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Abstract 

 

An experimental technique has been presented to probe the mechanical beha-

vior of thin film materials. The method is capable of tensile testing thin films on sub-

strate and free-standing thin film specimens. A mechanical gripper was designed to 

address the current challenges in gripping thin film specimens. In order to measure 

the strain field across the gage section, the moiré interferometry technique was used 

and the respective optical setup was designed.  

A versatile microfabrication process has been developed to fabricate free-

standing dog-bone specimens. Aluminum was used as the model material; however, 

any other metallization material can be integrated in the process. Thin film specimens 

have been characterized using SEM, AFM, and TEM. A process has been developed 

to fabrication diffraction gratings on the specimen by FIB milling. Different grating 

geometries were fabricated and the diffraction efficiency of the gratings was characte-

rized. The structural damage induced by the Ga
+
 ions during the FIB milling of the 

specimens was partially characterized using STEM and EDS. 

In order to extract the strain field information from the moiré interferogram 

data, a numerical postprocessing technique was developed based on continuous wave-

let transforms (CWT). The method was applied on simulated uniform and nonuniform 

strain fields and the wavelet parameters were tuned to achieve the best spatial locali-

zation and strain accuracy.  
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Chapter 1  

Introduction 

Thin film materials have been widely used in microelectronics, microelectro-

mechanical systems (MEMS), and optics, as well as surface coatings to perform elec-

trical, optical, thermal, mechanical, magnetic, tribological, or biological functions.  

In this chapter, the technological and scientific motivation to study the me-

chanical properties of thin film materials is presented. Since the main objective of this 

research was to develop a technique to study the mechanical behavior of thin film ma-

terials, a brief comparative background of the current mechanical testing techniques is 

discussed in section 1.2. Finally, the objective and the organization of the thesis are 

presented in section 1.3.  



2 

 

1.1 Motivation: Study of the Mechanical Behavior of Thin 

Films 

The microelectronics industry has been consistently driven by the scaling 

roadmap, colloquially referred to as the Mooreôs law. Consequently, during the past 

decades, integrated circuits have scaled down further. This shrinkage could have nev-

er been possible without the efficient integration and exploitation of thin film mate-

rials.  

Thin film materials, on the other hand, are the essential building blocks of the 

micro- and nano-electromechanical systems (MEMS and NEMS). These devices are 

the main components of many sensors and actuators that perform electrical, mechani-

cal, chemical, and biological functions.  In addition to the wide application of thin 

film materials in micro- and nano-systems, this class of materials has been historical-

ly utilized in optical components, wear resistant coatings, protective and decorative 

coatings, as well as thermal barrier coatings on gas turbine blades. 

In some applications, thin film materials are used mainly as the load-bearing 

component of the device. Microelectromechanical systems (MEMS) are the example 

of these applications. Thin film materials carry mechanical loads in thermal actuators, 

switches and capacitors in RF MEMS, optical switches, micro-mirror hinges, micro-

motors, and many other miniaturized devices. In these applications, one of the main 

criteria to choose a specific material is its ability to perform the mechanical require-

ments. Therefore, a clear understanding of the mechanical behavior of thin film mate-

rials is of great importance in these applications. This understanding helps better ana-
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lyze the creep in thermal actuators [1,2], to investigate the fatigue of polysilicon [3,4] 

and metallic micro-structures [5,6], to scrutinize the relaxation and creep behavior of 

switches made of aluminum [7,8] and gold films [9], to study the hinge memory ef-

fect (creep) in micro-mirrors [10], and to address the wear issues in micro-motors. 

[11] 

In some other applications, the thin film material is not necessarily performing 

a mechanical function. However, during the fabrication process or over the normal 

life, the device experiences mechanical loads and hence may suffer from any of the 

mechanical failure issues. Examples of these cases are the thermal fatigue in IC inter-

connects [12], strain ratcheting in passivated films [13,14], the fracture and delamina-

tion of thin films on flexible substrates [15], the fracture of porous low-k dielectrics 

[16], electromigration [17], the chip-package-interaction (CPI) [18], and thin film 

buckling and delamination [19].  

In order to address the above-mentioned failure issues and to design a device 

that has mechanical integrity and material reliability, an in-depth knowledge of the 

mechanical behavior of thin film materials is required. This information will help de-

sign engineers, integrate materials and design devices that are mechanically reliable 

and can perform their specific functions during their life-time without any mechanical 

failure.    

In addition to the tremendous industrial and technological driving force that 

was mentioned earlier, there is a strong scientific motivation to study the mechanical 

behavior of thin film materials. The mechanical behavior of thin film structures have 
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been known to drastically differ from their bulk counterparts. [20] This discrepancy 

that has been referred to as the length-scale effect has been one of the main motiva-

tions in the scientific society to study the mechanical behavior of thin film materials. 

In order to provide fundamental mechanistic understanding of this class of materials, 

old problems and many of the known physical laws in materials science and mechan-

ical engineering have to be revisited from a different and multidisciplinary prospec-

tive. These investigations will not be possible unless a concrete understanding of the 

mechanical behavior of thin film materials is achieved through rigorous experimental 

and theoretical research in this area.  

1.2 Testing Methods for Thin Films 

In order to probe the mechanical behavior of thin film materials different ap-

proaches have been used by researchers. Tensile testing [25-70], nano-indentation 

[21], buldge test [22,23], curvature method [24], micro-beam bending [24], and a few 

other techniques were used to measure the mechanical properties of thin films on sub-

strate and free-standing thin films. Among these methods, the first four techniques 

were more popular among the researchers and different measurements have been car-

ried out using these methods.  

In tensile testing, the film is patterned into a dog-bone shape specimen and is 

then loaded in tension. By monitoring the load and strain across the gage length the 

mechanical properties of the film in different load conditions namely monotonic, fati-
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gue, creep, and relaxation can be found. Although tensile testing has been the primary 

method of experimental work in macro-scale applications, it has not been very popu-

lar among the thin film researchers, due in part to the difficulties in specimen han-

dling, gripping, and strain measurements. The tensile testing has the advantage that 

all of the properties of the material can directly be extracted from the measurement 

data and no calibration model is required. On the other hand, all loading conditions 

can be applied to the specimen.  Free-standing films and films on substrate can be 

tested using this technique. 

In buldge test method, a thin film specimen is loaded by a hydrostatic pressure 

and the deflection of the specimen is monitored. The pressure-deflection data is then 

correlated to the actual plain stress-strain behavior of the material through a correla-

tion model. Free-standing single layer and multi-layer materials can be tested by this 

technique. Only the application of this method in monotonic static tests has been re-

ported in the literature. 

Nano-indentation is the advanced version of the classic hardness test method. 

In this technique, the specimen is loaded by a sharp indenter and the load-

displacement (P-h) of the indenter is monitored during loading and unloading. The 

reduced elastic modulus and hardness are the two material parameters that can be ex-

tracted from the P-h data. This method can only be used for thin films on substrate. 

However, due to the straight-forward approach and the relative ease of use, this me-

thod has been popular among researchers. 
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Curvature method is one of the early methods that was used to probe the me-

chanical behavior of the thin film materials on substrate. In this method, the initial 

curvature of a substrate is measured and then the film material is deposited on the 

substrate. The variations in the curvature of the substrate before and after the deposi-

tion of the film are a good measure of the residual stresses in the film. On the other 

hand, this method can be used to investigate the mechanical behavior of thin film ma-

terials on substrate under temperature cycling. 

Among the aforementioned experimental methods, tensile testing technique is 

the only technique that can be used to extract the mechanical behavior of thin film 

materials under different loading conditions. In this method, all material parameters 

can be directly measured from the experimental data and it provides a straight-

forward approach to the measurement. However, as it was discussed earlier, due to 

the difficulties in sample preparation, handling, and gripping and because of the un-

certainties involved in the measured strains this method has not been widely used in 

micro- and nano-scale. If these challenges are met, this technique can become a versa-

tile method of probing the mechanical behavior of thin film materials at micro- and 

nano-scale.  

1.3 Objectives and Outline of the Thesis 

The main objective of this thesis is to design and develop a technique that can 

be used to experimentally probe the mechanical behavior of thin film materials at mi-
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cro- and nano-scale. The method is based on the tensile technique that has been used 

for decades in macro-scale applications and is to address the current challenges in-

volved in tensile testing of thin film materials. In this thesis the process of developing 

and evaluating such a technique is presented. The organization of the thesis is as fol-

lows: 

In Chapter 2, the current methods of tensile testing are reviewed in detail. A 

brief overview of all methods is presented. A detailed discussion is then given to each 

individual challenge, namely sample preparation, gripping, load actuation and mea-

surement, and strain measurement. 

In Chapter 3, the experimental setup that was proposed in this thesis is de-

scribed. Design requirements are reviewed, and a test rig is designed and developed 

based on the specific requirements. A novel gripper is proposed, loading setup has 

been designed, and a strain measurement technique based on moiré interferometry has 

been developed. The optical setup is discussed in this chapter and the related results 

are presented. Finally, the software and control setup of the experimental equipment 

are discussed. 

In Chapter 4, the sample preparation procedure has been introduced and the 

results of developing a microfabrication process to fabricate free-standing dog-bone 

thin film specimens are discussed. The SEM, AFM, and TEM characterizations that 

were performed on the fabricated specimens are also presented in this chapter. In or-

der to use moiré interferometry, a series of diffraction gratings have to be fabricated 

on the surface of the specimen. In this chapter, the process of fabricating these dif-
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fraction gratings using the Focused Ion beam (FIB) instrument is discussed and the 

related characterizations are presented. The ion damage to the sample is also scruti-

nized in this chapter. 

In Chapter 5, a method of extracting the strain field data from the interfero-

gram images is proposed based on Continuous Wavelet Transforms (CWT) and 

wavelet ridge detection. The wavelet parameters are tuned using a set of simulated 

interferograms representing uniform and nonuniform strain fields. The strain accuracy 

and spatial resolution of the method is also discussed. 

Finally, in Chapter 6 the concluding remarks of the thesis are presented and 

the recommendations for future work are proposed.  
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Chapter 2  

Tensile Testing Techniques for Thin 

Films; Background 

Tensile testing technique is a versatile tool to study the mechanical behavior 

of thin film materials. Since in tensile testing, the stress and strain states are directly 

related to the measured values of load and displacement, no calibration model or post-

processing is required. Therefore, comparing to other techniques such as nano-

indentation, buldge test, and substrate curvature, tensile testing can provide the ma-

terial characteristics with less ambiguity. However, when this technique is used for 

the mechanical testing of thin film materials, there are a number of issues that make 

the testing procedure complicated and in cases less accurate. Sample preparation, 

gripping, alignment, loading, and strain measurement are among these issues.  
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During the past decade many researchers have tackled these issues from dif-

ferent prospective. In this chapter, these efforts are reviewed and discussed. In section 

2.1, a brief review of all the related works is presented. A detailed discussion is dedi-

cated to challenges in sample preparation, gripping, loading, and strain measurement 

in sections 2.2 to 2.5.   

2.1 Overview 

The early efforts in the tensile testing of thin films were the concurrent re-

search work of Ruud et al [25], Koskinen et al [26], and Read et al [27] in the early 

1990ôs. Ruud et al [25] introduced a tensile testing technique to test free standing thin 

film specimens with gage section area of 10 mm long by 3.3 mm wide. They sand-

wiched the specimen ends between polished aluminum grippers using 5µm thick cop-

per films and used a motor-driven micrometer for loading. Strain was measured by 

monitoring the displacement of laser spots diffracted from a series of lithography pat-

terned photoresist islands. With this technique, they managed to determine the 

Youngôs modulus, Poissonôs ratio, and yield strength of free-standing Cu, Ag, and Ni 

films [25] and Ag/Cu multilayers [28], and to study the yield strength [29] and ane-

lastic behavior [30] of thin Cu films on Kapton substrate.  

Koskinen et al [26] used a relatively simple technique to test LPCVD polysili-

con films. They introduced a gripping setup that could hold an array of 20 samples 

and was capable of loading individual specimens. Specimen ends were glued to the 
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gripper and loaded by a motor driven stage. Gripper displacement was measured and 

used to calculate the strain.  

While both of these techniques suffered from a reliable gripping and load train 

alignment, Read et al [27,31] developed a sample fabrication procedure that could 

meet the demanding gripping and alignment issues, simultaneously. In their method, 

films were deposited on silicon substrate and after patterning the film to a dog-bone 

shape, the substrate was etched from the backside to open a window frame under the 

film, leaving it free-standing. After mounting the specimen in grippers, the frame 

edges were cut so that only the film is carrying the load. In this way, since the thick 

substrate is mounted in gripper jaws, there would be less slip and alignment will be an 

easier task. The concept of free standing film on supporting frame was used by other 

researchers to overcome the alignment issues [32-37, 40-42, 52, 53]. This setup was 

later on improved by adding laser speckle interferometry [38] and Digital Image Cor-

relation (DIC) [39] to measure in-plane strains. E-beam evaporated Ti-Al -Ti multi-

layer [27], polySi, aluminum and its alloys, and electrodeposited copper [39] were 

tested using this technique in the temperature range of 25-200ºC. 

Sharpe et al [40-44] used interferometric strain displacement gage (ISDG) 

technique to measure strains in free-standing films under tensile loading. The ISDG 

was originally developed in the late 1980ôs for strain measurement in a non-contact 

mode [45-47] for macro-scale high-temperature applications [48]. This technique is 

based on Youngôs two-slit interference [49] generated from the diffraction of a laser 

beam from two sufficiently separate markers. Tensile behavior of polysilicon [40] and 
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silicon nitride [44] were studied using this technique. Oh et al [43] used this tech-

nique to investigate thermal expansion and creep behavior of polysilicon films, while 

Zupan and Hemker [50,51] studied the high temperature properties of ɔ-TiAl micro 

samples. 

The tensile behavior of free standing gold films was studied by Emery and 

Povirk [52,53]. They used the procedure of Read et al [27] for sample preparation and 

measured the cross-head displacement for strain calculations. Cornella and Bravman 

[32,35] used the same concept to study the mechanical behavior of thin films with an 

emphasis on time dependent behavior of Al films. [33-37]  

Allameh and Soboyejo [54,55] investigated fatigue behavior of LIGA Ni thin 

films under tensile loading. They used Focused Ion Beam (FIB) to mill 1ɛm deep 

markers on the specimen surface and monitored the motion of these markers under an 

optical microscope to calculate strain. Since LIGA films are relatively thick, i.e. a few 

tens of micrometers, they used common mounting methods for specimen gripping. 

The advent and wide-spread availability of high resolution microscopy tech-

niques led some researchers to use in situ tensile testing methods to characterize the 

mechanical behavior of thin films. Atomic Force Microscopy (AFM), Transmission 

Electron Microscopy (TEM), and Scanning Electron Microscopy (SEM) were among 

the instruments that were used for in situ studies. These techniques were utilized ei-

ther to measure strain or to study the micro-structural deformations during specimen 

loading. Chasiotis and Knauss [56-58] used AFM to measure the changes in surface 

topography during the loading and correlated this measurement to strain field using 
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Digital Image Correlation (DIC). They also revised the electrostatic gripping tech-

nique, originally proposed by Tsuchiya et al [59,60], to prevent specimen slipping 

during the long-time AFM scans for each measurement point. They used this tech-

nique to study the influence of surface conditions [61] and the size effect of elliptical 

and circular perforations [62] on the mechanical strength of polysilicon. Chasiotis et 

al [63] used the same setup to study the strain rate effect on the mechanical behavior 

of Au films. However, due in part to the slow scan rate of AFM, they used cross-head 

displacement for strain measurements. Zhu et al [64] integrated the specimen with the 

loading system in a MEMS based device and used AFM to measure strains in polysi-

licon films under uniaxial tensile loading. 

Haque and Saif [65,66] proposed a quantitative technique to study the defor-

mation mechanisms in Al and Au nano-scale thin films. They used a MEMS device to 

load samples in TEM and SEM. Using same technique, Samuel et al [67] studied the 

relaxation of Au films and Rajagopalan et al [68] reported the plastic deformation 

recovery in Al and Au thin films. 

The above-mentioned methods were among the main research activities that 

used tensile testing to study the mechanical characteristics of thin film materials. 

Each research group built its own test set up and regarding the requirements for a 

specific test procedure, they developed a technique that met their requirements. In the 

following sections, the different parts of the current tensile testing devices, including 

gripper, loading system, and strain measurement subsystem along with the sample 

preparation process is discussed in more detail. 
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2.2 Sample Preparation 

Sample preparation is one of the main challenges in tensile testing of thin film 

specimens. Thin film materials are usually fabricated using one of the deposition 

techniques, namely Physical Vapor Deposition (PVD) or Chemical Vapor Deposition 

(CVD). In order to utilize either of these techniques to fabricate free-standing thin 

film ñdog-boneò specimens, a designated process has to be developed. This process 

depends on the specific requirements defined by the choice of gripping and sample 

handling method, the film material and deposition technique, and the availability of 

the specific procedures in any fabrication laboratory. This tedious process usually 

takes a good amount of time and effort and is necessary for any material under study. 

Ruud et al [25] used a relatively simple technique to fabricate free-standing 

films. They evaporated Cu and Ag films on glass substrate and after patterning the 

film to a dog-bone shaped specimen, they took the films off the substrate by sliding a 

razor blade underneath them while submerged in water. For Ni films, glass substrate 

was first coated with a layer of photoresist and Ni was then sputter deposited on it. 

The film was then released by etching the resist in acetone. Although both processes 

developed by Ruud et al [25] are relatively simple, films are prone to be damaged and 

wrinkle while releasing. The authorôs past experience in microfabrication shows that 

releasing specimens in acetone results in highly wrinkled films caused, in part, by the 

resist residues left on the sample. 

The concept of using a window frame in substrate which was originally intro-

duced by Read et al [27] was among the most popular methods that was used and fur-
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ther developed by other researchers. In this process, double-sided polished (DSP) 

<100> silicon wafers, were first coated by a thin layer of silicon oxide. Oxide layer 

on front-side was patterned and etched at specimen locations. Ti-Al -Ti multilayer was 

then deposited by e-beam evaporation and patterned to dog-bone shape specimens. 

The oxide layer on both sides was then patterned and etched in HF to form a hard 

mask for silicon substrate etching. Silicon was then etched in hydrazine to open win-

dow frames. Sharpe et al [42] utilized this technique to test thin polysilicon films. 

Figure 2-1 shows a silicon carbide specimen that was fabricated by Edwards et al [44] 

using this concept. Emery and Povirk [52,53] used the same process to fabricate e-

beam evaporated gold. The main issue with this technique is the long Si substrate 

etching times that may cause the specimen film be attacked during etching process 

and special care is required in this regard.     

Figure 2-1- A free-standing silicon carbide specimen on substrate window frame. [42] 
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Cornella [32] improved this concept by using dry etching processes rather 

than wet etching processes to fabricate specimens with higher film quality and 

process yield. In their process, Si substrate was first coated on front side with 1ɛm 

thick LPCVD silicon nitride to be used as an etch stop. Aluminum was then sputter 

deposited on front side and patterned to the dog-bone shape. Backside of the substrate 

was coated with thick photoresist to act as the etching mask during substrate etching. 

Silicon substrate was entirely dry-etched until it reached silicon nitride layer. This 

layer was then removed in RIE to release the aluminum specimen. A specimen fabri-

cated through this process is shown in Figure 2-2.   

A few researchers, who mainly worked on the mechanical behavior of polysi-

licon, used factory processes like polyMUMPS to fabricate their specimens. Although 

these processes are well developed and are readily available, they are limited to a few 

thin film materials, most of which are silicon based. 

 

 

Figure 2-2- SEM image of an Al free-standing film on window frame. [33] 
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When metallic materials are used as the structural layer, traditional silicon-

based films are not good choices for sacrificial layer. A common practice in the fabri-

cation of metallic devices in Radio Frequency Microelectromechanical Systems (RF 

MEMS) is to use polymers as the sacrificial layer. Chasiotis et al [63] used this tech-

nique to fabricate tensile specimens of Au films. As shown in Figure 2-3, they used 

PMMA and AZ 4110 photoresist as the sacrificial material for electroplated and eva-

porated Au films, respectively. For electroplated Au films, a molding process was 

utilized to pattern gold on PMMA and sacrificial layer was then etched to release the 

film. Evaporated Au films, however, were lithography patterned and the photoresist 

sacrificial layer was then stripped to release the structure. Although polymeric sacrifi-

cial layers are easier to remove and hence result in less attack to the metallic film, 

they are less applicable when high temperature processes are involved. In fact in high 

temperatures two problems arise; above the glass transition temperature, polymer 

layer starts a significant flow which causes deformation and wrinkling in the metallic 

film; on the other hand, the thermal mismatch between the polymer and the metallic 

film causes significant stresses on the film that, in high temperatures, may result in 

creep and permanent deformation. [69]  

In conclusion, among the sample preparation processes that were reviewed in 

this section, the two strategies of using either a window frame in substrate or poly-

meric sacrificial layer seem more versatile and reliable than other techniques and de-

pending on the test setup design either case can be utilized. 
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Figure 2-3- Microfabrication process for electroplated (a), and evaporated (b) dog-bone 

specimens [63] 

2.3 Gripping  

Gripping a film that usually has smaller thickness than even the surface 

roughness of the macro-machined grippers is a tough challenge. Under these circums-

tances, the film may slip or experience high stresses at the griper due, in part, to stress 

concentrations. On the other hand, aligning the two grippers is, in fact, a demanding 

task. Therefore, many researchers have designed and utilized a variety of gripping 

techniques to overcome this issue. 

Ruud et al [25] sandwiched the free-standing thin film specimens between po-

lished aluminum grippers using 5ɛm thick Cu foils. The concept of window frame in 



19 

 

substrate [27,32] has made gripping much easier and common macro-machined grip-

pers can be used to mount thick end grips of the specimen which is basically the thick 

silicon substrate rather than the thin film. As shown in Figure 2-4, Greek and Johnson 

[70,71] used a connecting ring as a gripper. They inserted a probe connected to the 

load-train setup in the ring and loaded the specimen. Buchheit et al [72] used the 

same concept to pull micromachined silicon films. A cylindrical sapphire nano-

indenter tip was inserted into the so-called ñpull-tabò and utilizing the lateral loading 

capability of a nano-indenter, samples were loaded in tension. Emry and Povirk 

[52,53] used the same technique for pulling tensile specimens on a substrate window 

frame.  

Tsuchiya et al [59,60] introduced a novel technique to grip tensile testing spe-

cimens using electrostatic force. This technique is schematically shown in Figure 2-5. 

In this technique, a free-standing specimen with large end grip (puddle) is fabricated 

and is fixed to the gripper by electrostatic force. Specimen can be easily fixed to and 

released from the gripper by changing the polarity of the applied voltage.   

Sharpe et al [73] argued that although the electrostatic gripping is very useful 

in static tensile tests, it fails during tension-tension fatigue testing. To overcome this 

issue, they glued a silicon carbide fiber to the puddle using viscous UV curable adhe-

sive. 
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Figure 2-4- Tensile testing specimen with a ring at one end for gripping and loading [70] 

 

Chasiotis and Knauss [56] also reported that specimens mounted by electros-

tatic gripping slip during long-time static loadings and they experienced rigid-body 

motion of the specimen during their long-time AFM scans for deformation measure-

ment. It was shown that the electrostatic gripping is only reliable when the applied 

tensile loads are below 0.1 N for their specimen geometry. They improved the tech-

nique by combining the electrostatic actuation with UV adhesive to meet their de-

manding requirements for a no-slip reliable gripper. (Figure 2-6) 
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Figure 2-5- Schematic representation of electrostatic gripping technique. [59] 

  In conclusion, the application of substrate frame window concept makes 

griping much easier in expense of having a more complex specimen fabrication 

process. The electrostatic gripping, although seems straight forward, is only applica-

ble for static low-load (<0.1 N) tests. The utilization of adhesive layer is necessary 

when conducting time-dependant tests or applying a dynamic load that requires a reli-

able no-slip gripper. 
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Figure 2-6- Combination of the electrostatic and UV adhesive gripping. [56] 

2.4 Load Actuation and Measurement 

Having prepared the samples and mounted them in gripers, they had to be 

loaded to the required load level and the load value has to be measured. With the 

availability of different types of commercial actuators and load cells, this part of a 

tensile testing setup is not as challenging as the other parts. Piezo driven actuators 

were among the popular tools for loading which provided the capability of loading 

the specimen with different waveform functions and work at low and high frequen-

cies. If they are fitted with any type of displacement sensor, e.g. strain gage, LVDT, 

or capacitive sensors, they can be controlled in a close-loop system in order to com-

pensate for hysteresis and drift. On the other hand this displacement feedback was 
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recorded in tensile setups that the cross-head displacement was used for the mea-

surement of strain. Many of the research works discussed earlier in this chapter are 

equipped with this type of actuators [27, 32, 40, 50, 54]. Inchworm [56] and motor-

driven micrometer [25] actuators are also among the type of actuators that were used 

for specimen loading. Sharpe et al [73] used a loud-speaker operating at 20 kHz in 

their early fatigue tests on polysilicon to dynamically load their specimens. Almost all 

research groups used strain gage-based load cells to measure the applied load and 

hence the stress.  

A specific group of tensile test setups are those that have integrated the load-

actuation and measurement with the specimen itself on a MEMS-based tensile testing 

device. These devices provide much higher resolution for load actuation and load 

measurement, making them a versatile tool to study the mechanical properties of na-

no-scale structures like carbon nanotubes and nano-wires [74], and films that are sub-

stantially thin or have very small gage section areas that have a demanding load reso-

lution.[65] On the other hand, because of their small size they can be used for in situ 

study of deformation in Scanning Electron Microscope (SEM) or Transmission Elec-

tron Microscope (TEM).[64-68] However, these devices are not so applicable at the 

length scale where most of the thin films are usually fabricated and used in MEMS 

and microelectronics applications.  

 In summary, loading and load measurement is the most straight-forward part 

of the setup and can be provided from the commercially available products.   
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2.5 Strain Measurement 

The measurement of strain is the most challenging part of the tensile testing of 

thin film specimens. Due to the small size of thin films, none of the current macro-

scale methods of strain measurement are applicable to tensile testing of thin films. 

Thin film specimens are at the same size of resistive strain gages and are too small for 

LVDT-based extensometers. Technically, any method of strain measurement that is 

used in contact with the specimen is not useful. Therefore, many researchers have de-

veloped or adapted non-contact strain measurement techniques to measure the strain 

during tensile testing. These techniques can be categorized into four different groups, 

including cross-head displacement; optical imaging; interferometry-based methods; 

and advanced microscopy techniques like AFM, SEM, and TEM for in situ strain 

measurement. In what follows, these methods are discussed in detail.  

Read et al [27] monitored the cross-head displacement and used it as a meas-

ure for strain. There are many sources of error involved in this technique. Specimen 

may slip at the gripper. On the other hand, the gripper itself may have clearances that 

cause backlash during the changes in load direction. Compliance of the test setup is 

the other source that deteriorates the accuracy of the method. The cross-head dis-

placement is a combination of all of the deformations in the load train, i.e. the defor-

mations in load-cell, load actuator, the test rig, grippers and albeit in the specimen 

itself. Therefore, this measurement will not provide an accurate measure of stain in 

the gage section of the sample.  
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Cornella [32] measured the compliance of the test setup by compressing the 

load actuator to the load cell in the absence of specimen and subtracted this com-

pliance from the actual measurements to find the deformation in the specimen. They 

reported that 76% of the measured displacement accounts for the actual deformation 

in the specimen [33]. In order to validate the strain relaxation measurements and to 

show that the drop in the stress level over time is the actual behavior of the specimen 

itself and not the test setup, they used iridium specimens. Iridium, due to its high 

melting point, has a very low relaxation at room temperature. Since these tests re-

vealed no relaxation, they argued that their test setup is stiff enough and that the re-

laxation behavior that they monitored during the tensile testing of Al films is the ac-

tual material behavior.  

Chasiotis et al [63] used the cross-head displacement to study the relaxation in 

gold thin films. They measured the deformation of the load-cell and the apparatus 

compliance and subtract it from the results. Due to the high compliance of their spe-

cimens compared to the setup, 99% of the cross-head displacement was due to the 

deformation in the specimen. They verified the accuracy of the crosshead displace-

ment method by testing brittle materials with known elastic modulus.  

Greek and Johnson [70] cancelled out the effect of the compliance of the test 

setup by testing specimens with identical gages section areas and different gage 

lengths. Assuming that the compliance of the test setup is constant for any test, they 

calculated the deformations caused by test setup and subtract it from the test results. 
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This method is only applicable to the cases that the compliance of the specimens are 

sufficiently different at different gage lengths.  

Emry and Povirk [52] also measured the displacement in grippers by monitor-

ing the displacement of two markers using a video camera. They argued that their me-

thod has the limitation that the measured strain is not the actual strain in the gage sec-

tion. They also reported a non-linearity in the stress-strain curve in low loads. Figure 

2-7 shows this non-linearity which is technically an experimental error. They extrapo-

lated the linear portion of the results to find the zero point of stress-strain curve. Due 

to this non-linearity in the curve, calculating the yield stress using the 0.2% offset rule 

was erroneous. Therefore they found the yield point by defining it as the point where 

the slope of the ů-צ curve drops to one tenth of the elastic modulus. 

 

     

Figure 2-7- Stress-strain curve of gold thin films, showing non-linearit y at low loads. 

The dashed line is fitted to the curve to find the zero point. [52] 
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Due to the uncertainties involved in the application of cross-head displace-

ment for strain measurements, a number of techniques have been introduced to meas-

ure the strain directly on the gage section. An inexpensive way of measuring strain is 

to put markers on the specimenôs gage section and monitor their displacement using a 

camera. Allameh et al [54] used a video camera and monitored the deformation of 

two markers milled by Focused Ion Beam (FIB) on LIGA Ni specimens. Markers 

were 300ɛm apart and were located by block matching in a series of images captured 

by a camera during tensile testing. They have not discussed the accuracy of their se-

tup; however, they reported that the strains that were measured as such were only 

used in the plastic deformation regime. Assuming a gage length of 300ɛm, the dis-

placement resolution required to have 10ɛstrain resolution is about 3 nanometers. 

Therefore, for a commercial CCD camera with nominal pixel size of 6ɛm, at least a 

2000X magnification should be utilized to be able to capture a 3nm displacement. 

However, in this magnification, the field of view (FOV) of the objective is so small 

that the two markers cannot be fit in a single image, simultaneously. To overcome 

this issue, two different approaches have been used. Cheng et al [39] used a low 

magnification (350X) to fit 180ɛm-apart markers in a single image. Utilizing the digi-

tal image correlation (DIC) method, they post-processed the data to the resolution of 

0.02 pixel. For their optical setup, this resolution is the equivalent of 0.01ɛm dis-

placement on the specimen which translates to 55ɛstrain resolution for a 180ɛm gage 

length. Since compared to other techniques, usually less or no preparation is required 

on the surface of the specimen and inexpensive optical imaging equipment can be 
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used for this purpose, this method is becoming more popular among researchers. The 

only disadvantage of DIC is that this method is computationally expensive and re-

quires hours of post-processing. 

In another attempt to tackle the small FOV issue in high magnifications, 

Ogawa et al [75] proposed a double field of view approach. As shown in Figure 2-8, a 

low magnification objective is used to view the two markers which were 1-1.4mm 

apart. Image of each marker position was then magnified on a separate CCD and their 

displacement was monitored. In their technique, they could measure displacements to 

better than 1ɛm corresponding to 0.1% strain for a 1mm gage length. 

 

 

Figure 2-8- Double field of view microscope setup for strain measurement [75] 
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Ruud et al [25,28-30] patterned a two-dimensional area of photoresist islands 

on the specimen and monitored the displacement of the diffracted spots from these 

islands to directly measure the strain on the gage section. As shown in Figure 2-9, 

presence of the photoresist islands results in diffraction pattern when a laser beam is 

illuminated on the surface of the sample. Diffracted spots are then detected using a 

two-dimensional position sensor. By monitoring the displacement of these spots, the 

relative displacement of the islands and hence the specimen deformation can be 

measured. In this setup, system works in the third diffraction order and the distance 

between the sample and position detector serves as an optical lever for magnification. 

They reported that the resolution of the system is limited by the signal-to-noise ratio 

of the detector and provides strain resolution of 50ɛstrains.    

 

Figure 2-9- Schematic diagram of the setup to use diffraction spots for strain measure-

ment [25] 
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The main advantage of this technique is that since axial and lateral strains can 

be measured simultaneously, not only Youngôs modulus but also the Poissonôs ratio 

can be calculated. Since the modulus of the photoresist islands is sufficiently lower 

than the filmôs, their presence has no effect on the mechanical behavior of the speci-

men material. 

The aforementioned techniques were all based on optical imaging. The main 

issue with imaging techniques is that their resolution is limited by the optical setup, 

and more specific, the magnification and the CCD resolution. An advanced method of 

improving the resolution of optical devices is to use light interference. This approach 

which is the basis of interferometry techniques has been used by a few researchers for 

strain measurement in thin film materials. 

Sharpe et al [40-44] used Interferometric Strain/Displacement Gage (ISDG) 

method to measure axial and lateral strains in thin film specimens. ISDG was origi-

nally proposed by Sharpe [45-48] in the late 1980s to measure strains in macro-

specimens in non-contact mode. The principle of this technique is based on the dif-

fraction and interference of light from two slits, i.e. Youngôs two slit interference. In 

this method, two markers are put on the specimen. They can be fabricated either by 

nano-indentation or by FIB-assisted deposition. When the laser beam is illuminated 

on them the beam is diffracted. The diffracted beams interfere to form interference 

fringes. The frequency of the fringes is directly proportional to the distance between 

the two markers. When the specimen is elongated under the applied load, the distance 

between the two markers varies, resulting in a change in the fringe frequency. By 
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monitoring this frequency the strains can be directly calculated on the specimen. 

Since the fringe frequency is also affected by the rigid-body motion of the specimen, 

two separate detectors have to be used to cancel out the effect of this motion. A 

schematic of this setup is shown in Figure 2-10. In the original setup, in order to 

measure the strains from the fringe data, the location of the fringe minimum was iso-

lated at the beginning of the test and was followed through a complex algorithm. In 

this algorithm only a small part of the optical signal was used and most of it which 

contained a lot of information was omitted in calculations. With this algorithm, the 

strain resolution was 5ɛstains with uncertainty of Ñ30ɛstrains. Zupan et al [76] used 

Fourier Transforms on the whole optical signal and improved the uncertainty of the 

technique to Ñ15ɛstrains. An advantage of ISDG is that if markers are placed along 

the width of the specimen, the lateral strains and hence the Poissonôs ratio can also be 

measured with this technique. However, since the markers has to be at least 300ɛm 

apart, [77] wide specimens have to be utilized.               

  

Figure 2-10- Schematic representation of ISDG technique. [40] 
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In another effort to use interferometric measurement techniques, Read [38] 

used speckle interferometry to measure in-plane strains in thin film specimens. The 

main advantage of speckle interferometry is that since it uses the speckles caused by 

the surface topography, no surface preparation or marker fabrication is required. 

However, it is usually computationally expensive and has low signal-to-noise ratio. In 

this technique, instead of the strain, the strain rate was measured in the elastic defor-

mation regime and was used to calculate the modulus of elasticity. The uncertainty of 

the calculated modulus was reported to be 5%. 

The last group of strain measurement methods were those that used advanced 

microscopy techniques to measure the strain in thin films. The challenges involved in 

using optical microscopy led researchers to use other microscopy techniques like 

AFM, SEM, and TEM to measure the deformation of thin films specimens. On the 

other hand, these techniques provided an insight into the microstructural deformation 

of thin film materials during loading.  

Chasiotis et al [56-58] monitored the surface topography changes during load-

ing using Atomic Force Microscopy (AFM). Correlating the AFM images of the de-

formed and undeformed surface using Digital Image Correlation (DIC), they calcu-

lated the strain field. The process of imaging is very time intensive and usually takes 

about 10 minutes for each scan [56] and is confined to an area of a few microns long. 

In addition to the time required for each AFM scan, there is also the post-processing 

time added for DIC. They reported 400 ɛstrains resolution in their strain measure-

ments for a 512×512 pixel image and 1/8 pixel DIC resolution. However, the main 
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advantage of this technique is that it provides a whole-field strain data which helped 

the analysis of the strain field around geometry inclusions and notches [62], as well as 

cracks. [78,79]. A typical displacement field at the vicinity of a crack in polysilicon 

that has been measured using AFM/DIC is shown in Figure 2-11.   

 

Figure 2-11- Displacement field in the vicinity of a crack in polysilicon film measured by 

AFM/DIC. [ 57] 

A few researchers used the MEMS based devices that were discussed in sec-

tion 2.4 to study the mechanical properties of thin films in electron microscopes. If 

the thin film samples are electron transparent, i.e. have nanometer thickness, in situ 

studies in TEM are also possible which provides more information on the microstruc-

tural deformations during loading. Haque and Saif [65-68] used the technique to 

study the mechanical behavior of Al and Au thin film specimens under SEM and 

TEM. The resolution of the measured strain and stress depends on the magnification 
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of the microscope and the size of the specimen. At 100nm microscope resolution, the 

strain resolution was 0.05% for 200nm thick and 185ɛm long Al films and was 0.03% 

for 100nm thick and 275ɛm long specimens. [66] Rajagopalan et al [68] reported 

lower strain resolutions of 0.005% and 0.01% for Al and Au films, respectively. Al-

though this method of strain measurement has a high resolution and provides extra 

information on the microstructural deformations, its force and displacement scales are 

within the limits of nanostructures rather than common thin film materials. A ů-צ 

curve along with respective microstructural observations produced by this method is 

shown in Figure 2-12. 

 

 

Figure 2-12- In situ TEM test results for Al thin film  specimens. Microstructural defor-

mations corresponding to the tensile test is also presented. [65] 
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2.6 Summary 

In this chapter, the major research activities that used a tensile testing method 

to study the mechanical behavior of thin film materials were reviewed. For this pur-

pose, most of the research groups designed and used their custom made test setups. A 

historical and general overview of these test devices were presented in section 2.1. 

The tensile testing research was categorized into four major steps, namely sample 

preparation, gripping, load actuation and measurement, and strain measurement. Each 

of these steps was discussed in detail in their designated sections. 

The information obtain through this review provide a detailed understanding 

of the challenges involved in tensile testing of thin film materials and different ap-

proaches that were used to tackled these issues. The results will help us design and 

implement a device that can meet these challenges toward a reliable and precise study 

of the mechanical behavior of thin film materials.      
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Chapter 3  

Experimental Setup 

There are many challenges involved in tensile testing of thin film specimens. 

In this chapter, a novel approach is introduced to tackle these challenges. The design 

requirements are studied in the four categories, namely sample preparation, gripping, 

loading, and strain measurement. Various aspects of the design are presented and the 

elements of the setup are introduced. A novel gripper is designed and fabricated for 

this application to meet the demanding requirements of gripping a thin film specimen. 

An interferometry technique has also been developed to measure strain field during 

the specimen loading. Sample preparation and postprocessing of interferometry data 

for strain calculation are discussed in more detail in chapters 4 and 5, respectively.  
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3.1 Design Requirements 

The main goal of this thesis was to design and evaluate an experimental tech-

nique to study the mechanical behavior of thin film materials in microelectronics and 

MEMS applications. The ideal information that is usually expected from a device that 

probes the mechanical behavior of a material is the stress-strain (ů-צ) curve that has 

been measured for different loading conditions, i.e. under monotonic, fatigue, creep, 

and relaxation loadings. Thin film materials are not excluded from this expectation. 

This information is vital to scientists and design engineers to design devices that have 

reliability and mechanical integrity during their life-time. 

There had been many different techniques introduced to probe the mechanical 

behavior of these materials. A brief comparative review of these techniques in section 

1.2 showed that tensile testing can be the best choice as an experimental method for 

this purpose. However, as it was discussed earlier there are many challenging issues 

that hinder the advantages of this technique over some other techniques. In current 

thesis these issues are considered and some novel designs are utilized to make use of 

the tensile testing technique. All of the four categories are separately scrutinized in-

detail and depending on the requirements and current state of technology, either a 

new method is proposed or the past methods are utilized as-is or with minor revisions. 

The general requirements for such a tensile testing device are capability of 

loading thin film specimens in different load conditions, having a ɛN load resolution, 

providing sub-nanometer displacement resolution, gripping micro- and nano-scale 

films, and above all being capable of measuring strains in a very small region.  
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In contrary to the macro-scale tensile testing devices that a stand-alone testing 

device is usually purchased and is used to test different materials and geometries, in 

small scale the scenario is different. The process of designing the test rig and fabricat-

ing the sample are not independent and the design of each one should be followed 

based on the requirements and limitations of the other one. For example, as it was 

discussed earlier in section 2.2, the sample preparation procedure depends upon the 

gripping method. On the other hand the sample geometry is to be chosen such that the 

stresses and strains that are induced during loading are within the resolution of the 

current load cell and actuation technology. 

In the following sections, different parts of the device are introduced and 

based on the conclusions made from Chapter 2, every single aspect of the design are 

scrutinized in detail and novel approaches are proposed. 

3.2 Loading Setup 

The loading subsystem is the part of the device that induces a known state of 

stress in the specimen under study. As shown in Figure 3-1, it consists of three main 

parts: the gripper, the load cell, and the actuator. The load-train is closed by mounting 

the specimen in the grippers. In order to be able to study the monotonic, fatigue, 

creep, and relaxation behavior of the material, the loading subsystem should be able 

to provide stress controlled or strain controlled monotonic and cyclic waveforms. 
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Based on these design criteria, each part is designed and discussed in the following 

sections. 

 

3.2.1 Gripper  

The gripper is the part of the device that connects the specimen to the loading 

system and allows the reliable application of load. It should provide a no-slip condi-

tion when specimen is monotonically or cyclically loaded; it should be stiffer than the 

specimen itself; it should maintain a desirable out-of-plane alignment; and more im-

portantly should not result in stress concentration at the mounting point. Meeting all 

these requirements for a thin film specimen that is only a few hundred nanometers to 

a few microns thick is very challenging. The gripping techniques that were discussed 

in section 2.3 were developed to meet some of these requirements. However, they all 

have their own limitations; electrostatic gripping is only applicable for static low load 

applications. The combined UV adhesive/electrostatic gripping, though reliable for 

static long time tests, does not work in high cycle fatigue tests due to the degradation 

load direction 

gripper 

specimen 

load cell actuator 

Figure 3-1- Schematic representation of the loading subsystem. 
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of the adhesive layer (debonding) under cyclic loads. The method of sandwiching the 

grip ends of the specimen between thin foils seems to induce stress concentrations 

and local warpage at the grip area. The window frame approach, in fact, provides a 

reliable gripping during tensile loading. Therefore, initially it was chosen as the me-

thod to follow in this work. Albeit, due in part to the fabrication complexities, this 

method was soon abandoned. Therefore, a novel gripper was designed to address the 

demanding design criteria for gripping a thin film specimen.    

The original idea of the new gripper design was borrowed from the grippers 

that have been used in macro-scale tensile testing devices for decades. As shown in 

Figure 3-2 , in this scale of tensile testing, specimenôs end grip is mounted between 

the two serrated jaws of a gripper and is then loaded. However, when the specimen is 

a thin film material, this approach is so challenging that many researchers abandoned 

this technique and used gripping methods that have been already reviewed in section 

2.3. In this thesis, however, this approach was re-investigated and a gripper was de-

veloped on that basis.  

 
 

 

F F 
specimen 

gripper jaws 

serrated surface 

Figure 3-2- Schematic representation of the the gripper with serrated jaws. 
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Thin film specimens are fabricated on a thick, relatively rigid substrate and 

are usually anchored to this substrate at one end, as schematically shown in Figure 

3-3.  Since the adhesion of the film to the substrate at the anchor is high, the specimen 

can be mounted in the gripper through the substrate at the anchor side. The challenge 

is the other side of the gripper that requires gripping a very thin specimen.   

 
 

The thickness of thin film specimens is in the order of the fabrication toler-

ances for machined parts. Therefore, when they are mounted in a gripper that is ma-

cro-machined, they may not be reliably gripped across the grip area. Hence, when 

loaded, they slip at the gripper jaws. In order to overcome this issue a double action 

gripper is designed. As shown in Figure 3-4, due to the rotation of the arm at pivot, 

when the grip is closed it both pushes the specimen up and pulls it back to make sure 

that the specimen is well gripped. A fine stage and a coarse stage are used to properly 

move the gripper. Both stages utilize 200ɛm pitch adjustable screws (Thorlabs Inc., 

NJ) and provide 2ɛm positioning accuracy. In order to be able to grip the top and bot-

tom of the specimen, part of the substrate at the grip end should be cut away to pro-

vide space for the attachment of the gripper jaw to specimen.     

thin film specimen  

Figure 3-3- Micro fabricated thin film specimen anchored on the substrated. 

substrate 
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Figure 3-4- The proposed double action gripper. 

In order to cut the substrate, the best way was to dice the substrate from back-

side using a dicing saw as shown in Figure 3-5. The substrate is mounted from the 

backside on a holder and is then cut through a slot in the holder using a dicing wheel. 

However, the dicing machine at G2N lab was designed to work at ~30,000 rpm and 

hence was being cooled by the flow of a coolant. Since, at this time, the specimens 

are released and are free-standing, the coolant will  damage the film. On the other, the 

wheel speed was so fast that any interference between the wheel and holder slot side 

walls will result in wheel damage. Therefore, a low speed dicing machine was de-

signed and fabricated to provide the capability of cutting the backside of the substrate. 

The dicing machine was designed for a working speed of 200 rpm. A 3ò Isomet di-

amond wafering blade (Buehler Canada Ltd., ON) was used for cutting the substrate. 

grip point 

gripper arm 

coarse stage 

 fine actuator 

coarse actuator 

Piezo 

connec-

tion point 

Laser beam pass 
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The specimen was mounted on a precision XYZ stage and the thickness feed was 

monitored by a digital LVDT indicator (Mitutoyo Corp., ON) with 5 microns dis-

placement accuracy. The low speed dicing machine is shown in Figure 3-6. Substrate 

is mounted on the holder surface using Kapton® tape. In the very first tries, it was 

found out that a cutting depth of about half the thickness of the substrate is enough 

and after that the substrate can be easily broken by hand. The yield of the cutting was 

low at the beginning. However, it was improved with gaining more expertise and the 

failure rate is now below 5%. 

The final gripper-specimen arrangement is schematically shown in Figure 3-7.    

   

 
 

thin film specimen  

substrate 

holder 

diamond cutting wheel 

200 rpm 

X 

Z 

Figure 3-5- Schematic representation of the substrate cutting from the backside. 
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Figure 3-6- The low speed dicer that was designed and fabricated to cut the substrate at 

grip end. 

In order to align the specimen and gripper, past researchers have used optical 

microscope to monitor the specimen-gripper side view. In this research, however, a 

technique based on electrical resistance is used. A precision digital multi-meter 

(Fluke Corp., WA) is used to monitor the resistivity between the specimen and the 

gripper. As soon as the gripper jaw touches the specimen surface the electrical resis-

tance drops from an open circuit value to a very low value, indicating that they are in 

contact. At that position the other gripper jaw is tightened and the specimen is ready 

for loading. 

Diamond wheel 

specimen holder 

XYZ precision 

stage 
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The misalignment in gripper causes a bending in the specimen gage section 

resulting in an inhomogeneous stress in the gage section. The effect of misalignment 

on the level of stress is studied by finite element method using ANSYS based on the 

specimen material properties and geometries discussed in section 4.1. The results are 

shown in Figure 3-8. Based on this simulation, an out-of-plane misalignment of 30ɛm 

seems to be an acceptable value resulting in maximum of 2 MPa Mises stress.  

 

Figure 3-8- Effect of out-of-plane gripper misalignment on maximum Mises stress at 

gage section. 
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Figure 3-7- The final gripper-specimen arrangement. 
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3.2.2 Piezo Actuator 

As it was discussed earlier in this chapter, the loading system had to provide 

high resolution monotonic and cyclic loadings. Among the actuators that could be 

used for this purpose, piezo actuators fulfill all of these requirements. The specific 

choice of piezo actuator depends on the displacement amplitude and resolution, natu-

ral frequency, and the maximum load capacity. For this application a low voltage 

PZT (LVPZT) actuator, P-841.10, (Physik Instrumente (PI) L.P., MA) was used. The 

actuator is preloaded to provide tensile forces of up to 50 N and provides a 30ɛm dis-

placement.  

Piezo actuators, by themselves, have infinite displacement resolution; howev-

er, their resolution is limited by the electrical noise at the amplifier circuitry and the 

drift and hysteresis in the material. In order to provide high resolution positioning ac-

curacy, a high precision low noise LVPZT amplifier module, E-503, (Physik Instru-

mente (PI) L.P., MA) was used. The drive voltage is controlled by a -2 to 12 V BNC 

input. A ten-turn DC bias potentiometer can be used to add a DC bias to the input. 

The drift and hysteresis was compensated by a servo control module platform, E-

509.S3, (Physik Instrumente (PI) L.P., MA) that controls the actuator displacement 

through a strain gage feedback mounted on the piezo stack. The actuator control vol-

tage is provided by a control signal that will be discussed in section 3.4.  The piezo 

drive module is mounted in a 9.5ò chassis with E-530 precision power supply and can 

drive up to three independent LVPZT actuators.    
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3.2.3 Load Cell 

In order to measure the applied load and hence the stress at gage section of the 

specimen, a strain gage load cell was used. The load cell is a high precision low load 

sensor, GSO-10 provided by Transducers Techniques Inc., CA. It has maximum load 

capacity of 100mN and provides 100ɛN resolution. Load cell excitation and signal 

conditioning is provided by TMO-2 conditioner (Transducers Techniques Inc, CA). 

The load cell and conditioner setup can be calibrated against a pre-calibrated 

87.325kɋ shunt resistor.  The load cell has a 1mV/V output per excitation voltage. 

Before each measurement the load cell setup is calibrated for rated output of 8 volts 

by adjusting the gain and zero balance potentiometers.  

Since the load cell capacity is very low and has a threshold of 150% of full-

scale range, i.e. 15mN, a load cell mount is designed to secure the load cellôs sensing 

end when mounting the specimen. For this purpose two dwell pins are inserted in a 

toleranced hole in the mount and the load cell. The pins are removed when loading 

the specimen. 

Typically, the load cell has a voltage drift over time. For long term relaxation 

and creep tests, load cell drift has to be corrected based on the load level that is used 

during the test. For load cell calibration, we relied on the certificate of calibration 

provided by the manufacturer. For reliable measurements, it is necessary to frequently 

re-calibrate the load cell against a known load. This can be done at vendorôs facility 

or by our lab.  
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Another important parameter that affects the load readings is temperature fluc-

tuations. The output voltage of the chosen load cell has a temperature sensitivity of 

0.005% of the load per ºF.  This error is more effective at lower load values. The 

temperature fluctuation also affects the zero balance of the load cell by the rate of 

5ɛN/ºF. Temperature fluctuations are usually very small for short time test; however, 

for the case of long lasting fatigue tests, i.e. more than 24 hours, a thermal isolation 

enclosure might be required for the setup. The thermal fluctuation of the lab area was 

measured using a Fluke thermometer. The temperature fluctuations were well below 

1ºF over an hour which makes the thermal drift negligible.  

The final loading setup is shown in Figure 3-9. 

 

 

 

 

 

 

 

 

 

 

 

XYZ stage 
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Piezo actuator 
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mount 

Figure 3-9- Elements of the loading setup. 
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3.3 Strain Measurement Setup 

In order to study the mechanical behavior of a material, the corresponding 

strains and stresses are to be measured. In the previous section, the loading subsystem 

and the stress measurement setup were presented. In this section the measurement 

technique for the other important parameter, i.e. strain will be discussed. 

The small scale of the thin film materials makes the strain measurement pro-

cedure difficult and challenging.  In section 2.5, different techniques for the mea-

surement of strain in thin film materials under tensile loading were reviewed and pros 

and cons of each were discussed. Based on that discussion the criteria for an efficient 

strain measurement technique can be categorized as follows; the technique should 

work in a non-contact mode; it should provide high resolution strain values; it should 

be capable of measuring strains in static and dynamic monotonic loadings; and it 

should be simple and easy to implement for scientific and applied applications. 

Another criterion that was considered as a merit for choosing a technique was the 

ability to measure in-plane strain field rather just one strain value across the gage 

length. This criterion is of importance when studying non-uniform geometries and 

device level measurements. In contrary to stress that is a non-measureable quantity 

unless for specific simple cases, strain can be measured across a domain. For exam-

ple, for the case of an actuator arm, the stresses induced in the structure cannot be 

measured directly; however, the strain field over the arm area is measurable. The abil-

ity of strain field measurement is vital when studying thin film specimens with geo-
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metric or material non-uniformities or to study the mechanical behavior of compo-

nents as in the case of device level mechanical reliability tests. 

 In order to choose a suitable strain measurement technique, alternative tech-

niques were evaluated against the above-mentioned criteria; the AFM/DIC technique 

though provides high resolution strain field measurement, is a very slow technique 

and is not suitable to dynamic measurements. On the other hand, the field is usually 

limited to 10ɛm×10ɛm area. ISDG is a versatile tool for strain measurement. It pro-

vides accurate strain data and is fast enough for dynamic tests. However, it has limita-

tion on the size of gage section and requires at least 300ɛm gage length. On the other 

hand, it does not provide strain field. Imaging techniques, as discussed earlier are li-

mited in resolution. In situ SEM and TEM studies provide a detail insight into the ma-

terial behavior at microstructure level. However, they are too complex for routine ap-

plied material behavior studies. The speckle interferometry technique is a very useful 

tool and can provide strain field data. However, historically due to the low signal to 

noise ratio levels in this technique it was not so popular among researchers. 

    In order to choose a suitable strain measurement technique to meet the cri-

teria discussed earlier, almost all of the non-contact strain measurement techniques 

were reviewed, with an emphasis on interferometry based methods. In the end, moiré 

interferometry was chosen as the method to be used in this research. This method is 

discussed in detail in the following sections and was implemented to measure strains 

in thin film materials. The advantages and disadvantages of the technique is also dis-

cussed and compared to the previous strain measurement methods.   
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3.3.1 Moiré Interferometry  

Moiré is an optical phenomenon and is defined as the interference pattern that 

is caused by overlaying two periodic arrays of lines or dots with slightly different pe-

riod, rotated axis, or pattern shape. In other words, moiré is the fringe that is observed 

by looking at a pattern through another pattern. The fringes created as such are not the 

same as the original one but contain adequate information that, with a few known pa-

rameters, the original pattern can be reconstructed from. The phenomenon was intro-

duced in 1874 by Rayleigh [80]; however, it was never fully analyzed until the recent 

works of Guild [81] in the 1950s. He showed that moiré fringes are the result of opti-

cal diffractions followed by a filtering of high frequency information. As shown in 

Figure 3-10, by looking at pattern B through pattern A, moiré fringes can be visua-

lized. Figure 3-10-a shows the moiré fringes that are caused by a slight difference in 

the pitch of the two patterns. In Figure 3-10-b, the two patterns have a rigid body ro-

tation and in Figure 3-10-c, they have different patterns.  The sensitivity of this phe-

nomenon to the relative in-plane changes of the two patterns was the base of the ap-

plication of moiré in strain measurement. In the context of moiré, these patterns are 

called grid or more often grating.   

For simplicity, letôs consider the case of gratings of different pitch, as shown 

in Figure 3-10-a. Moreover, letôs assume that grating B is the specimen grating fabri-

cated on a tensile specimen and had the same pitch as the reference grating A.  
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a)  

b)  

c)  

Figure 3-10- Moiré  effect by the overlay of two patterns with different pitches (a), 

different angles (b), and deformed patterns (c). 

Pattern A 

Pattern B 

moiré fringes 
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If the specimen is loaded perpendicular to the axis of the specimen grating, the 

induced deformations result in a variation to the pitch of the specimen grating. If the 

deformed specimen grating is observed through the reference grating, moiré fringes 

will be formed. The relationship [83] 

ὔὼ=
Ὗὼ
ὴ

 (3-1) 

is the basic relation that correlates the observed moiré fringes to the actual de-

formation field in the specimen. In this relationship, ὔὼ is the integer fringe number, 

Ὗὼ is the displacement and ὴ is the pitch of the reference grating. In other words, each 

fringe is the line that is constructed from the iso-displacement points on the specimen. 

It can be clearly seen that the displacement measured through equation (3-1) is a mul-

tiple of the pitch of the reference grating. This important relationship shows that the 

sensitivity of the method is highly dependent on the pitch of the reference grating; i.e. 

the smaller the reference gratingôs pitch, the higher the resolution of the measure-

ments. 

The displacement field measured through relation (3-1) is correlated to infini-

tesimal strains by 

ὼὼ=
Ὗὼ
ὼ

 (3-2) 

From equations (3-1) and (3-2), for any consecutive fringe number, the strain 

value is obtained by 
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ὼὼ= ὴ×
1

ῳὼ
 (3-3) 

where ɝὼ is the distance between the two consecutive fringes. This relation is 

of interest in that it shows the main difference between the common resistive strain 

gages and the moiré method, if moiré is evaluated by equation (3-1). In fact, in this 

approach, moiré is a set of strain gages with constant displacement and variable gage 

lengths in contrary to the variable displacement and constant gage length of resistive 

strain gages or extensometers. This classic discrete treatment of moiré shows that 

higher strains, i.e. higher fringe frequencies, have higher spatial localization. Howev-

er, in a whole-field strain measurement experiment, the strain values in certain spatial 

coordinates are sought, regardless of the strain magnitude. Therefore, other approach-

es should be utilized to evaluate moiré fringes obtained from the measurements.  

The approach discussed above was historically the base of many strain mea-

surement experiments that utilized the moiré phenomenon. This approach which was 

later named ñGeometric Moir®ò was unable to meet challenging requirements for 

both spatial accuracy and strain precision. The fabrication of high frequency speci-

men and reference gratings was too complex and, even if they were fabricated, their 

resolution was limited by diffraction effects and alignment issues. [82]  

Moiré Interferometry, on the other hand, can meet many of these require-

ments. All aspects of this method have been discussed in detail in the literature. [83-

86] However, a brief review of the method and its formulation will be presented here 

for future references throughout the thesis. 
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Moiré interferometry is based on the diffraction and the consequent interfe-

rence of two coherent beams of light. As shown in Figure 3-11 , when a parallel beam 

of light is incident at an angle Ŭ to a phase grating
1
, it is diffracted in many preferred 

directions, referred to as diffraction orders. The diffraction pattern is governed by the 

diffraction equation, 

sinά = sin+ ά‗Ὢί (3-4) 

where m is the diffraction order,  ά is the angle of the m
th
 diffraction order, ‗ 

is the wavelength of the incident beam, and Ὢί  is the grating frequency. Light is dif-

fracted into these preferred directions, with very small-intensity light emerging in 

other directions. For a monochrome incident beam, the angular spread of each diffrac-

tion order is sufficiently narrow. The intensity of the diffracted beams decreases as  

 

 

                                                 
1
 A phase grating is the type of grating that has a corrugated surface and modulates the frequency of 

the incident beam. Phase gratings, in contrary to amplitude gratings that consist of opaque bars and 

transparent spaces, result in extensive diffraction of light.  

-2 -1 

0 

+1 
-3 

incident beam 

diffraction grating 

Ŭ  

ɓm  

Figure 3-11- Diffraction of an incident beam and the respective diffraction orders. 
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the diffraction order is increased. 

When a coherent beam with planar wavefront, is incident at a conductive , 

diffraction grating, the emerging diffraction patterns may have planar or warped wa-

vefronts. Assuming that the incident beam is in an angle such that the first diffraction 

order emerges perpendicular to the grating plane, i.e. sin1 = 0, from equation 

(3-4), the angle of incident beam should be 

= sin 1(‗Ὢί) (3-5) 

Under these optical conditions, the wavefront of the emerging beam will re-

main planar, as shown by wavefront ,ᴂ in Figure 3-12. If the specimen is deformed 

i.e. the frequency of specimen grating, Ὢί, changes, from equation (3-4), the angle of 

diffracted beam will be changed. If the deformation is linear and uniform, it can be 

assumed that the beam is still perpendicular to the grating surface, but has a rotated 

planar wavefront, as shown by wavefront -ᴂᴂ in Figure 3-12. This wavefront is per

pendicular to the direction of the designated diffraction order in the angle of ά. 

However, if the deformation is non-uniform, the changes in diffraction grating spac-

ing result in a warped wavefront, ᴂᴂᴂ.  Therefore, the wavefront of the diffracted 

beam, or in other words the phase of individual waves, contains information from the 

deformation field of the specimen grating, which can be used as a means of strain 

measurement. 

Detecting the phase of an electromagnetic wave that, in the case of visible 

light, is oscillating at THz frequencies is experimentally impractical. In order to 
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detect these phase fluctuations, the superposition of two coherent waves has been 

used for decades. In this technique which is known as interferometry, the interference 

of the two high frequency waves results in a fringe pattern (interferogram) that is 

modulated at a lower frequency. This concept is schematically represented in Figure 

3-13. Beam 1 and beam 2 are incident at the specimen grating and the superposition 

of the diffracted beams resulted in an interference pattern that is detected by a camera. 

As it will  be shown later in this thesis, the instantaneous frequency of the pattern is a 

function the local phase changes in the emerging diffraction orders. 
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Figure 3-12- Diffraction of an incident beam and the effect of specimen deformation at 

the difraction grating on the wavefront of the emerging beam. 
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There have been many different approaches to correlate the observed interfe-

rogram to the actual deformation in the specimen grating and all of them result in the 

same correlation. Approaches based on geometric moiré analogy [84], light obstruc-

tion and the bar-and-space concept [82], and those based on the phasor treatment of 

the diffraction phenomena [83,87] were among the well-known methods that have 

been used for this correlation.   

Figure 3-13- Interference of two beams incident at a diffraction grating. 
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In an analogy to the geometric moiré that was discussed earlier in this section, 

the phenomenon can be explained by assuming a virtual grating as the reference grat-

ing used in geometric moiré. This virtual grating is, in fact, the interference pattern of 

the two incident beams in the vicinity of the diffraction surface. The interferogram 

that is detected can be considered as the fringe pattern that is visualized by looking at 

the specimen grating through the virtual reference grating. The frequency of the vir-

tual grating created as such is two time the frequency of specimen grating and pro-

vides a factor of two in fringe multiplication. This approach which was very popular 

in the early literature of moiré interferometry can completely correlate the moiré pat-

terns to deformation field using the geometric moiré formulations developed earlier; 

however, this approach is only an analogy in that if the planes of the polarization of 

the two incident beams were perpendicular to each other, the two beams will not nec-

essarily interfere and such virtual grating will not be formed. 

In the present work, the phasor treatment of interference fringes was used due 

to the usefulness of the information that is provided by this approach. This approach 

has been rigorously discussed in [83] and [87]. Therefore, only a brief discussion and 

the necessary formulation will be provided here.  

As it was discussed earlier, when there is no deformation in the specimen grat-

ing, the diffracted beam has a plane wavefront. From the general wave equation, the 

emergent wavefronts can be expressed by 
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ὃ1(ὼ,ώ,ᾀ,ὸ) = ὥ1 exp(Ὥ2“’ὸ+ 1 ὼ,ώ,ᾀ ) 

ὃ2(ὼ,ώ,ᾀ,ὸ) = ὥ2 exp(Ὥ2“’ὸ+ 2 ὼ,ώ,ᾀ ) 
(3-6) 

where A is the complex amplitude, a is the amplitude, ɜ is the frequency, t is 

time, and  is the phase of the emerging wave. Since temporal variations do not af-

fect the phase of the propagated wave, equation (3-6) is simplified to 

ὃ1(ὼ,ώ,ᾀ) = ὥ1 exp(Ὥ1 ὼ,ώ,ᾀ ) 

ὃ2(ὼ,ώ,ᾀ) = ὥ2 exp(Ὥ2 ὼ,ώ,ᾀ ) 
(3-7) 

When the specimen is deformed, the optical path length of the emergent beam 

changes and results in variations in the phase of the propagated waves. Assuming a 

general deformation of Ὗ(ὼ,ώ) and ὡ(ὼ,ώ) , where Ὗ(ὼ,ώ)  is the in-plane deforma-

tion perpendicular to the grating axis and ὡ(ὼ,ώ)  is the out-of-plane deformation, the 

resultant phase change in the two emerging beams is 

1(ὼ,ώ) =
2“

‗
ὡ ὼ,ώ 1 + cos + Ὗὼ,ώ sin 

2(ὼ,ώ) =
2“

‗
ὡ ὼ,ώ 1 + sin Ὗὼ,ώ sin 

(3-8) 

The resultant fringe pattern that is formed by the interference of the two dif-

fracted beams at the image plane has the form of 

Ὅ(ὼ,ώ) = (ὃ1 ὼ,ώ + ὃ2 ὼ,ώ) ὃ1 ὼ,ώ + ὃ2 ὼ,ώ
ᶻ

   = ὥ1
2 + ὥ2

2 + 2ὥ1ὥ2 cos(2 ὼ,ώ 1 ὼ,ώ)

   = Ὅ0(ὼ,ώ) + ὼ,ώ cos(2
2“

‗
Ὗὼ,ώ sin)

 (3-9) 
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   where * denotes the conjugate, and Ὅ0(ὼ,ώ) and (ὼ,ώ)  are the background 

intensity and fringe visibility, respectively. This equation also shows the advantage of 

moiré interferometry in that it is insensitive to out-of-plane deformations, 

ὡ(ὼ,ώ) .With the assumption of equation (3-5), this equation is simplified to 

Ὅ(ὼ,ώ) = Ὅ0(ὼ,ώ) + ὼ,ώ cos(2“2ὪίὟὼ,ώ) (3-10) 

In the past, this equation was used only on the points with maximum intensity, 

i.e. fringe lines. The result of this approach is 

ὔὼ(ὼ,ώ) =
Ὗ(ὼ,ώ)

2Ὢί
 (3-11) 

which is, in fact, the general moiré relation of equation (3-1) with fringe mul-

tiplication factor of two. This equation shows why moiré interferometry has been 

treated as the analogy to the geometric moiré for decades. However, in this approach 

most of the information provided in the interferogram is neglected due to the fact that 

the equation is only evaluated at points of maximum intensity. Since displacement is 

evaluated in specific points of constant displacement, this approach suffers from lack 

of spatial resolution, i.e. the calculated strain is an average of strain in a distance, ȹx. 

As it was discussed earlier, this approach will treat the moiré fringes a set of strain 

gages with constant displacement and variable gage length. 

However, as it is shown in equation (3-10), the displacement information of 

any point at coordinate (x,y) is included in the phase of the interferogram. Therefore, 

by unwrapping the phase of the recorded interferogram, one can fully calculate the 
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displacement field across the specimen. This will result in a displacement field with 

high spatial resolution limited by the magnification and pixel size of the detector. The 

methods and approaches that can be utilized to extract the phase and correlate it to the 

strain field will be discussed in detail in Chapter 5. 

In the following sections, the implementation of moiré interferometry to 

measure strain and displacement field in tensile specimens will be discussed.  

3.3.2 Optical Setup 

In order to implement the moiré interferometry concept for the measurement 

of strain, an optical setup was designed and evaluated. The optical setup is schemati-

cally shown in Figure 3-14. A polarized HeNe laser (Thorlabs Inc., NJ) is used as the 

light source. The laser beam diameter is 0.8 mm and provides 2mW power at 

632.8nm wavelength.  The beam intensity is controlled by a neutral density filter. 

Usually lower intensity is used during beam alignment and higher intensities are used 

during the actual measurements. Higher laser source intensities provide higher counts 

at CCD and increase the signal to noise ratio.                                                                                                      

Since the moiré interferometry is a two-beam interferometer, the laser source 

is divided into two coherent beam arms via a pellicle beamsplitter. Due to their rela-

tively thin thickness, the application of this type of beamsplitters introduces less wa-

vefront error and reduces ghosting effects compared to the common beamsplitter 

cubes.  

 



63 

 

 
 

 

 

The two beams are directed to the specimen grating via two prism mirrors 

mounted on a precision rotation stage. The rotation stage provides 360º coarse rota-

tions with ±7º micrometer driven fine rotation with 0.1º resolution. This part of the 

setup adjusts the angle of the incident beam, Ŭ as shown in Figure 3-11. When the 

beam is incident at the specimen surface with diffraction gratings on it, diffraction 

orders emerge as discussed in section 3.3.1. This setup is designed such that the first 

order diffraction beams emerge perpendicular to the grating plane. The diffracted 

beam is collected by a 20X Nikon CFI60 infinity-corrected objective. This objective 

provides high working distance of 13 mm with numerical aperture of 0.4. The objec-

tive is chosen based on its ability to provide the combination of the highest numerical 

M1 

BS 

M2 

M3 M4 

Piezo actuator 

Laser Source 

ND filter 

o
b

je
c
ti
v
e 

M5 

Tube Lens 

CCD detector 

Laser-line Filter 

diffracted 

beam 

specimen 

Specimen grating 

Figure 3-14- Schematic representation of the optical setup for moire interferometry. 
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aperture and longest working distance. It also has the minimum chromatic aberration 

possible. On the other hand, the 200mm tube length provides the easy installation of 

optical elements between the objective and the tube lens. The objective is mounted on 

a precision translation stage with micro-meter accuracy to provide precise focusing of 

the interference fringes on the CCD image plane.  

The interferogram is detected by CoolSNAP HQ2 CCD camera (Roper Scien-

tific Inc.). This high-end interline CCD camera is a high resolution cooled camera 

that provides low dark current and CCD readout noise. It has 1392×1040 imaging ar-

ray with 6.45ɛm×6.45ɛm pixel size. It provides a quantum efficiency of above 60% 

for the working light source of 632nm. The 14-bit 20 MHz A/D converter on this 

camera provides a precise digital output which is transferred to computer via IEEE-

1394 connection. In order to reduce the dark current of the camera, the CCD is ther-

moelectrically cooled to -30ºC. The heat generated from thermoelectric cooling is 

dissipated via forced convection by a fan mounted on the camera. This fan causes an 

excessive vibration on the optical setup. Therefore, the thermoelectric cooler is turned 

off during interferometry measurements and the camera is used at room temperature. 

The effect of dark current is minimized by using shorter exposure times and higher 

light intensity. At full frame, the frame rate of the camera is 11 fps. However, for our 

application only a part of the CCD array was used which by choosing a specific re-

gion-of-interest the amount of transferred data was reduced and the frame rate was 

increased to above 40 fps which makes it good choice for dynamic strain measure-

ment applications. The camera is triggered by an external trigger and the image is 
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captured by LabVIEW® and a specific driver which will be discussed in detail in sec-

tion 3.4. In order to reduce the amount of ambient light that reaches the CCD detector 

a narrow band laser line filter is mounted at the aperture of the CCD camera. The fil-

ter is technically a band-pass filter with central frequency of 632.8nm and FWHM
1
 of 

±3nm. This filter is very helpful in that it filters the entire light spectrum except the 

laser line and therefore, no light enclosure is required to stop the ambient scattered 

light when working with the setup. The optical elements after the diffraction grating 

are mounted on a cage assembly system and connected to the camera. This part of the 

setup is fixed on a two axis translation stage that provides the ability to align the de-

tection setup axis to the axis of the diffracted beams.    

Since usually the axis of the specimen grating is not in the plane created by 

the two incident beams, the loading setup which includes the specimen itself is 

mounted on a 3-axis aligning platform. The platform was designed to provide in-

plane X-Y translation and yaw rotation using three micrometer actuators. 

In order to extract the phase of the interferogram of equation (3-10) it is poss-

ible to used phase stepping method. In this method a known series of changes in the 

optical path and hence the phase of one the interferometer arms is applied to the opti-

cal setup and the interferograms thus obtained will then be used for phase extraction. 

For this purpose one of the reflecting mirrors was mounted on a precision piezo ac-

tuator. The piezo has 15ɛm total travel with sub nanometer resolution and uses one of 

                                                 
1
 Full Width at Half Maximum 
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the channels of the piezo amplifier discussed in section 3.2.2. The phase stepping me-

thod and this part of the optical setup are discussed in more detail in Chapter 5.  

For an incident beam of 632.8nm wavelength, from equation (3-4), the maxi-

mum possible specimen grating frequency that results in first diffraction order emerge 

perpendicular to the grating plane is 1580 line/mm corresponding to the grating pitch 

of 632.8nm. However, to work at this value the incident beam should be at glancing 

angle to the specimen surface which is technically impractical. For the current study, 

a grating pitch of 760 nm was chosen. This value results in 83% of the ultimate reso-

lution limit for the optical setup. It should be note that this resolution is the initial res-

olution limit of the setup without any postprocessing on the interferogram data and is 

the result of treating the fringe pattern through equation (3-11). This resolution is im-

proved to higher accuracies with alternative approaches introduced in Chapter 5. The 

chosen specimen grating pitch requires an incident beam angle of 56.4º. This angle is 

set by the two prism mirrors mounted on precision rotation stage. 

In order to align the optical path such that the incident angle could be adjusted 

with a high accuracy, the rotation stages were mounted on two 14ò long posts. Anoth-

er optical rail was used to align the beam path within 0.2º parallel to post axis (1 mm 

in 350 mm). The zero point of the precision stage was found by reflecting back the 

incident beam such that it coincides with the aperture of the laser source, i.e. the beam 

is reflected back on its own path. These tolerances result in less than 0.5% error in 

estimated phase of equation (3-10).  
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As it was discussed earlier, when the specimen is loaded, the frequency of the 

specimen grating changes resulting in a variation in the angle of emergent of the dif-

fraction orders. From equation (3-4), the relationship between the angle of the diffrac-

tion pattern and the strain value is 

sinά = ‗Ὢί(


1 + 
) (3-12) 

This relation is shown in Figure 3-15, for the typical strain range of 10
-6 

to 

5×10
-1

. As shown in this figure, the maximum divergence value for 50% strains is 

within the half angle defined by the numerical aperture of the objective. This means 

that the full state of deformation can be tracked with constant setup parameters and no 

specific change is required during the course of deformation.  

 

 

Figure 3-15- Divergence of the diffracted beam due to specimen deformation. 
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Interferometric optical setups are very sensitive to mechanical and acoustic 

vibrations. The reason is that any movement along the propagation axis of the beam 

even in the order of nanometers is a large fraction of the wavelength. For example 

10nm vibration amplitude in one of the reflecting mirrors will result in 6º phase 

change in light wave which affects the fringe location and results in vibration of the 

fringe lines. Therefore, the setup should be isolated from vibrations. The vibration is 

much more critical when phase stepping method is used to extract the phase of the 

interferogram data which is discussed in Chapter 5.  

In order to avoid unwanted mechanical vibrations that are usually transmitted 

from the floor, the setup was assembled on a vibration isolation ST-UT2 optical table 

with I-2000 isolators. (Newport Inc., CA) This type of isolation provides passive iso-

lation to the mechanical floor vibrations. The table was upgradable to active dampers 

that actively control the vibrations on the table. However, the vibration level before 

and after turning on the active dampers was about the same and no significant change 

in the vibration level in lower frequencies were detected. Therefore, the active dam-

pers were returned to the vendor.  

In order to prevent the acoustic vibrations from reaching the optical setup, an 

acoustic isolation enclosure was made from a layer of PVC sheets covered by 1ò thick 

polyurethane-based acoustic absorber with Noise Reduction Coefficient (NRC) value 

of 76%. (McMaster Carr, OH) However, it turned out that the enclosure setup in-

creases the vibration level on the table and was, therefore, removed. 

The final optical setup is shown in Figure 3-16. 
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Figure 3-16- The optical setup for moiré interferometry. The beam path is shown in red. 
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