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Abstract 

The anelastic response in 500nm Au films has been studied through stress 

relaxation measurements using gas pressure bulge testing under iso-strain conditions. 

Samples were subjected to various processing techniques before testing to determine if 

these parameters affected steady state behavior of films. Stress relaxation experiments 

consisted of a rapid pressure ramp from zero strain to an applied strain of 0.1% and held 

for 3 hours. A series of such tests were conducted on each sample, one per day, to allow 

for any viscoelastic stress recovery.  

 Stress relaxation consisted of two components: a fully recoverable viscoelastic 

component and a non-recoverable plastic (creep) component.  The non-recoverable 

component decreased to zero after a series of three hour iso-strain tests, until a steady 

state was reached with purely a viscoelastic component remaining. By varying surface 

conditions on the film (passivation layer presence, titanium adhesive layers, SiNx 

substrate layers), it was concluded that at these temperatures and testing conditions result 

in a dislocation based mechanism for deformation rather than a surface and grain 

boundary diffusion based mechanism seen in other work. Dislocation double-kink 

nucleation is proposed as a possible mechanism for relaxation. 
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1. Introduction and Background 

1.1 Introduction 

Devices utilizing metal thin films are continuously growing in number throughout 

a wide range of engineering applications.  Of particular interest for the present work is 

the application called MicroElectroMichanical Systems (MEMS). Many MEMS devices 

use silicon as an electrical, mechanical, or optical element; but there are certain 

applications for which silicon has inadequate electrical conductivity or optical 

reflectivity. For these applications, metal films are often required. Although metal films 

generally have attractive electrical and optical properties, they also suffer from certain 

mechanical shortcomings that are not ideal for a MEMS device. The small-scale nature of 

thin films brings about a new regime of material properties that often are quite different 

from behavior of bulk materials. For example, it is often the case that the strength of a 

thin metal film is greater than that of its bulk counterpart, but toughness is often lower. 

Much work has been devoted to characterizing thin metal film mechanical properties, but 

the phenomenon of anelasticity (also known as viscoelasticity) has been given relatively 

little attention and must be better understood because it can have a significant effect on 

MEMS performance and reliability. This thesis presents work that will contribute to 

understanding the anelastic response in gold films subjected to a variety of interface 

conditions. Anelastic response is observed via stress relaxation measurements performed 

by bulge testing. Key goals of this work are to determine which interface conditions — if 

any — can reduce or eliminate anelastic behavior, and in doing so to determine whether 
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the mechanisms responsible for anelastic stress relaxation are the same mechanisms 

responsible for more commonly studied relaxation phenomena. 

1.2 Background 

1.2.1 Evolution of MEMS 

 
In itself, the development of integrated circuits is a remarkable advancement for 

the information era. Ultimately every corner of manufacturing, business, 

telecommunications, and transportation systems utilize computers and thus depend on the 

functionality and reliability of the integrated circuit.  Integrated circuits heavily depend 

on, and extensively use, thin film materials. Modern microprocessors contain millions of 

transistors; each of which requiring thin films to function. This translates to many 

hundreds of meters of thin metal wires used in interconnects within each microprocessor.  

The next evolutionary step in integrated circuits is the marriage of electrical 

components with mechanical components within a very confined space. Integrated circuit 

processing techniques allow for a very refined and tight combination of electrical and 

mechanical components. This arrangement is the crucial stepping stone for development 

of sensors and actuators with very small sizes, low costs, and better performances to 

conventional alternatives. These micro-electrical-mechanical devices (MEMS) are used 

in gyroscopes, optical displays, pressure sensors, biomedical devices and electronic 

switches. Sizes of these devices can range from several mm down to several hundred nm.  

Examples of some MEMS devices are shown in Fig. 1.1 [1, 2] Of particular interest for 

this study is a type of MEMS device which can be mechanically manipulated to alter 

radio-frequency (RF) signal paths.  
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Figure 1.1. MEMS deformable mirror (a) showing the mirror segments attached to thin 

springs. Underneath the mirrors are actuators that alter the mirrors positions [1], and (b) 

active structure of a 3D gyroscope [2]. 

 

1.2.2 Radio frequency MEMS 

 
Radio frequency (RF) MEMS devices often utilize a suspended membrane or a 

freestanding cantilever in their construction. They make use of mechanical movement of 

the membrane or cantilever to open and close electrical circuits and thus act as a switch.  

This mechanical movement can be attained by thermal, piezoelectric, magnetostatic or 

electrostatic actuation. Of interest to this study is electrostatic actuation of RF capacitive 

MEMS. The main areas of application for these types of switches include: Radar Systems 

for Defense Applications (5-94 GHz), Automotive Radars (24, 60 and 77 GHz), Satellite 

Communication Systems (12-35 GHz) and Wireless Communication Systems (0.8-6 

GHz) [3]. There are several advantages that accompany this application such as: reduced 

weight due to smaller size, little power consumption, high linearity, low insertion loss 

and lower cost than solid state switches [4]. 

A typical RF MEMS device can be seen in Fig 2. This switch actuates through 

attractive forces resulting from a charge applied to a lower electrode under the movable 
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film or cantilever. When the lower plate has no charge, the membrane is flat and the RF 

signal is transported from end to end. However, when a voltage is applied to the lower 

electrode, the membrane is pulled down to just above or in contact with the electrode. 

This “down” state shorts the RF signal to ground and no signal flows along the 

transmission line. The membrane is under tension while the pull-down voltage is on. 

Once the voltage is turned off on the stationary electrode, under ideal conditions the 

elastic energy in the stressed film pulls the membrane back to zero strain, separating it 

from the electrode. This opens the switch, allowing the RF signal to flow. Electronically 

speaking, RF MEMS switches can either function in a capacitive or metal-contact 

method. The difference between these two switch types is the presence or absence of a 

dielectric layer on top of the stationary electrode. For a capacitive switch, the film 

contacts the dielectric but never the metal pad beneath the dielectric. Signal is able to 

travel through the dielectric pad to ground and be diverted. In a metal-contact switch, the 

membrane directly touches a metal pad to ground to divert any signal. This process can 

be seen in Fig 3.  

When compared to solid state diode-based switches, capacitive MEMS switches 

have several distinct advantages. In addition to FETs and PIN diodes, there are many 

advantages RF switches have over conventional electromagnetic relays. These include: 

smaller size, lower power consumption, greater reliability (billions - hundreds of billion 

cycles), lower cost, and better performance [5]. However, some disadvantages include: 

environment sensitivity, lack of capability to handle high power, and greater isolation 

requirements [5].   



6 

 

 

Figure 1.2 Top view of a RF MEMS capacitive switch. The bowtie shape is a thin film 

metal membrane which is clamped at either end and is deflected downward by 

electrostatic force to close the switch 

 

Figure 1.3 Open and closed states of RF MEMS capacitive switches 

1.2.3 Mechanical behavior of thin films 

 
For RF MEMS and other types of MEMS, thin films can act as components that 

carry loads. These could be mechanical, such as hinges or springs in micro-mirrors, or 
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electrostatic, such as in RF MEMS. In either case, it is ideal to have a constant 

displacement for a given applied force to the beam, cantilever, or spring. It is therefore 

critical for development and manufacturing of these devices to understand how the films 

will behave over time. Thin film properties with the greatest influence on the lifetime and 

behavior of these devices are the residual stress, elastic/plastic behavior, anelastic 

behavior and fatigue.  

 Thin films are fabricated in a very different method from their bulk counterparts. 

Methods of fabrication include epitaxial growth, chemical vapor deposition, and physical 

vapor deposition processes. These processes very often result in residual stress in the 

films due to thermal expansion mismatch of the substrate and the film [6]. Residual 

stresses can be adjusted by altering substrate deposition temperatures during fabrication 

or post fabrication thermal cycling.  

1.2.4 Anelasticity  

 
Anelastic behavior is inherently different from either an elastic or plastic 

response. This behavior is very commonly found in polymers and in thin metal films [7-

9] where there is time dependent deformation as well as recoverable response once 

constraints are removed. When an elastic strain is imposed, the elastic modulus is simply 

defined through Hooke’s Law as E =  For a purely elastic case such as this (Fig 1.4 

a), a constant applied strain generates a constant state of stress, yielding a time 

independent modulus and a lack of deformation once the strain is reversed. In the case of 

time dependent plasticity, a material under a constant strain shows a time dependent 

reduction in stress followed by permanent deformation when the strain is reversed, Fig. 
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1.4 b. An anelastic response shows time dependent deformation without any permanent 

deformation, Fig. 1.4 c. In this case, the behavior can be modeled as a time-dependent 

elastic modulus, E(t) = (t) 

 

Figure 1.4 Elastic, plastic and anelastic behavior in materials 

 In the case of linear anelasticity, the time dependent elastic modulus is 

independent of the magnitude of stress and strain. It has been shown by Hyun et al. that 

thin metal films display a linear viscoelastic response to applied loads [10]. A linear 

elastic model can then be used to demonstrate the stress vs. time behavior dependent on 

strain history [11]: 





 d

d

d
tEtEt

t

o  
0

0

)(
)()()(     (1.1) 

where 0  is the residual stress in the material, 0 is the instantaneous applied strain and 

 dd )( is the strain rate. The time dependent modulus can therefore be expressed as a 

Prony series of saturating exponentials [12]: 
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where E0 is the instantaneous modulus and i  is the ith time constant. The time 

dependent modulus must obey the following rules: 

0,1,0,00   i

i

ii ppE                                  (1.3) 

Hyun et al. observed linear anelasticity in 1.16 um thick Al films. Using the bulge test, 

they determined time-dependent stress recovery behavior following stress relaxation. 

Also studied was change in stress relaxation due to different strain rates.  

1.2.5 Stress relaxation related reliability issues in RF MEMS capacitive switches 

 
Anelastic behavior of thin films is of crucial significance when attempting to 

lengthen the life of capacitive RF MEMS switches. There are typically two modes of 

operation for RF MEMS switches: the switch can be held open or closed for extended 

periods of time or it can cyclically be switched on and off at frequencies on the range of 

kilohertz or higher. In either mode of operation, if stress in the metal membrane relaxes 

with time while it is in the actuated state, the internal restoring force necessary for the 

film to return to zero stress will also decrease and the film will no lnger be flat when 

relased. These changes cause two failure modes: stiction and a change in pull-down 

voltage.  

The reduction in restoring force associated with stress relaxation can lead to 

catastrophic stiction, a typical failure mechanism where the membrane and dielectric 
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layer do not separate after the actuation voltage is turned off [13-14]. Once stiction 

occurs, the membrane restoring force will continue to decrease and permanent failure will 

occur.  

The actuation voltage required to close a switch is often as large as 40 V. It has 

been shown that the dielectric layer can retain trapped charges built up over time which 

slowly bleeds out after the voltage is removed [15]. This excess trapped charge creates an 

unintended attractive electrostatic force between the film and the dielectric. Over time, 

the restoring force in the film must continue to be high enough to overcome this trapping 

phenomenon. As switch cycles increase, so too does the amount of trapped charge in the 

dielectric layer and eventually the film’s intrinsic restoring force is not enough to 

overcome the electrostatic force. Once this occurs, the switch will fail in the down 

position. This effect can occur more quickly if stress relaxation within the film is present. 

Even if the stiction forces can be overcome, the stress relaxation that occurs in the 

down state leads to viscoelastic strain. This strain is manifested in a temporary change in 

the length of the membrane so that it fails to return instantaneously to its original flat 

shape. The gap between the film and the lower electrode is reduced and the film tends to 

pull down at lower voltage on the next actuation cycle. If severe, this is also considered a 

failure mode because the device is not operating according to the design parameters. 

Yan et al. observed both viscoelastic and viscoplastic stress relaxation in thin 

metal films [16]. The underlying difference between these types of time dependent 

behavior is that viscoplastic relaxation is not recoverable while viscoelastic behavior is. 

The degree of viscoplasticity also has been shown to decrease with time, whereas the 
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viscoelastic contribution is continuously present. As the lifetime of the switch extends, 

the viscoplastic dependence will diminish to a negligible level, while viscoelasticity will 

continue to be present. Previous work has shown that Au films and cantilevers with 

typical RF MEMS film thicknesses (1-1.2 um) display both an anelastic response and 

creep behavior [9, 17]. Each of these will reduce the restoring force in the Au film. 

1.2.6 Mechanical testing methods for thin film materials 

 
 Several commonly used methods have been developed for measuring time-

dependent mechanical properties of thin films. A developing technique is measuring 

creep compliance of viscoelastic materials via nano-indentation [18-20]. In this method, 

two types of indenting can be utilized. In each, a nano-indenting tip is brought in contact 

with the surface of a material. Either indent depth as a function of time under constant 

force is recorded or force as a function of time under constant strain is measured. The 

benefit of this technique is that any material can be tested (provided an adequately 

smooth surface) and the area of interest is very small. Hardness, elastic modulus, residual 

stress, fracture toughness and viscoelastic behavior can all be determined via nano-

indentation.  Drawbacks that must be considered are the stress state under the indenter is 

triaxial and thermal drift must also be accounted for over extended time periods.  

 Another technique widely used is the wafer curvature measurement [17,21-22]. In 

this type of experiment, the curvature of a film on a substrate is measured and then 

related to stress in the film by the Stoney equation [23]. Due to thermal mismatch 

between a thin film and the substrate, changes in temperature directly contribute to 

variations in stress between the film and substrate, causing the assembly to develop 
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curvature. The curvature of the substrate typically is evaluated by white light 

interferometry or lasers [17]. The Stoney equation relates the stress to the difference in 

radii of the substrate with and without a film: 

𝝈 =
𝑴𝒔𝒕𝒔

𝟐

𝟔𝒕𝒇
(
𝟏

𝑹𝟏
−

𝟏

𝑹𝟐
)      (1.4) 

where tf is the film thickness, ts is the substrate thickness, Ms is elastic biaxial modulus of 

the substrate, R1 is spherical radius of curvature of the composite film/substrate neutral 

plane, R2 is the spherical radius of curvature of the bare substrate mid-plane/neutral 

plane, and σ is the biaxial stress in the thin film. Both sample fabrication and 

measurement techniques are simple and this method can work with any type of film. 

However, the presence of a substrate can alter the mechanical properties of thin films. It 

has been shown that the presence of a substrate or a passivation layer can influence both 

plastic [24] and anelastic [22, 25] behavior of metal films.  

 The largest reason for this discrepancy from freestanding films is that passivation 

layers and substrates both constrain dislocation motion in films by pinning dislocations 

and preventing any annihilation at a free surface. This creates back stresses and causes 

the flow stress and yield stress to increase while at the same time reducing dislocation-

based relaxation mechanisms.  

 A third technique used for time-dependent thin film mechanical testing is 

microtensile testing [26-28]. This method requires use of an actuator with nanometer 

displacement control. Most often, piezoelectrics are used in these devices for their 

electronic sensitivity. The actuator applies a tensile load to a thin film and records the 

displacement and force, which can then be transferred to stress and strain [29]. The 
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benefit of this method is the ability to perform tests on freestanding films and eliminating 

substrate effects. Difficulties tend to arise during sample mounting and alignment.  

 In this study, we employ a fourth method utilizing the thin film bulge method [8-

10, 16, 30-31]. Applying a gas pressure differential across a thin film membrane allows 

for determination of Young’s Modulus and tensile residual stress. In this setup, samples 

are created via standard semiconductor fabrication technique to create a freestanding 

rectangular thin film membrane with known geometry etched out of a substrate. The 

pressure differential across the membrane due to added gas on one side forces the 

membrane to deform elastically. Measurements of pressure and bulge height can be 

converted to stress and strain, respectively. The height of the bulge can be determined in 

several ways including light interferometry [30] or by capacitance measurements [8-10]. 

Advantages of bulge testing techniques include measurements of freestanding films 

without the difficulties of sample mounting and alignment that are common in tensile 

methods, and also the ability to independently apply a temperature change and a strain 

change.  

1.2.7 Common theories of time-dependent deformation in metal thin films 

 
 The most accepted time-dependent deformation mechanism theory is grain 

boundary diffusion [21-22] due to the fact that grain boundaries act as diffusion short 

circuits in metals [31-33] and thus have a faster flow of vacancies/atoms than bulk 

diffusion. Thin films are noticeably susceptible to grain boundary diffusion due to small 

grain size and a larger volume fraction of boundaries (compared to bulk metals). Coble 
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creep is more sensitive to grain size than Nabarro-Herring creep, suggesting that Coble 

creep will dominate the creep rate in very fine grained materials [35-36]   

 Another proposed viscoelastic mechanism is obstacle controlled dislocation glide, 

where dislocation motion is hindered by obstacles such as other dislocations, grain 

boundaries, solute atoms, or precipitates [37]. The degree of strengthening depends on 

the energy needed to overcome the obstacles without aid from external stress. If a 

dislocation is pinned by these obstacles, under applied stress the dislocation will bow out 

and create a radius of curvature. As the stress is removed (time dependent) the bowed out 

dislocation will return to its original shape. 

 A third viscoelastic mechanism is grain boundary sliding, where under an applied 

load, shear stresses across boundaries cause the grains to slip past each other [38-39]. It 

should be noted that without bulk and grain boundary diffusion, voids at triple points 

would nucleate due to sliding. This process this therefore coupled with diffusion 

processes to conserve volume.   

1.2.8 Material parameters affecting viscoelastic response in metal thin films 

 
 Time dependent deformation can be divided into two regimes: viscoplastic and 

viscoelastic. The first describes time dependent permanent deformation under an applied 

load. Viscoplasticity is similar to creep [3,17,19]. The latter describes time dependent 

deformation that gradually disappears when the load is removed. The viscoelasticity 

phenomenon is perpetually present in thin metal films, whereas the capacity for 

viscoplasticity decreases over time until its contribution is negligible. 
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One method to attempt to reduce permanent time-dependent deformation is to add 

an oxide passivation layer [22-23,40]. In a typical unpassivated thin film, surface 

diffusion can enable stress relaxation through the formation of grain boundary grooves. 

In addition, applied stresses promote nucleation and motion of dislocations that may 

move to the surface and annihilate. Adding a passivation layer reduces surface diffusion 

and can prevent the formation of steps at the surface; thereby hindering dislocation 

surface annihilation. Dislocations pile up at the interface and create back stresses on the 

sources [24,40-41]. This passivation layer reduces the effect of viscoplasticity as well as 

viscoelasticity by increasing the back stress on dislocation sources until they can no 

longer emit a dislocation [24]. This in turn limits amount of deformation under an applied 

strain. Shen et al. also noticed a significant degree of stress relaxation at high 

temperatures for unpassivated thin Cu films. Yet passivated Cu films did not exhibit 

significant stress relaxation at these temperatures. They attributed this fact to the 

prevention of surface atomic diffusion from relaxing the stress and the constrained 

dislocation motion due to the passivation.  

 In addition to passivation and temperature effects, gain size also has been seen to 

play a role in viscoelastic/viscoplastic response of thin films [42-43]. In these cases, grain 

boundaries and surfaces controlled material creep at room temperature. In Gall et al. [17], 

they examined the thermomechanics of creep in thin Au film on curved bimaterial Au/Si 

microcantilevers. By measuring curvature of the microcantilevers over time, they 

determined time-dependent inelastic strains in Au films. They concluded that inelastic 
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behavior in thin films is dependent on annealing temperature, grain size, film stress, and 

degree of passivation.  

Lin et al. [41] further examined the effect a passivation layer has on stress 

relaxation in gold films by measuring changes in curvature of Au-Si microcantilevers. 

Using differences in thermal expansion coefficients between gold and Si, Lin was able to 

quantify the relative temperature dependence of residual stress in a film upon heating 

with and without the presence of an atomic layer deposition (ALD) layer of aluminum 

oxide. They determined that adding ALD coatings to films greatly reduces the change in 

film residual stress that occur when the film is heated between 20-200°C.  

Lin also ran isothermal tests at elevated temperatures for 60 hours to determine 

the degree of stress reduction with time. Increasing passivation layer thickness on the 

metal films greatly reduced the degree of stress relaxation seen. However, this testing 

style results in non-equilibrium stress relaxation; meaning the degree of relaxation is 

dependent on the current film stress and strain. In this case, as the film relaxes, it changes 

shape. This shape change then causes the driving force for stress related atomic diffusion 

to go down. This procedure for testing stress relaxation may induce different mechanisms 

for deformation than an iso-strain stress relaxation test. For iso-strain tests, the film is in a 

state of equilibrium and will not change shape, nor will the degree of stress relaxation 

depend on current stress in the film.  

The positive effects of an ALD layer on the stress relaxation of gold thin films is 

very encouraging but there are limitation to the Lin study that motivate additional 

investigation. First, Lin et al. induced strain thermally so they were not able to separate 
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temperature effects from strain effects. Second, the temperatures at which the relaxation 

occurred were fairly high for a MEMS device: typically well over 100 C. Finally, the 

isothermal stress relaxation was not separated into viscoplastic and viscoelastic 

components so it is not known if the ALD layer affected both phenomena. 

1.2.9 Outline of this thesis: 

 
 In the following chapters, viscoelastic stress relaxation and changes in 

viscoplasticity are measured using gas pressure bulge testing at typical switch operating 

temperature (20°C). The effects of passivation layer on the degree of viscoplasticity is 

compared between specimens. Initial stress relaxation behavior and steady state 

relaxation behavior are also compared between tests in an effort to better understand the 

long term behavior of thin film capacitive/metal contact RF MEMS switches. 

2. Experimental Procedure 

2.1 Sample design and fabrication 

 For gas bulge testing, specimens consisted of a thin film with known thickness 

suspended over a 12mm by 3mm rectangular window. These windows were at the center 

of a 20mm by 20mm Si die, shown in Figure 2.1. Bulge samples were fabricated from 

standard semiconductor fabrication methods seen in Figure 2.2. 
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Figure 2.1 a) Bulge sample bottom view, and (b) cross section view.   

 Silicon dies 725 μm thick were coated on both sides with 210 nm of SiNx. The 

back side of SiNx was patterned by standard photolithography to create a 3mm by 12mm 

window through etching. The silicon in the window region was etched with 45wt% KOH 

at 85˚C until only the top SiNx remained, spanning the window. Acting as an adhesive 

layer, a 20nm film of Ti was sputtered at 200°C using DC magnetron sputtering on the 

front side over the SiNx. Gold thin films were then deposited over the Ti at the same 

temperature. After metal deposition was completed, the SiNx window membrane was 

etched away using reactive ion etching (RIE). This resulted in a freestanding Au/Ti thin 

film for pressure testing. Deposition and patterning of the SiNx films was carried out at 

Bell Laboratories. Etching of silicon and metal deposition were done at Lehigh.  

 At this point in production, the gold film is under tensile stress after cooling from 

200°C due to differences in expansion coefficients between silicon and Au. For bulge test 

purposes, it is required that the film is perfectly flat when no pressure is applied; i.e. the 

film must be under tensile stress to prevent buckling and give reliable results [44]. The 

remaining SiNx was removed using reactive ion etching with CH4 gas, leaving behind a 
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freestanding film of 20nm Ti and 500nm Au. At this point, atomic layer deposition 

(ALD) was carried out on the samples at different stages of testing the testing process. 

 

 

Figure 2.2 Steps of Sample Fabrication for Bulge Testing 

2.2 Fabrication of Au films and surface treatments 

 To limit the effect variation in Au microstructure has on testing to a minimum and 

analyze only the effect ALD has on viscoelastic/viscoplastic response of the films, all 

gold sputter parameters were identical for each sputtering event. Each film was sputtered 

at 200°C at a power of 150W for both Ti and Au. The sputter chamber has multiple 

targets, making dual sputtering possible. Samples were sputtered at 200°C to provide 

tensile stress across the film at room temperature and to create a thermally stable 

microstructure during ALD deposition at 80°C. 

Three samples were created and each subjected to a different order of operations 

with respect to testing and passivation coating. The first of the three was taken from the 

sputter chamber after venting and allowed to sit in air for 2 weeks before ALD occurred. 
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After ALD, the sample was bulge tested at room temperature under iso-strain conditions 

to determine the viscoelastic/viscoplastic response. The second sample was taken from 

the sputter chamber and immediately subjected to ALD processing. After ALD coating, 

the sample was subjected to identical bulge testing like sample 1. At this point, any 

change in behavior between sample 1 and sample 2 will be due to the time at which ALD 

coating occurred. If there is a change in behavior between the two, it will be attributed to 

the degree of adsorbed elements that coat the surface during the 2 week sit. 

The third sample was taken from the sputter chamber and immediately put in the 

bulge apparatus for testing. After testing, the sample was subjected to ALD coating 

before again being bulge tested. For sample 1, it is possible that a 14 day delay between 

sputtering and coating with ALD could allow enough adsorbed atoms on the film surface 

to change the interface between Au and ALD as compared to a film that underwent 

immediate ALD coating. It is also very likely that sample 3 will have accumulated 

enough adsorbed surface atoms during the initial bulge testing to see similar surface 

conditions to sample 1. Testing the time dependence of ALD and its effect on steady state 

behavior between sample 1 and 2 (waiting two weeks before ALD vs. immediate ALD) 

essentially act as a way of simulating what is happening to the surface of sample 3 

without subjecting sample 2 to bulge testing. A schematic of the testing conditions and 

procedures is shown in Figure 2.3.  

To eliminate any additional variables titanium may have on viscoelastic response, 

two additional samples were created. The first baseline sample followed the exact same 

steps in Figure 2.2, however, there was no titanium sputtering step. This sample acts as a 
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baseline for any effect alloying may have on viscoelastic response. The second baseline 

test follows the same steps in Figure 2.2 but does not undergo RIE of SiN. This sample 

will determine any effect SiN may have on viscoelasticity.  

 

Figure 2.3 Au films under identical sputtering conditions with testing procedures 

2.3 Bulge testing 

2.3.1 Bulge measurement technique 

 
Bulging of the membrane can be controlled by manipulating the change in gas 

pressure across the film. This difference in pressure is established by first maintaining 

vacuum on both sides of the membrane before introducing argon pressure on the back 

side of the film. The argon pressure is controlled via an MKS pressure controller set up 

with a LabView program. The overall height change of the film is determined via 

changes in capacitor signals. In this experiment, the bulging film itself is treated as one of 

the plates of a capacitor (Figure 2.4) and changes of the bulge capacitance are recorded as 

a function of applied pressure to the film. In the figure, B is the gap spacing between 
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plates, D is the membrane width, H is the height of the bulged film, R is the induced 

radius of curvature created by the bulge, and b is the length of the membrane. 

 The setup consists of a fixed capacitor plate 6 mm by 6 mm surrounded by a 

closely spaced guard ring set to ground in order to limit the fringing field. This plate is 

positioned over the center of the 3mm by 12mm membrane specimen set 165 μm away. 

The size of the plate opposite the membrane is wide enough so that the capacitance is 

insensitive to exact specimen placement. It is also short enough to measure only the 

central 6mm of the bulge, avoiding both ends with the more complicated shape. Vlassak 

and Nix [30] have found that for a rectangular membrane with an aspect ratio greater than 

4, the deflection at the center of the membrane can be approximated with the exact 

solution for an infinitely long rectangular membrane. This setup takes advantage of this 

approximation and only measures height changes of the mathematically simpler region.  

             

Figure 2.4 Method of bulge test with known geometrical parameters 
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Figure 2.5 Electrical setup of bulge test 

Figure 2.5 depicts the electrical circuit setup for capacitance measurements. In 

order to directly measure the capacitance, function generators apply a sine wave of 100 

kHz to the bulge capacitor and a reference capacitor with known capacitance. The two 

sine waves are phase locked and shifted 180˚ to make them completely out of phase with 

one another. The phase currents from each capacitor are summed in a charge sensitive 

preamplifier which sends the output to a lock-in amplifier whose reference signal is from 

one of the function generators. Changing the amplitude of one of the 100 kHz signals 

allows the current flowing through the two capacitors to be equal. This will show a lock-

in signal of zero. At this point of balance, the ratio of the two capacitances is inversely 

proportional to the ratio of amplitudes of peak-to-peak voltage of the two sine waves. To 

develop a linear relationship of lock-in output vs. current difference curve, the AC 
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voltage applied to the bulge capacitor is arbitrarily offset by a small amount. This offset 

creates a directly proportional change of lock-in signal and bulge capacitance while 

avoiding the sum of voltage reaching 0. The relationship between bulge capacitor and 

reference capacitor can be seen below: 

𝑳 = 𝒌(𝑽𝟎𝑪𝟎 − 𝑽𝟏𝑪𝟏)                      (2.1) 

where L is the lock-in signal, k is a lock in constant calibrated for the lock in amplifier, 

V0 is the applied voltage to the bulge capacitor, C0 is the capacitance value of the bulge, 

V1 is the applied voltage to the reference capacitor and C1 is the capacitance of the 

reference capacitor. As the thin film is bulged due to an increase in pressure, any change 

in the lock-in signal will be due only to the bulged membrane. Any change in lock in 

signal can be translated to a change in bulge capacitance of the membrane. 

  Because the system is based on capacitance measurement, by measuring 

capacitance, C, between the membrane and the fixed electrode, the radius of the film can 

be calculated: 

222

222

22

0

44

44

arctan4

4

DDRB

DDRB

D
DR

bC





















             (2.2) 

where ε0 is the permittivity of free space (8.854 X 10-12 F/m), b is the effective width of 

the capacitor plate on the fixed electrode (6.17 mm; to account for fringing fields, 0.17 

mm must be added), and D is the width of the membrane (3 mm). 

The bulged membrane in the center region can be treated as a cylindrical surface 

with radius, R (Figure 2.4). This allows the stress to be approximated as: 
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Rp 
                              (2.3) 

where p is the gas pressure and t is the membrane thickness. Strain of the membrane is 

defined by: 
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where D is the width of the membrane in Figure 2.4. 

Because of the complexity of Equation 2.2 in deriving R followed by H, it is 

much simpler and computationally time effective to create a 4 term polynomial function 

relating delta C to bulge height. By adjusting the input parameters for membrane 

geometry, the delta C vs H plot can easily be created to quickly convert the capacitance 

values output from Labview into stress and strain. An example of a fitting function used 

is given in Figure 2.6. 
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Figure 2.6 Example of 4 term polynomial fit function to describe the relationship between 

C and bulge height. 

 

Thickness of metal layers and ALD thickness were determined via EPMA and the 

Pouchou Pichoir Method [45]. Film thickness is determined via the k-ratio of signal for a 

given element in the film compared the signal of the pure element. A phi-rho-z fit was 

also used during analysis. Using silicon as a substrate, SiKα photons did not have enough 

energy to penetrate Au or Ti thin films, which simplified phi-rho-z relationships. It was 

experimentally determined that ALD thickness was 7.5nm, Au thickness was 500nm, and 

Ti thickness was 17nm. 

 Surface passivation thickness required a deposition process that created a 

stoichiometric coating. It has been proven [46] that for Al2O3 films deposited using 

trimethylaluminum (TMA) and H2O at deposition temperatures as low as 58°C created an 

element ratio of O/Al of 1.5. For this reason, ALD was conducted using TMA and H2O at 
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a temperature of 80°C. Because Au and Ti were sputtered at 200°C, the metal films 

should be microstructurally stable at 80°C during ALD. 

2.3.2 Stress relaxation experiments 

 
 Viscoelastic behavior of Au films was examined by keeping films at a fixed 

applied strain of approximately 0.1%.  Pressure required to reach 0.1% strain was 

determined via a pressure ramp similar to Figure 2.7. From these pressure ramps, both the 

biaxial modulus and the residual stress can be determined. Each sample was tested at 

different pressure loading/unloading rates to determine the change in biaxial modulus 

with rate. For all tests, the biaxial modulus was taken from data between 0.08% and 0.1% 

strain on the unloading portion of the curve to further reduce the effect that the pressure 

ramp may have on biaxial modulus measurements.  

 Because of the plane strain loading conditions applied to the film, all modulus 

numbers taken during testing are referred to as the plane strain modulus. Converting to 

uniaxial modulus, E, requires use of Poisson’s ratio: 

𝑬 = 𝑬𝑷𝑺(𝟏 − 𝒗𝟐)     (2.5) 

where EPS is the plane strain modulus and v is Poisson’s ratio (0.42 for Au). A plane 

strain modulus of 95.9GPa translates to a uniaxial modulus of 79GPa. In this study, all 

drops in modulus with time during iso-strain tests are normalized to the initial modulus 

from the pressure ramps. Stress relaxation experiments were run for 3 hours each. 
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Figure 2.7 Typical pressure ramp to determine plane strain modulus and residual stress in 

films 

 

 For consistency, all runs for every sample had to be switched from pressure ramps 

to iso-strain holds in the same manner in order to keep start times of stress relaxation 

recordings constant. Switching from ramp mode (mode 1) to iso-strain mode (mode 2) 

requires the film to be in a stable condition where the film capacitance has stabilized 

(pressure applied to the film is constant). Empirical results show that waiting 5 seconds 

after the ramp has reached the desired pressure on the up-swing (there is slight overshoot 

in pressure before equilibration at desired pressure) before switching to mode 2 creates 

the smoothest transition in the software. Iso-strain start times for modulus recordings 

therefore start 5 seconds after the initial pressure has been reached. 
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3. Results and Discussion 

3.1 Iso-strain conditions for pure gold  

 As a baseline for experiments, a pure 500nm gold sputtered film was created in 

order to determine any effects a passivation layer or a titanium adhesive layer may have 

on initial and steady state anelastic behavior (Figure 3.1). The normalized effective 

modulus was calculated for all tests as the plane strain modulus at a given time M(t), 

divided by the initial modulus M(t=0). The normalized effective modulus is calculated 

using: 

)(

)(
)( 0

t

t
tM



 
                                                        (3.1) 

where σ(t) is the stress in the film at a given time, σ0 is the residual stress in the film 

calculated from a pressure ramp, and ε(t) is the strain at any given time (constant in iso-

strain conditions as 0.1%) The first run normalized modulus initially decreased to 0.756. 

This indicates a drop in modulus to just 75.6% of the initial modulus. 
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Figure 3.1 Normalized modulus iso-strain curves for pure freestanding gold 

An additional 3 runs were conducted at 0.1% strain after the first run was 

completed to determine steady state behavior. In order to determine the pressure required 

to reach the prescribed strain of 0.1%, pressure ramps were conducted at least 18 hours 

after each iso-strain run completion in order to allow enough time for total recovery in 

the film. These ramps would provide not only the required pressure, but would also 

identify any changes in modulus or residual stress. A plot of plane strain modulus and 

film residual stress for each run is shown in Figure 3.2.  

Plane strain modulus values for gold (and all subsequent tests) are all relatively 

constant at about 93 GPa, which translates to a uniaxial modulus of 76.6 GPa. This value 

corresponds well to literature values of 78 GPa. The degree of change in residual stress in 

the film with respect to run number can qualitatively correspond to the degree of 

viscoplasticity acting in the film. Before testing, when the viscoplastic behavior has not 
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yet been exercised, the residual stress is highest at 59.2 MPa. After run 1 is completed the 

residual stress drops 18.5% to 48.2MPa. After this first initial drop, the residual stress 

levels off to roughly 46.6MPa. The decrease in viscoplastic response of the film displays 

similar behavior to that of residual stress. The large drop in viscoplasticity between run 1 

and run 2 suggests that stabilizing the residual stress in the film through each run cycle 

may have an effect on the viscoplastic behavior of the film.  

 

Figure 3.2 Modulus and residual stress changes in pure Au film throughout testing cycles 

 
3.2 Iso-strain conditions for uncoated sample 

Anelastic behavior of 500nm of gold deposited on 20nm of adhesive Ti was also 

analyzed. It is apparent that the initial relaxation curve follows a similar path as the pure 

Au case, however the Au/Ti film had a slightly larger normalized modulus reduction 

compared to pure Au; 35.4% and 24.4% reduction respectively (Figure 3.3). However, 

steady state behavior between the two is close at 11% for the pure Au and 13.3% 

reduction for the Au/Ti film. This suggests that the presence of titanium as an adhesive 

layer does very little to change the steady state behavior at this testing temperature 
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despite the differences in grain size. Previous tests of pure gold films under the same 

processing conditions displayed a grain diameter of 460nm [36]. The Au/Ti films from 

this work had a resulting grain size of 174nm. However, at room temperature, despite the 

increase in grain boundary volume for Au/Ti, samples behaved in a very similar manner 

to the pure Au film, suggesting that grain boundary diffusion is not a significant 

contributor to viscoelasticity at this temperature.  

 

Figure 3.3 Normalized modulus iso-strain curves for freestanding uncoated Au on 

Titanium 

 

Residual stress in the uncoated Au/Ti film is much higher than the pure Au film. 

This could be due to a lower substrate induced residual stress in the film caused by a 

lower adhesive strength between Au and SiNx than Ti and SiNx. However, with respect to 

viscoplasticity and drop in residual stress, the same trend seen in the pure gold film is 

apparent in the Au/Ti film. There is statistically no difference in residual stress values 

between subsequent tests after test 1 has completed. Also, the relatively large change in 
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viscoplastic behavior between run 1 and run 2 is also very apparent in figure 3.3. After 

run 2, there is only slight changes in anelastic response compared to steady state 

behavior. 

 

Figure 3.4 Modulus and residual stress changes in uncoated Au on Ti film throughout 

testing cycles 

 

3.3 Iso-strain conditions for ALD coated samples 

 Three separate ALD samples were prepared in order to determine whether steady 

state behavior is susceptible to a passivation layer, and if so, is there any time dependence 

for when the passivation layer was created relative to sample creation. In addition, any 

changes a passivation layer may have on an uncoated sample already at steady state were 

also analyzed. 

 In Figure 3.5, the normalized time dependent plane strain modulus reduction for 

each subsequent iso-strain run is shown for the sample immediately subjected to surface 

passivation. In this scenario, after sputter deposition and RIE etching of SiNx, the sample 

was quickly subjected to ALD surface treatment. It is apparent that even with the 
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presence of a passivation layer, the initial relaxation behavior is comparable to uncoated 

samples. With an initial modulus reduction of 27.3%, it is within the range of the pure Au 

and uncoated Au/Ti sample. The steady state condition is statistically indistinguishable 

from steady state conditions in the pure Au and uncoated Au/Ti samples. A compilation 

of initial modulus reduction and steady state modulus reduction can be seen in Table 3.1 

for pure gold, gold on titanium, and for various Al203 treatments.   

 

Figure 3.5 Normalized modulus iso-strain curves for freestanding Au on Ti coated with 

passivation layer immediately after film sputtering 
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Figure 3.6 Modulus and residual stress changes throughout testing cycles of Au on Ti 

films subjected to passivation immediately after sputtering 

 

Figure 3.7 shows the normalized time dependent plane strain modulus reduction 

for each iso-strain run for a sample which was delayed 2 weeks after sputtering before 

subjected to ALD coating. Figure 3.8 shows the same behavior for a sample subjected to 

surface passivation deposition after the uncoated sample had reached steady state 

behavior. Note, the second run in Figure 3.8 exhibited signal drift in the function 

generators creating an artifact that appears to make the reduced modulus increase in time. 

This run was ignored.  
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Figure 3.7 Normalized modulus of iso-strain curves for coated Au on Ti. Passivation 

layer was deposited 2 weeks after initial sputtering. 

 

 

Figure 3.8 Normalized modulus of iso-strain curves for ALD coated Au on Ti. 

Passivation layer was deposited after uncoated sample had reached steady state 

conditions 

 

Figure 3.9-3.11 show the change in residual stress for each run for the three ALD 

coated samples. The same trends seen above for the uncoated samples is apparent in the 



37 

 

ALD coated samples. It appears that 7.5nm passivation layer thickness is insufficient in 

preventing stress relaxation throughout test cycles in the films at this temperature.  

 

Table 3.1 Compilations of initial and steady state behavior of samples tested 

 

Figure 3.9 Modulus and residual stress changes throughout testing cycles of Au on Ti 

films subjected to passivation immediately after sputtering 

Modulus % Reduction

Pure Au Initial 24.4

Steady State 11

No ALD Initial 35.4

Steady State 13.3

Immediate ALD Initial 27.3

Steady State 11.1

14 day sit then ALD Initial 25.9

Steady State 10

ALD after steady state Initial 22.7

of uncoated sample Steady State 10.6
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Figure 3.10 Modulus and residual stress changes throughout testing cycles of Au on Ti 

films subjected to passivation 2 weeks after sputtering 

 

 

Figure 3.11 Modulus and residual stress changes throughout testing cycles of Au on Ti 

films subjected to passivation after uncoated sample reached steady state conditions 

 

 Figure 3.12 and 3.13 show the effect iso-strain cycles have on plane strain 

modulus and residual stress, respectively. It can be seen that after recovery, each 
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sample’s modulus returns to the original value. However, residual stress in the film has a 

noticeable change with respect to number of iso-strain runs.   

Initial and steady state comparisons of tests are shown in Figure 3.12 and 3.13, 

respectively. Sufficient variability in the data and lack of statistical reliability prevents 

conclusive differentiation between initial and steady state stress relaxation behaviors 

between samples. It can be concluded that at these temperatures the effect an ALD 

coating has on steady state behavior seems to be nonexistent. The pure Au film behaved 

identically to Au/Ti films with/without ALD, suggesting that the Ti adhesive layer does 

not contribute to any behavior change at this temperature. 

 

Figure 3.12 Initial stress relaxation behavior of tests 
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Figure 3.13 Steady state behavior of all tests 

3.4 Iso-strain conditions for film on SiNx substrate 

 To determine if the SiNx had any effect on initial or steady state behavior, an 

additional sample under identical fabrication procedures was tested. The presence of SiNx 

can be excluded from analysis via the equation for composite modulus: 

𝑴𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆 =
𝑴𝑨𝒖𝒕𝑨𝒖+𝑴𝑺𝒊𝑵𝒕𝑺𝒊𝑵

𝒕𝑨𝒖+𝒕𝑺𝒊𝑵
    (3.2) 

where MAu is the experimentally determine plane strain modulus of gold, tAu is the gold 

film thickness, MSiN is the plane strain modulus of SiNx, and tSiN is the thickness of SiNx. 

In order to empirically determine the plane strain modulus of SiNx, the modulus of pure 

Au films was used through equation 3.2. This produced a silicon nitride modulus of 

160GPa. This number is much lower than literature values, due to the likelihood that SiNx 

may have been partially etched during the KOH etch of silicon. SiNx, has been shows to 
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etch at about 1nm/hour under the 45%KOH at 85°C [47]. This would create a thinner 

film of silicon nitride and create a lower modulus under the assumption that the film 

stayed 210 nm thick. The exact modulus value for SiNx in this experiment was not 

significant because its contribution to Au relaxation behavior was removed from analysis. 

Figure 3.14 displayed the anelastic behavior of gold film on a SiNx substrate. It can be 

seen that the overall behavior follows a similar trend to samples not tested with SiNx. 

 Initial drop in normalized plane strain modulus for Au/Ti thin films on silicon 

nitride was very similar to previous test behavior. For the first run, the modulus dropped 

23.3% from initial modulus value. Steady state behavior displayed a drop in normalized 

modulus of 10.9%. It can be concluded that at these testing temperatures there is no 

statistical change in film behavior with or without the presence of a SiNx substrate for 

either initial or steady state behavior. 

 

Figure 3.14 Normalized modulus of iso-strain curves for coated Au/Ti on SiNx.  
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3.5 Iso-Strain Conditions with 20nm TiO2 

 A final test was conducted to determine the effect surface oxide thickness may 

have on anelastic behavior. Due to a depleted source of TMA for Al2O3 ALD, the 

precursor was switched to TDMAT and deposited at 80°C. Instead of 7.5nm Al203 

passivation layer on previous tests, this test had 20nm thick layer of TiO2. For these 

experiments, the actual composition of the passivation layer was less important than its 

presence and any resulting effect on film behavior. Previous tests with Al203 had a total 

thickness of 15nm (7.5nm on the top surface and 7.5nm on the bottom surface). The 

effect 15nm of Al2O3 has on the gold film modulus was ignored due to the total thickness 

being much larger and the fact that amorphous Al203 has a bulk modulus very similar to 

gold at 70GPa [48].  

Unlike Al2O3, the contribution of an additional 40nm of TiO2 cannot be ignored. 

Because the modulus of amorphous TiO2 has been shown to range between 140-170 GPa 

[48], its effect on composite modulus was also removed from analysis the same way the 

SiNx substrate was removed from analysis by Eq. 3.2. For better comparison, all tests 

conducted only analyze the behavior of gold (and sometimes Au/Ti) rather than a 

composite modulus.  

Figure 3.15 shows the normalized modulus of iso-strain curves for Au/Ti films 

coated with 20nm on each side with TiO2. The same behavior in previous tests can also 

be seen for the sample with a much larger passivated thickness. Initially the normalized 

modulus drops to 74.2 - or a drop of 25.8%. At steady state, the viscoelastic response 
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shows a modulus drop of 12.3%. Figures 3.16 and 3.17 show combined plots of all tests 

for initial behavior and steady state behavior, respectively.  

 

Figure 3.15 Normalized modulus of iso-strain curves for 20nm of TiO2 on Au/Ti film 

 

Figure 3.16 Initial stress relaxation behavior for tested samples 
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Figure 3.17 Steady state behavior for all tested sample 

It can be seen from figure 3.17 and table 3.2 that surface passivation layer type, 

thickness, and deposition time with respect to film exposure to atmosphere have no 

statistical effect on steady state behavior of Au/Ti thin films. It also can be concluded that 

a titanium adhesive layer does not change the steady state behavior; even though Au/Ti 

films have a smaller grain size (174nm) compared to pure Au (460nm). 
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Table 3.2 Compilation of initial and steady state % drops in biaxial modulus of films 

 
3.6 Theories for comparable iso-strain behavior of tests 

3.6.1. Ti Passivation Layer 

 
 There are several possible reasons why initial and steady state behavior of 

conducted tests behave in such a similar manner. The first theory is that during 200°C 

sputtering of films, Ti may have sufficient diffusivity in gold (most likely through grain 

boundaries) to have enough presence on the surface of the film after 500nm of Au is 

sputtered. It has been determined that the diffusion coefficient of Ti in Au at 200°C is 

5.7x10-18 cm2/s [49]. At this temperature, there may be sufficient driving force for 

diffusion during Au sputtering to slightly coat the final surface of Au with a thin layer of 

Ti. If this occurs, the surface Ti will oxidize when exposed to ambient environment and 

become a passivation layer. The intrinsic passivation layer will then cause any additional 

ALD coatings to be redundant. The intrinsic TiO2 layer would then be the primary cause 

Modulus % Reduction

Pure Au Initial 24.4

Steady State 11

No ALD Initial 35.4

Steady State 13.3

Immediate ALD Initial 27.3

Steady State 11.1

14 day sit then ALD Initial 25.9

Steady State 10

ALD after steady state Initial 22.7

of uncoated sample Steady State 10.6

Au-Ti on SiNx Initial 23.4

Steady State 10.3

20nm TiO2 Initial 25.8

Steady State 12.3
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of stopping diffusion and dislocation annihilation. A schematic of this theory is presented 

in Figure 3.18. 

 

Figure 3.18 Schematic portraying titanium diffusion to the surface via the grain 

boundaries. 

 

 To test this theory, and determine if there is any titanium on the surface of 

uncoated films, Low Energy Ion Spectroscopy (LEIS) was conducted on an uncoated 

Au/Ti sample. Primary ion beam consisted of 3 keV He+ with a dose of 2x1014 ions/cm2. 

Sputter cleaning of the sample was done with 0.5kV Ar+ at a dose of 1x1015/cm2 – 

corresponding to about 1 monolayer of removed material per dose. Three separate scans 

were conducted. The first scan was done without ion cleaning of the surface, allowing 

detection of adsorbed atoms. The second scan was conducted after 1 dose of cleaning to 

remove 1 monolayer. The third scan was conducted in a different region with 2 doses of 
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cleaning to remove 2 monolayers. The recorded peaks for each scan can be seen in figure 

3.19.  

 Without cleaning the surface, contaminant elements from ambient environment 

(C, O, K) are labeled. There is a very small peak where Au should be, however it is 

reduced significantly due to the presence of contaminants. There is no evidence of a 

titanium peak under these circumstances.  

 Subjecting the surface to one dose of cleaning (one monolayer removal), there is 

appears to be no evidence of titanium. A second dose of cleaning proves that there is no 

titanium at the surface and the entirety of surface atoms are gold atoms.  

 A depth profile was then taken in another region of the film in attempt to discern a 

potential change in Ti concentration near the surface. Figure 3.20 shows the depth profile 

of Au signal and an integral signal taken from the low energy part of the spectra. The Au 

signal appears to reach a plateau in signal strength. The low energy integral signal is 

indicative of the level of surface contamination, which also plateaus at the same depth as 

the Au plateau. It can be concluded that this techniques sensitivity limit (approx. 0.1 

atomic%) cannot detect any Ti for the first several monolayers of material. This 

technique adequately disproves the possibility of titanium diffusion to the surface of the 

gold. 
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Figure 3.19Au/Ti film LEIS analysis showing presence of atoms on the surface, one 

monolayer deep, and 2 monolayers deep 

 

 

Figure 3.20 Depth profile showing a plateau of gold signal with depth 
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3.6.2. Grain Boundary Sliding 

 
Another mechanism that has been known to induce anelastic response in films is 

grain boundary sliding/diffusion [50]. Wei et. al. examined partially recoverable creep 

deformation from heterogeneous grain boundary sliding of 50nm films in FCC metals at 

temperature between 300-500K. They argue that theoretical modeling, experiments, MD, 

simulations, and discrete dislocation simulations suggest GB diffusion plays an important 

or dominant role in unpassivated Cu films thinner than 200nm. They also observed a 

transition from diffusion/sliding-dominated deformation in 50nm thick films to a 

dislocation dominated deformation behavior in 200nm thick films. For current films of 

500nm thicknesses, it is likely the deformation mechanism is not grain boundary 

diffusion/sliding, but dislocation based. 

3.6.3. Dislocation Based Mechanism 

 
 Additional mathematical approximations can be made to support the dislocation 

motion theory over other mechanisms being responsible for steady state viscoelastic 

behavior of thin films. A steady state normalized modulus curve can be described as a 

purely viscoelastic response of a time dependent reduction in film stress, 𝛥𝜎. This 

reduction can be attributed to the strain change caused by viscoelasticity, εViscoelastic.  

For a change of stress of 11% (comparable to what we have seen for steady state 

behavior, seen in Figure 3.21), the change in strain due to viscoelastic response is 

approximately 1.17x10-4. Given the lattice spacing of gold to be 0.408nm, the magnitude 

of Burger’s vector for the gold system is |b|=0.228nm. Assuming the mean free path of a 
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dislocation to be 87nm (half the grain size) gives a dislocation density to be 

4.67x1012/m2: 

𝜀𝑉𝑖𝑠𝑐𝑜𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝑏𝜌𝑚�̅�                                    (3.3)  

where b is the Burgers vector, 𝜌𝑚 is the density of mobile dislocations, and �̅� is the mean 

free path of a dislocation. This density corresponds to an average dislocation length per 

grain of 70.7nm. This is much smaller than the average grain diameter of 174nm, 

suggesting that random grains have the capability of holding several of these dislocations. 

If we assume the length of a dislocation can only be a tenth of the grain diameter, a total 

dislocation motion of 70.7nm can still be accommodated by just 4 dislocations.  

 

Figure 3.21 Characteristic steady state conditions at room temperature for a thin film 

 

 This simple calculation helps explain why we see no statistical difference in film 

behavior at room temperature when we vary ALD parameters, titanium adhesive layer 
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presence, or SiNx presence. A schematic displaying the change in dislocation motion when 

on a free surface vs dislocation pinning on an ALD surface is shown in Figure 3.22. Even 

in this simple schematic, as a black stationary dislocation moves to the gray location, the 

viscoelastic strain value is significantly small enough that even with the presence of ALD, 

the dislocations only need to move several nm. The difference in line tension from 

dislocations being pinned by the ALD layer is negligible over a total dislocation line 

distance of 70.7nm 

 

Figure 3.22 Dislocation motion without ALD coatings and with ALD coatings 

 

 Finally, a rough simulation was constructed in order to provide additional 

evidence that the deformation mechanism seen in this thesis is different than that seen by 

Lin [41]; and in turn, provide evidence as to why results in this thesis are different than 

seen in other stress relaxation testing conditions. Lin reported a drop in stress relaxation 

at elevated temperatures for thin Au films on Si cantilevers by measuring curvature 

change with time. Compiling the diffusion effects of the lattice, grain boundaries, 

dislocation cores, and plasticity from literature [51-53] allows for an initial analysis of a 

film response (with a given residual stress) by increasing temperature. An example of 
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film stress response using literature diffusion activation energies when heated to 125°C is 

seen in figure 3.23.  

 

Figure 3.23 a) Plot of stress response of a material when heated past the elastic temperature 

limit results in an increase in residual stress results from cooling, and b) a comparison to 

Lin’s cantilever behavior – reproduced from [41] 

 
 The simulation of a gold film stress response with temperature is Figure 3.23a. 

Upon heating, it is apparent that at approximately 110°C, the linear stress relationship with 

temperature deviates and results in stress relaxation. Once cooled, the change in stress at 

higher temperatures results in a larger residual stress than seen before heating. This effect 

is also displayed by Lin in Figure 3.23b. However, instead of just 1 temperature ramp, Lin 
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did 4; each showing a change in residual stress from previous conditions. Lin also noted 

an initial deviation from linearity at around 110°C.  

 Once cantilevers were coated with ALD, the degree of stress change due to 

temperature ramps dropped significantly, suggesting that ALD prevented a surface 

sensitive mechanism from allowing significant stress relaxation during temperature ramps. 

This is further supported by the simulation run in this thesis which shows grain boundary 

diffusion is the dominant deformation mechanism under these conditions. To alleviate 

internal stresses in a film, atoms on the surface can pass through the grain boundaries much 

quicker than the lattice. Lin’s ALD coating effectively reduced this mechanism and 

resulted in less stress relaxation at higher temperatures. 

 Because the samples in this thesis were not affected by the presence of ALD, it has 

been shown that another mechanism (dislocation motion) was responsible for anelastic 

behavior. 

3.7 Dislocation Mobility in Films  

 Previous work by Mongkolsuttirat [36] has shown that a double-kink dislocation 

theory allows for significant dislocation mobility without a relatively large activation 

energy. The activation energy of a kink to nucleate, Wk, can be given by [54]  

𝑊𝑘 =
𝜆

𝜋
(
2𝜆𝑏𝑊0𝜎𝑝

𝜋
)1/2              3.3) 

where λ ≈ b is the wavelength of the Peierls potential, which is similar to the Burgers vector 

b, σp is the Peierls stress, and W0 ≈ μb2/2 is the line tension of the dislocation. Creating a 

double kink would require two kinks of equal sign to form on the same atomic plane, seen 

in Figure 3.24. 
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In this theory, a pinned dislocation in a Peierls trough must overcome the Peierls 

potential to reach another trough and form a kink. If this happens twice on the same 

dislocation a double kink (a bulged dislocation line) will form. Once created, each kink can 

move laterally without any required energy other than intrinsic lattice vibrations. Under 

stress, each kink will move laterally away from each other to alleviate applied stress (Figure 

3.24b). As stated above, the total dislocation length in a grain needed to accommodate 

viscoelastic strain of 1.17x10-4 is just 70.7nm. It is not unreasonable to associate such small 

dislocation motion at steady state behavior to a double kink method.  

 

Figure 3.24 a) A dislocation segment is pinned a two points in the same Peierls energy 

trough, b) applying a stress causes a segment of the dislocation to advance through the 

Peierls potential and create a double kink. 

 

 If the applied stress is too small to cause complete dislocation glide, a time 

dependence behavior should result from this double kink model. As stress is applied to the 

film, the double kink loop will expand and result in an increase in line tension. As line 

tension increases, resistance to further dislocation motion develops and in turn, will 

increase resistance to further expansion. This decrease in rate of dislocation expansion will 

directly result in a decrease in stress relaxation rate.  
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 However, when applied stress is removed, the stored energy in the dislocation line 

tension will bias the direction of the kinks to return to their original position. If the 

dislocations return to their initial state, the material will exhibit full viscoelastic recovery 

(steady state behavior). If the kinks have permanent displacement between their initial and 

final locations, the material will display viscoplastic (non-recoverable) behavior similar to 

the difference between initial and steady state behavior shown in experiments above. This 

permanent change in dislocation position could be due to unpinning from original obstacles 

or increased pinning from new obstacles.  

 Mongkolsuttirat has previously shown the estimated Peierls stress in gold to be 32 

MPa, which matches well with literature values of FCC metals [55]. This assumption uses 

an activation energy for kink nucleation to be 0.1eV. Lytton et al [56] studied low 

temperature creep of single crystal pure Al, reporting an activation energy of 0.15eV. This 

number agrees well with previously made assumptions by Mongkolsuttirat.  

4. Summary and Conclusions 

 The anelastic behavior of a 500nm Au film was investigated using the gas 

pressure bulge test method. Tests were conducted at room temperature with strains on the 

order of 0.1%. Varying parameters that were tested were: the presence of a Ti adhesive 

layer, presence of a 7.5nm Al2O3 ALD layer on the top and bottom surface, presence of a 

200nm SiNx substrate, and presence of a 20nm TiO2 layer on the top and bottom surface. 

It was observed that for samples created by identical sputtering conditions: 

1) Relaxation behavior in all films had two components, one viscoelastic and 

one viscoplastic. Viscoelastic behavior was fully recoverable (steady state 
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behavior), whereas the plastic component was not. The viscoplastic behavior 

could also be eliminated by running subsequent iso-strain tests. This in turn 

conditioned the film to behave in a steady state manner. 

2) Adding a 20nm titanium adhesive layer under the gold had no effect on 

initial or steady state behavior despite the decrease in grain size compared to 

pure Au tests.  

3) Adding 7.5nm of Al2O3 to each side of the film in an attempt to mediate 

large reductions in time dependent modulus had no effect. Both the initial 

and steady state behavior were very comparable to the uncoated pure Au film 

and the uncoated Au/Ti film. 

4) Keeping the SiNx present during iso-strain tests also did not change the 

behavior of the film. The extra RIE required to remove the SiNx will not 

change the initial or steady state film behavior when tested as a composite. 

5) To determine if ALD thickness would change material behavior, 20nm of 

TiO2 was deposited on each side of the film. There was no statistical 

difference in behavior for this test and other tests. 

6) Calculations determined the increase in film strain due to viscoelastic 

contributions required an increase in dislocation line per grain of 70.1nm. If 

under the assumption a dislocation can span the entire grain, this number 

equates to <1 dislocation per grain. If under the assumption a dislocation can 

only span a tenth of a grain, this equates to roughly 4 dislocations needed per 

grain to account for viscoelastic behavior. 
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7) The double kink model was used to explain the time dependent behavior for 

films. This model also explains why the material can undergo both a 

viscoplastic and viscoelastic response under series of iso-strain tests. 
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