometer. It consists of a cube 

beam splitter and two flat mirrors, as it has been shown in Figure 3.5. One of the mirrors 
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is fixed and one of them, which is called shearing mirror, is supposed to rotate around the 

x (dx) and y (6 ) axes. The scattered light from the object, which passes through the 

beam splitter, will be divided to two equal beams. The object beam is the one which is 

reflected from the fixed mirror and the sheared object beam is the one which is reflected 

from the shearing mirror. The direction of the shearing distance can be defined by 

choosing the direction of rotation of the shearing mirror, and its magnitude can be 

adjusted by the amount (degree) of rotation. 

0r Shearing mirror 

Scattered light from 
the object surface Mirror 

Sheared object beam Object beam 

Figure 3.5 The shearing system: Michelson-interferometer 

Cube beamsplitters (for visible wavelengths range) are used in this set-up since they have 

some advantages compare to the plate beamsplitters, such that they are mounted simply 

and their coating is more slowly degraded, because the beam splitters are sealed in the 

cube body [64]. 

To choose appropriate mirrors for an interferometry set-up, some primary parameters 

such as mirror surface accuracy and its coating should be considered. For the 

interferometry optical set-ups, where precise images are needed, surface accuracy of 
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A/ 20 is recommended [64]. However, the flatness of 1/10 can also be offered, since it 

is more economical and it can satisfy the desired low beam distortion in a shearography 

set-up. The most commonly used coatings are metallic coatings because of their good 

performance and their low price compare to the dielectric coatings. Protected aluminum 

round flat mirrors with the surface accuracy of 1/10 are used in the set-up. 

3.3.3 The imaging system 

The imaging system consists of the lens or lenses that are supposed to transfer the image 

of the sample to the recording system. Considering the minimum distance needed for 

placing the shearing head, the object distance (working distance) for the lens(es) 

arrangement can be found. The dimensions of the inspection area in order to find the 

required magnification of the lens(es) system is also required. Figure 3.6 shows 

schematically the working distance and inspection area in the shearography set-up. 

The shearing head 

Lens D Working distance 

inspection area 

CCD 

•B 

11 

i i 

Figure 3.6 Working distance and inspection area shown schematically in the 
shearography set-up 

To have a rigid and more important, a compact optical set-up, we chose to use a fixed 

focal length lens instead of using a set of lenses. In this way, the optical distortion in the 
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set-up, which happens more noticeably in the case of utilizing several lenses, has been 

minimized. 

For the imaging system, a Pentax MV lens with adjustable focus and iris is combined 

with the recording system. This lens has the advantage that the numerical aperture of the 

imaging system can be adjusted accurately. The working distance in this set-up is 750mm 

and the inspection area is a 140mm by 100mm rectangular area. The focal length of the 

imaging lens is 25mm and by using Equation (3.1), the magnification of the system can 

be obtained [39]: 

Where/is the lens focal length, S is the working distance and M is the magnification. 

Using the mentioned dimensions, M is equal to 0.034. This magnification is applied for 

CCD imaging plane which is equal to 4.9(h) x 3.7(v) mm. 

As discussed before, the numerical aperture is related to the speckle size. The larger the 

speckle size, the smaller numerical aperture and vice versa. In first section of chapter 

four, the criteria to choose the optimal speckle size for this shearography set-up will be 

discussed completely. 

3.3.4 The recording system 

For recording and processing the speckle patterns, a recording device is needed. The 

quick response of the recording device is also important, since there is a need to take 

images consequently in a short period of time (10-20s). The first cameras used in 
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electronic speckle pattern interferometry were vacuum-tube analogue television cameras, 

but now the availability, accuracy and linear response of the charge coupled device (CCD 

cameras) make them as the first choice for detectors in ESPI or shearography. Compare 

to the camera tubes, CCDs are smaller, more rigid and use less electrical power [65]. 

The photodetectors in CCD chips contain photosensors in each picture element (pixel) 

and use silicon as the photosensitive material. Considering the charge transferring 

methods, there are two types of CCD: frame-transfer CCD and interline-transfer CCD. If 

the same photosensitive material is used in both of these types of CCDs, frame transfer 

CCDs give a larger dynamic range and so a better sensitivity. However, frame transfer 

CCDs are more expensive to fabricate because of their larger chip size and they have 

lower spatial resolution. But the advantages of interline transfer CCDs are only 

noticeable when pulsed laser are applied [66]. 

There is also a parameter named quantum efficiency which is used to show the spectral 

response of the CCD cameras. Quantum efficiency in standard CCD cameras is around 

40% at the wavelength of 700nm [25]. 

A CV-A11 camera is used in this system. It is mounted on a 3-axis stage and its position 

can be adjusted for the alignment procedure and inspection of the desired area on the 

object surface. CV-A11 is a 30 Hz frame transfer camera. The sensing area of CV-A11 is 

4.9mm (h) x 3.7mm (v) mm and its cell size is 7.40pm (h) x 7.40pm (v). Table 3.2 shows 

the specifications and the spectral response of CV-A11. 
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Specifications 
CCD sensor 
Sensing area 
Effective pixels 
Pixels in video 
output 
Cell size 
Resolution 
horizontal 
Sensitivity on sensor 
S/N ratio 
Video output 
(with/without sync.) 
Gamma 
Gain 
Gain range 
Accumulation 

CV-A11 
Monochrome 1/3. IT CCD 
4.9 (h) x 3.7 (v) mm 
659 (h) x 494 (v) 
648(h) x 492 (v) 

7.4 (h) x 7.4 (v) urn 
480 TV lines 

0.05 Lux, Max gain, 50% video 
>56dB 
Composite VS signal, 1.0 Vpp, 75 Q. 
Video signal, 0.7 Vpp, 75 Q. 
0.45 or 1.0 
Manual - Automatic 
0to+15dB 
Frame 

3,0 

8 a* 

<:L2 

- / 

/ 
I 

&£>D $00 60B 7 » 8l>S !KX3 K**0P 

Wave- Itngth (rm,i 

Table 3.2 Specifications and spectral response ofCV-All 

There is no need to have a dark room for a shearography set-up [26]. However, the 

CCD's response to visible light (400-700nm, central wavelength at 550nm) which is 

higher than for 658nm affects the contrast of fringes in a well lit environment. For this 

reason, a bandpass filter has been used in front of the CCD camera. This filter only passes 

the light with the wavelength near the diode laser wavelength (658 nm). This filter allows 

us to use the shearography set-up in the lab without making any dark condition. 

3.3.5 The image processing system 

To generate the correlation fringes, there is a need to have the speckle patterns of two 

different states of the object surface. For this purpose, before and after the desired 

deformation, the speckle patterns of the object surface are recorded on the CCD camera. 

The camera is connected to a computer by a trigger cable and the recorded images are 

transferred to a frame grabber card installed on the computer. 
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In this optical set-up, the fringe patterns are generated by digital subtraction of these 

recorded speckle patterns. The experiment has two separate parts: surface slope 

measurement (quantitative measurement) and defect detection (qualitative measurement). 

For the quantitative measurement, we need to do the image processing of the resulting 

fringes, but for qualitative measurement, fringe visualization is adequate to determine the 

fringe anomaly areas. 

To do the image processing of the fringes, Fourier transform method has been used in this 

system [67]. In this technique, the intensity distribution l{x,y) of the fringe pattern is 

fitted by a linear combination of harmonic spatial functions. Neglecting the time-

dependent parameters, the recorded intensity distribution can be shown by: 

l{x,y) = a(x,y)+c(x,y)+c*(x,y) (3.2) 

Where 

c(x, y) = - b{x, y\ exp[/ S(x, y)] 

In which S(x,y) is the phase difference. In Equation (3.2), the symbol * indicates the 

complex conjugation. Performing a 2-dimensional Fourier transform on Equation (3.2), 

we have: 

I{U,V)=A{U,V)+C{U,V)+C*{U,V) (3.3) 

Where (u,v) are the spatial frequencies and A, C and C* are the complex Fourier 

amplitudes. Since l{u,v) is a Hermitean distribution in the spatial frequency domain, its 

real part is even and its imaginary part is odd. So, the amplitude spectrum |/(w,v)| is 

symmetric around /(0,0) and as Equation (3.3) shows A(u,v) includes this /(0,0) and 
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the low frequency components that exist due to the background modulation I0(x,y). An 

adapted bandpass filter can be used to remove these undesired disturbances a(x,y) with 

the mode C(u,v) or C*(w,v). If for example the mode C*(u,v) is removed, by 

performing the inversed Fourier transform on the filtered image, the phase difference 

value S{x,y) can be obtained by: 

^ ) = a r c t a n I m C H (3-4) 
Rec{x,y) 

Considering the sign of the numerator and the denominator, the arctan-function value can 

be extracted with a period of 2it. This phase map is called saw-tooth-map. To obtain the 

real phase map, regarding the direction of deformation, a value of 2JI is either added or 

subtracted where the phase jumps from 0 to 2n. This process is named phase unwrapping. 

The result is a continuous phase map which is achieved after unwrapping the saw-tooth-

map. The results of the fringe processing for surface slope measurement of the silicon 

wafers have been shown completely in chapter 4. 

3.3.6 The mechanical system for applying load 

The operation of the shearography set-up depends to a great extent on the design of the 

loading system that is used to deform the object surface. Although shearography is 

relatively insensitive to vibrations and small rigid body motions (a few microns), it can 

be affected considerably by the quite large rigid body motions of the tested object. The 

fringe visibility and its contrast will be decreased due to the speckle pattern decorrelation. 

If the extent of the speckle decorrelation for two different states of the object becomes 

greater than the speckle size, no correlation fringes can be generated by the speckle 

46 



patterns [68]. For large tested objects and types of loadings which need a long time to 

deform the object surface, the speckle decorrelation becomes even more critical [26]. To 

overcome this problem, a fixture that clamps the sample from all its edges was designed. 

It is also rigidly fixed on the vibration isolation table to avoid any movement during the 

object deformation. 

The common types of loadings used to load the object surface are: concentrate-force 

loading, acoustic loading, pressure loading and thermal loading. Concentrate-force 

loading is usually used for the surface slope measurements and numerical evaluation of 

plane surfaces [26]. In this technique the object is subjected to a central point load and 

the required displacement in order to get enough number of fringes will be applied by an 

adequate amount of loading. Acoustic loading is usually used for modal analysis and it 

can be applied by electromechanical devices such as speakers or piezoelectric transducers 

[40]. Pressure and thermal loading is usually used for qualitative evaluation of materials. 

Pressure loading is a slow type of loading and is used to detect defects which are rather 

far from the object surface. For the structures that are not pressurized during their real 

operation, a pressure (or vacuum) chamber is needed to surround them either locally or 

entirely. In thermal loading technique, the object is heated up or cooled down and the 

temperature gradient will induce deformation on the object surface. Flash lamps or lasers 

are usually used to apply thermal loading. 

In the experiments, concentrate-force loading is used to measure the surface slope of a 

silicon wafer in order to see the reliability of the arranged out-of-plane displacement 
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gradient optical set-up. The loading unit is a cylindrical bar with a rounded tip and it is 

positioned exactly behind the center point of the object surface. The loading unit is 

connected to a motion controller which can control the movement of the bar in the range 

of micrometers. For the defect detection in silicon wafers, an infrared lamp is used to 

apply thermal loading on their surface. A small room was designed for the infrared lamp 

to avoid the effect of its intensity on the optical set-up. 

3.4 Summary 

In this chapter, the components of the proposed Shearography set-up were defined and 

described. For this purpose, the optical set-up was divided to its fundamental parts. The 

characterization of each of these parts and the criteria to choose the appropriate 

components for each of them were discussed in detail. 
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Chapter 4 Results and Discussion 

4.1 Introduction 

The experiments performed in this research can be categorized into two main groups. The 

first group has been done to optimize and test out the performance of the optical set-up 

and the second one has been done to investigate the capability of the system to be used in 

an industrial environment for inspection of silicon wafers. In this chapter, the more 

important experiments in each of these groups will be explained. First, the criteria to 

choose the optimal speckle size, the loading procedure to get fringe pattern and the 

surface slope measurement to see the reliability of the set-up will be described. Then, the 

investigation on crack and sub-surface defect detection in silicon wafers will be explained 

and the results will be discussed. 

4.2 Optical set-up optimization 

4.2.1 Optimal speckle size 

Finding the optimal average speckle size is one of the main parts in arranging any speckle 

interferometry set-ups. High contrast and low speckle noise fringes can be only obtained 

by the optimum determination of the speckle size [69]. Many researches have been done 

to investigate the relation between the speckle size and the spatial resolution of the 

recording device [69-71]. If the average speckle size is too small compared to the spatial 

resolution of the recording device, the intensity of each speckle can not be distinguished 

properly by the image processing software. Choosing the smaller average speckle size 
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will increase the spatial resolution of the speckle patterns, decrease the noise in the phase 

map and improve the fringe contrast. However, choosing the larger speckle size will 

reduce the effect of the decorrelation on the speckle patterns due to the object movement 

during its deformation. 

In this work, as a trade off and observe the resulting fringes visibility, the ratio between 

the spatial resolution of the CCD camera and the optimum speckle size is found to be 3:1. 

(CCD cell size: 7.400um, speckle diameter: 2.490p.m). To show the calculation for 

obtaining the speckle size, as we had in chapter two, the speckle diameter can be obtained 

by: 

NA 

Where in this set-up, X is 658nm and M is 0.034. The numerical aperture is equal to 

1/2F# [64] and the/-number F# can be adjusted on the lens. The F# in this set-up is 3. 

So, by calculating the speckle diameter, it becomes equal to 2.490um. 

To have a high contrast fringe pattern, the speckles must be precisely in-focus and have 

sufficient light intensity. The low-intensity speckle patterns cannot provide accurate data 

for fringe formation and high-intensity speckle patterns over saturate the middle pixels of 

the CCD camera and cause to loose the information even in neighboring pixels [65]. 

Figure 4.1 shows the examples of out-of-focus, low-intensity and optimal speckles in a 

speckle pattern. The results of subtraction of these speckle patterns from two different 

states of the object have been shown in Figure 4.2. As it can be seen in Figure 4.2(c), 
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good quality fringe patterns can be only obtained in the case of formation of optimal 

speckles. 

(a) (b) (c) 

Figure 4.1 (a) Out-of-focus speckles (b) low-intensity speckles and (c) optimal speckles 

(a) (b) (c) 

Figure 4.2 Subtraction of (a) Out-of-focus speckle patterns (b) low-intensity speckle 
patterns and (c) optimal speckle patterns 

4.2.2 Correlation fringe formation 

To create correlation fringe patterns, several loading trials with different shearing 

amounts have been performed to find out the required range of displacement of the object 

for obtaining sufficient number of fringes. In this part of experiments, mechanical loading 

is applied and as mentioned in previous section, a motion controller is used to measure 

the center-displacement of the object. Out-of-plane gradient-displacement shearography 
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set-up is more sensitive to decorrelation compare to the other speckle interferometry set

ups [68]. So, applying the load should be in the way that does not cause a noticeable rigid 

body motion of object. After applying the load, the images of the deformed object surface 

are captured after a few seconds delay in order to stabilize the small vibrations that are 

induced on the object surface by the loading unit. 

To perform the trials of getting sufficient fringe orders, a 100mm square Aluminum plate 

with a thickness of 0.5mm was used in this part of experiment. The surface roughness 

data of Al plate has been included in Appendix 1. The Al plate was fixed along its edge 

and the loading unit was positioned exactly behind the center of it. The shearing amount 

is adjusted for 10 mm to get high order of fringes by a small amount of loading. After 

several trials, we found the proper range of center-displacement of the Al plate. In each 

step of loading, we applied 5um displacement on the center of the plate and recorded the 

following speckle pattern. By digitally subtracting the resulting speckle patterns, the 

correlation fringe patterns can be obtained as they have been shown in Figure 4.3. The 

fringe visibility decreases in high order fringes because of the increasing intensity of the 

hills in their patterns. The tilt and in-plane displacement of the object surface should also 

be considered as both of them will gradually decrease the fringe visibility [68]. As 

observed in experiment and it has been shown in Figure 4.4, the decorrelation happens at 

30um displacement. 
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(a) (b) (c) 

Figure 4.3 Shearography fringe patterns resulted from subtraction of speckle patterns 
after (a) 5 [tm (b) 10 /urn and (c) 15 fim center-displacement of the Al plate 

(a) (b) (c) 

Figure 4.4 Shearography fringe patterns after (a)20 /urn (b) 25 /urn and (c) 30 fxm center-
displacement of the Al plate 

To see the capability of the system for different materials, a composite material was also 

tested. The sample this time was a 100mm square carbon composite plate with a 

thickness of 1.2mm. Since the composite sample surface was too smooth, its surface was 

coated with a white powder (spray paint) in order to improve the diffuse reflectivity of 

the sample surface and reduce its specular reflectivity characteristics [72-74]. The surface 

roughness data of composite plate has been included in Appendix 1. After several trials, 

the proper center-displacement of the sample to get visible fringes was found 7um. The 

resulting fringe patterns have been shown in Figure 4.5. This time, among the results, the 

fringe patterns obtained with the shearing amount of 7 mm (smaller than those of Al 
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fringe patterns) have been illustrated in order to show the consequence of fringe 

formation with a smaller shearing amount. As shown in Figure 4.5, the decorrelation 

happens after 42um displacement. 

It was expected that the decorrelation happen around the same distance of Al plate. But, 

since the carbon composite plate is much suffer than the Al plate, the loading unit had 

more backlashes and its inaccuracy affected the results. 

(a) (b) (c) 

(d) (e) (f) 

Figure 4.5 Shearography fringe patterns after (a) 7 pirn (b) 14 pm (c) 21 pirn (d) 28 pm (e) 
35 ptm and (f) 42 /um center-displacement of the carbon composite plate 

The preliminary results of the shearography set-up were promising and it is all set to do 

the experiments on silicon wafers. In these parts of experiments, in order to increase the 

accuracy of the system, the set-up has been arranged for an out-of-plane displacement 
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gradient measurement. The laser illumination, instead of being 30° that it was in previous 

experiments, is applied almost normal to the sample surface by using a second beam 

splitter. 

4.2.3 Surface slope measurement 

In order to increase the fringe visibility and get high order of fringes, the set-up has been 

arranged for a pure out-of-plane displacement gradient measurement [68]. So, to see the 

reliability of the fringe patterns, a quantitative analysis of them has been done. For this 

purpose, we have processed the fringe patterns with Fourier transformation technique and 

measured the surface slope (out-of-plane displacement gradient) of the object surface and 

compared the result with the outcome from theory. 

As Equations (2.16) and (2.17) show, the out-of-plane displacement gradient of the 

surface object can be measured if there is a normal illumination (a = 0°). Since the term 

(l + cosa), appeared in Equations (2.16) and (2.17), will not be zero under any 

conditions, the in-plane displacement gradient component can not be determined with a 

single beam shearography set-up. In the case of a normal illumination, the in-plane 

displacement gradient will be omitted and the out-of-plane displacement can be 

calculated from the phase data. Figure 4.6 shows schematically the proposed 

shearography set-up with a normal illumination. 

In this re-arranged set-up, the reflection of the laser center point on the first beam splitter 

appeared as a noise on the interferograms as it has been shown in Figure 4.7. To avoid 
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Figure 4.6 Optical arrangement of a shearography set-up for normal-illumination 

this, there was a need to have a small illumination angle which could take out the noise 

out of the fringe patterns. Regarding the fixture window diameter which is 60mm, the 

optimum movement of 30mm of the noise was predicted. Since the distance between the 

first beamsplitters and sample was 580mm, an 3° angle of illumination was needed to 

provide 30mm of movement. The angle of laser illumination was put for 13° and the 

beam splitter was positioned with a small deviation angle of 5°. As it has been shown in 

Figure 4.8, the 3° angle of illumination was achieved and the noise spot was put out of 

interferogram images. Since this angle is smaller than 5°, a normal illumination was 

assumed for the phase data calculation. 
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Figure 4.7 (a) Speckle pattern with a noise spot and (b) resulting fringe pattern with loss 
of information in noise area 

Illumination angle 

(b) (c) 

Figure 4.8 (a) Schematic of re-arranged set-up (b) speckle pattern without noise spot 
inside and (c) fringe pattern without any area of loss of information 

The sample in this part of experiment is a 100mm diameter silicon wafer with a thickness 

of 500um. Figure 4.9 shows the surface roughness of the sides of the silicon wafer 

obtained by an optical profilometer. As it can be seen, there is a comparable difference 

between the roughnesses of the sides of the silicon wafers. As mentioned in section 2.2, 

the wavelength of the laser must be smaller than the height variations of the rough 

surface in order to obtain a speckle pattern. Since the wavelength of the laser in this 
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experiment is 658nm, the unpolished surface of the wafer can only be used in the 

experiments. The surface roughness data of wafer has been included in Appendix 1 

(a) (b) 

Figure 4.9 Silicon wafer surface roughness (a) back side (polished side) Ra: 5.89nm and 
(b) front side (unpolished side) Ra: 686.52 

It is clamped along its edge and its center is displaced with the step of 2um. Figure 4.10 

shows the resulting fringe patterns. The shearing amount is adjusted for 9mm. 

(c) (d) 

Figure 4.10 Shearography fringe patterns (from a normal illumination set-up) after (a) 
2pm (b) 4pm (c) 6pm and (d) 8pim center-displacement of the silicon wafer 
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To have a good fringe processing procedure, the number of fringes must be large enough 

in order to separate the spectral orders to allow filtering at the spatial frequency of the 

fringes [75]. The fringe pattern (c) has been chosen from Figure 4.10 for Fourier 

transform fringe processing, as explained in chapter 3. After creating the fringe pattern, 

electronic noise filtering is used to improve the fringe visibility. Figure 4.11 shows the 

fringe pattern before and after the electronic noise filtering. 

(a) (b) 

Figure 4.11 Shearography fringe pattern (a) before performing electronic noise filtering 
and (b) after performing electronic noise filtering 

Fourier transformation is performed on the filtered fringe pattern as explained in chapter 

3. Before unwrapping the phase map, there is a need to perform interpolation on the 

resulting phase map because of the high level of discontinuity around the fringe pattern 

area. The Fourier transformation has been done on an area of 256 by 256 pixels 

(appropriate 2" pixel size regarding the fringe size for performing Fourier 

transformation) and in order to remove the discontinuities, an area of 165 by 210 pixels 

has been interpolated. The interpolated phase map was unwrapped and low pass filtered 

in order to remove the high frequency noises. For Fourier transformation technique, since 

the sign of deformation cannot be obtained from fringe analysis, knowing the direction of 
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deformation is necessary. Since the phase difference is only of interest in shearography, 

in order to compare the experimental and theoretical results in this work, based on the 

direction of deformation in the experiment, the inflection line of the phase map is shifted 

to the center line of the sample through adding the average of maximum and minimum 

phase value. Figure 4.12 shows the 3-D plot of phase variation of deformed silicon wafer 

obtained by Fourier transformation and Figure 4.13 shows the resulting phase map, 

interpolated phase map and unwrapped phase map on the central cross section of the 

wafer. 
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Figure 4.12 3-D plot of phase variation of the deformed silicon wafer (center-
displacement of 6fim) obtained by Fourier transformation low pass filtered unwrapped 
phase map with zones shown between fringes in the unwrapped phase map 

As it can be observed in Figure 4.12 (a), the fringe pattern has a small angle with the 

horizontal line. This rotation appeared due to the off-center applied concentrate force on 

the silicon wafer. Because of the high stiffness of the silicon wafer, the sensitive loading 

unit deviates from its straight direction during the test. 
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Figure 4.13 Phase variation on central cross-section of the deformed silicon wafer 
(center-displacement of 6[im) obtained by Fourier transformation (a) interpolated 
wrapped phase map (b) unwrapped phase map and (c) low pass filtered unwrapped 
phase map 

Since the shearing amount is adjusted in x-direction, the out-of-plane displacement 

gradient of the surface can be obtained by using equation (2.16) if a normal illumination 

(a = 0°) is considered. By placing the value of A, (658 ran) and 5 (9 mm) in equation 
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(2.18), the out-of-plane gradient displacement can be obtained from the phase map in 

Figure 4.13 (c) and it has been shown in Figure 4.14: 
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Figure 4.14 Out-of-plane displacement gradient of the center cross section of the silicon 
wafer obtained from low pass-filtered unwrapped phase map 

For comparison with theoretical model, we have calculated the out-of-plane 

displacement gradient of a fixed edge circular plate with a thickness of 500um and 

diameter of 100mm which is loaded by central concentrated force [76]. As the same in 

the experiment, the center-displacement of 6um is assumed for the circular plate. 

Equation 4.1 shows the theoretical relation between the out-of-plane displacement 

gradient and center displacement of the circular plate along its center line (y=0): 

dw 

dx 

Aw„ 
:ln(jc) (4.1) 

>=o 

dw 
Considering wafer surface is imaged on the (x-y) plane, — is the out-of-plane 

dx 

displacement gradient, wmax is the center displacement and a is the circular plate radius. 

62 



The comparison between the theoretical and experimental results has been shown in 

Figure 4.15. 
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Figure 4.15 Comparison between the theoretical out-of-plane displacement gradient of 
the silicon wafer and the shearography result 

As mentioned before, the applied force on the center of the wafer was not exactly 

perpendicular to the plane of the wafer and so, an accurate amount of 6um displacement 

on the wafer can not be assumed. As the theory graph of the 4|j.m displacement shows in 

Figure 4.15, the center displacement of the wafer is closer to 4um and it shows that the 

displacement of the wafer center was definitely smaller than 6p.m. A part of the 

difference between the theory and experimental result can also be attributed to the 

backlash in the loading unit. In-plane-displacement gradient, which had been omitted it in 

equation (2.16), also plays a role in the difference between the theory and experimental 

result. As explained before, the illumination angle was 3°. The rest of the difference 

between theory and experimental results can be because of the Fourier transformation 

errors that appear due to the low visibility of the fringe patterns. 
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4.3 Non-destructive evaluation of silicon wafers 

As discussed in chapter one, the stability of silicon wafers is one of the main parameters 

which should be take in account for generating the new type of thin wafers and solar 

cells. Since the defects in silicon wafers, reduce considerably this stability during loading 

the wafers in their producing or transporting process, there is an inevitable need to have 

an inspection system for defect detection in wafers in order to determine the unstable 

ones. In this research, shearography has been used to detect some types of most common 

faults in thin silicon wafers. By using thermal loading, the cracks and sub-surface defects 

in silicon wafers have been identified. The impracticality of using concentrate force 

loading for defect detection in silicon wafers have been also investigated and discussed. 

4.3.1 Crack detection on silicon wafers 

Cracks are more probable to be appeared at the edges or on the surface of the silicon 

wafers due to the sawing or laser cutting. Since the edge cutting is made by an inside-

diameter (ID) saw, while surface cutting is made by a wire saw, the edge cracks have 

usually larger size than surface cracks and so they are more serious [77-79]. Wafer 

breakage will happen due to the extra stress applied in a way that causes growing the 

cracks or increasing the residual stress higher than the critical stress. By applying certain 

stress on the silicon wafers, the critical cracks (and defects) can be distinguished as strain 

concentration areas on the shearography fringe patterns and the useless wafers can be 

rejected before entering the production line. 
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A stress distribution can be created in the silicon wafer by applying a temperature 

gradient on its surface. In the experiment, an infrared lamp is used to generate a thermal 

stress in the wafer through optical heating. The amount of applied thermal stress can be 

controlled by the light intensity and the time of illumination. 

Methodology of image capturing: In this work, the fringes are created through cooling 

down the wafers. The cooling down procedure of the wafer is slower compared to heating 

up the wafer. So, there is several seconds more to record the speckle patterns. The wafers 

were heated up to 55°C (90seconds) and the fringe patterns were generated from the 

images captured in 3 second intervals while cooling down. For example, the second 

fringe pattern is created by subtraction of the speckle pattern imaged at starting the 

cooling down and the speckle pattern imaged after 6 seconds (during cooling down the 

wafer). The inspected perfect wafers with this method have been shown in Figure 4.16. 
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(a) (b) 

(c) (d) 

Figure 4.16 Fringe patterns of a perfect silicon wafer (heated up to55°C (90seconds)) 
created through cooling down the wafer after (a) T=3s (b) T=6s (c) T=9s and (d) T=12s 

For crack detection in this work, the wafer started to crack due to fixturing. First, the 

cracked wafer was tested with thermal loading. The resulting fringe patterns have been 

shown in Figure 4.17. 
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Figure 4.17 Fringe patterns of a cracked silicon wafer(heated up to55°C (90seconds)) 
created through cooling down the wafer after (a) T=3s (b) T=6s (c) T=9s (d) T=12s 

Edge cracks cause the elliptical fringe patterns and the centre of the fringe curvature 

focuses on their start point, while surface cracks cause the fringe discontinuity areas on 

the fringe pattern. The mentioned defected wafer was also inspected with mechanical 

loading and the resulting fringe patterns have been shown in Figure 4.18. 

67 



(a) (b) 

(c) (d) 

Figure 4.18 Fringe patterns of a cracked wafer obtained by concentrate-force loading 
through center-displacement of the silicon wafer: (a) 2ftm displacement (b) 6/um 
displacement (c) lO/im displacement (d) 14/xm displacement 

As it can be seen, the cracks only appear as a fringe anomaly on the corners. Mechanical 

loading can not stimulate considerably the defective areas in the way that the strain 

concentration areas appear clearly on the fringe pattern. 

As a continuation to the experiment on silicon wafer, in the third trial when the same 

wafer was heated up to 60°C (120seconds), the crack has completely propagated through 

the thickness and fringe patterns in Figure 4.19 shows the broken wafer. As it can be 
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seen, the smaller part of the wafer is completely separated from the whole wafer and 

there is no fringe pattern on it. 

(a) (b) 

(c) (d) 

Figure 4.19 Fringe patterns of a broken silicon wafer (heated up to60°C (120seconds)) 
created through cooling down the wafer after (a) T=3s (b) T=6s (c) T=9s (d) T=12s 

Effect of concentrate-force loading on crack detection: As shown in Figure 4.20, a 

(100) silicon wafer fracture happens usually along <110> directions on the surface which 

are inclined at 54.7° with respect to the wafer surface [80]. So, as can be seen in the cross 

section of the fracture area, while using concentrate-force loading, the broken parts of the 

wafer will support each other if the loading is applied from the directions shown in red. 
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Considering the probability of applying load in these situations, the whole wafer will 

bend at the same configuration in these cases and so, the strain concentration area cannot 

appear clearly as that of thermal loading. 

110 Direction 

Figure 4.20 Schematic of the fracture angle in a (100) silicon wafer 

While studying the broken wafer after the experiment, it was also observed that the crack 

had propagated along <110> direction. Hence, as explained earlier, the unsuitability of 

using concentrate-force loading for crack detection can be realized 

4.3.2 Extension for crack propagation detection in silicon wafers 

For industry applications, in case of using the live fringe correlation software, the crack 

propagation in wafer and breakage can be seen as a continuous process. So by applying 

the real amount of the thermal stress during processing, the mechanical stability of the 

wafer can be tested. 

Using a live fringe processor allow to produce the fringe patterns continuously during 

heating up the wafer from appearing a crack on its edge to its breakage. In this type of 
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processing, a reference image (speckle pattern) is stored and the consequencing images 

are subtracted from the reference one and so, the fringe pattern will be recorded directly. 

By the exact start of the loading the object, a speckle pattern is recorded and it is 

considered as the reference image. Live fringe processing due to its much higher speed of 

generating the fringes is of more interest to be used in industrial applications [81]. 

Considering the real amount of thermal stress which is applied on the silicon wafer 

during its thermal processing, the duration and temperature range of the optical profile, 

which is applied for thermal loading the wafer, can be determined. The advantage of 

optical heating the wafer is that the applied thermal stress is uniform on the wafer surface 

and through its thickness. So, all the surface and sub-surface cracks and defects in any 

direction and position can be stimulated and show themselves as anomalies areas on the 

fringe patterns. 

4.3.4 Sub-surface defect detection in silicon wafers 

The sub-surface defects appear as bull's-eyes and unexpected fringe curvature and 

density changes. The same procedure that was used for crack detection on silicon wafers 

has been used in this part to detect sub-surface defects. Among the 10 wafers that were 

tested for sub-surface defect detection, only one of them was found to have a probable 

sub-surface defect. As it has been shown in Figure 4.21, increasing the fringe orders 

shows the position of sub-surface defect more accurately. 
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(a) (b) 

(c) (d) 

Figure 4.21 Fringe patterns of a silicon wafer (heated up to55°C (90seconds)) created 
through cooling down the wafer after (a) T=3s (b) T=6s (c) T=9s and (d) T=12s 

Since polished wafers were used in the experiment, the probability of finding the sub

surface defects in the wafers compare to Ganesha's works [27] in which unpolished 

wafers were tested, was very low. 

The advantage of thermal heating when compared with concentrated mechanical loading 

is that at the same time of the crack detection the sub-surface defects can also be 

detected. After determining the position of the critical defects, if there is a need to find 

out their exact size and depth for further processing, such methods that are able to inspect 
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the wafer locally in the defect position can be used . Then, the defective wafer may be 

sent for chemical mechanical machining and processed in order to be changed to a perfect 

wafer for production line. 

4.4 Summary 

In this chapter, first the experiments performed to optimize the performance of the 

shearography set-up were described and discussed. In this procedure, the optimal speckle 

size was chosen and the appropriate range of applying displacement in order to achieve 

fringe patterns was obtained. Higher quality fringe patterns also obtained through new 

arrangement of the set-up. Second, the experiments to investigate the crack detection in 

silicon wafers were carried out and promising results were achieved. The ability of the 

system to detect the crack on the wafer until its breakage was shown and its potential to 

be used for crack propagation detection was explained. Sub-surface defect detection was 

also achieved through the same procedure used for crack detection and the capability of 

the system to detect both crack and sub-surface defect was proved. 
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Chapter 5 Conclusion 

5.1 Conclusion 

Inspection methods used for defect detection in silicon wafers were reviewed in this 

work. Considering the limitations and disadvantages of the previous used methods and 

the importance of the crack detection in the new thin wafers, shearography technique was 

identified for NDE of the silicon wafers. Though shearography has been used for sub

surface defect detection in silicon wafers in 2004, there is no report on utilizing this 

technique for crack detection in silicon wafers. Since the objective of this work is to test 

the feasibility of shearography for crack detection in silicon wafers, the theory of this 

technique was explained and its application for non-destructive evaluation of different 

materials was reviewed. 

As the first step of this research, a compact shearography system has been setup. A diode 

laser is used for the illumination system and a CCD camera combined to an imagining 

lens is utilized to image the interferograms through the shearing head. To avoid the 

external vibrations, all the components of the optical set-up are fixed on a vibration 

isolation table. Due to the short recording time, the influence of air turbulence and time-

dependent disturbances are small and the designed system is relatively insensitive to the 

environmental ambient noise. 

To optimize and check out the performance of the optical set-up, several experiments 

were carried out. To choose the optimum speckle size, different materials with different 
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surface properties were analyzed and the optimum ratio between the CCD cell size and 

speckle size was chosen to be 3:1. To show the capability of the system for different 

materials, a composite sample was also tested and the resulting fringe patterns were 

shown. 

In order to increase the fringe visibility and get high order of fringes, the set-up was 

arranged for an out-of-plane displacement gradient measurement. The reliability of the 

set-up was checked with the theoretical model and the comparison between the 

experimental and theoretical results was discussed. The small angle of illumination and 

the imperfect bending of the wafer reduce the accuracy of resulting patterns. However, 

the fringe visibility improved considerably in order to perform a qualitative evaluation on 

silicon wafers which is the purpose of this research. 

As the aim of this research, defect detection in silicon wafers was performed using the 

shearography set-up. Through optical heating the wafer surface, the imperfect areas 

appear as anomaly areas on the fringe pattern. Crack detection, which has not been done 

before by shearography, was done and promising results were achieved. By applying 

thermal stress on the wafer, the critical cracks appear as discontinuity on the fringe 

pattern and crack propagation could be inspected by performing a live fringe processing. 

Thermal loading and concentrate-force loading the wafer for crack detection were also 

compared and the suitability of the thermal loading was proved. Critical sub-surface 

defects can also be detected through thermal stressing the wafer and so by using 

shearography these two common types of defects in thin silicon wafers can be detected at 
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the same time. By using shearography, applying the same stress that the wafer will 

experience in the real process will help to determine the weak and unstable wafers before 

the production line. 

5.2 Future works 

Theoretical study of the behavior of the cracks and simulation of different testing 

conditions, considering the real situations in industrial processing needs to be performed 

in order to identify critical conditions. 

To have more accurate results and also to find out the dimensions and exact position of 

the defects, there is a need to use phase shifting methods for fringe analysis. As the future 

work for this research, the first step is to arrange a phase shifting set-up for the 

shearography system in order to detect both cracks and sub-surface defects quantitatively. 

The thermal loading is a simple method which is used in the proposed system for loading 

the wafer. To find the most appropriate type of loading for detection of different types of 

defects, it is necessary to study and investigate the other loading methods and assemble 

the most practical loading equipment in order to achieve an applicable NDT system for 

wafer inspection. In the future works of this research, it is supposed to investigate and 

compare the effect of thermal, vacuum and vibrational loadings in the shearography 

technique. 
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APPENDIX 1 
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\/f\f\s^f-\ 3-Dimensional Interactive Display 
Date: 07/28/2008 

Time: 15:16:49 

Surface Stats: 

Ra: 3.65 urn 

Rq: 4.34 um 

Rt: 24.22 urn 

Measurement Info: 

Magnification: 1.23 

Measurement Mode: VSI 

Sampling: 8.06 um 

Arrov Size: 640 X 480 



Silicon wafer surface roughness 

Silicon wafer polished surface: Ra = 5.89nm 

\lf^f^f^/^ 3-Dimensional Interactive Display 
Date: 1)7/28/2008 

Time: 15:06:40 

Surface Slats: 

Ra: 5.89 nm 

Rq: 7.42 lira 

Rl: 121.11 nm 

Measurement Info: 

Magnification: 1.23 

Measurement Mode: PS1 

Sampling: 8.06 inn 

Arrav Size: 640 X 480 

Silicon wafer unpolished surface: Ra = 686.52nm 

\ Tp>p*r^rr\ 3-DimensionaI Interactive Display Date: 07/28/20(18 

Time: 15:03:23 

Surface Stats: 

.Ra: 686.52 nm 

Rq: S80.~2 inn 

Rt 9.47 nm 

Measurement Info: 

Magnification: 1.23 

Measurement Mode: VS1 

Sampling: 8.1)6 urn 

Arrav Size: 640 X 480 


