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In this study, the stress relaxation and electromigration behaviors of Cu/low-k 

interconnects were studied with special emphasis on the effect of interface diffusion.  The 

effect of passivation was studied using various passivation materials such as SiN/CoWB, 

SiN, SiCN, and SiC, which were incorporated into blanket copper films and line 

structures.  The thermal cycling stresses of passivated and unpassivated blanket copper 

films showed higher yield strengths for passivated copper films, implying that the 

passivation restrained the plastic deformation in the copper films.  The stress relaxation 

results of the same blanket copper films showed that the SiN/CoWB-passivated copper 

films had the smallest stress relaxation, followed by the SiN, SiCN, and SiC-passivated 

films while the unpassivated copper films had the largest relaxation.  These results 

indicate that the mass transport with the SiN/CoWB passivation was the slowest among 

the samples studied.  Huang's kinetic model [31] was used to determine interface 

diffusivities for various passivation layers. 



   vi

 
 

Electromigration lifetimes for Cu/low-k interconnects were measured at 300, 325, 

and 350°C.  FTEOS was used as a low-k material while SiN and SiC were implemented 

as passivation materials.  The activation energies from Black’s equation [20] were 

calculated to be 0.96±0.09 and 0.74±0.11eV for SiN and SiC passivations respectively, 

indicating that the diffusion mechanism was dominated by interface diffusion.  The 

correlation between interfacial diffusion and electromigration damage was investigated 

experimentally and confirmed by the void growth prediction from Korhonen’s analysis.  

Stress relaxations of Cu/OSG line structures were also measured.  Three different 

line widths (0.12, 0.18, and 0.36µm) and two different passivations (SiN and SiCN) were 

incorporated into 0.3µm thick single damascene structures.  The isothermal stress 

relaxations of Cu/OSG line structures were studied at 160, 200, and 240°C.  Between the 

two passivations, the SiN-passivation provided a smaller stress relaxation, suggesting a 

slower interfacial mass transport than the SiC passivation.  The results did not show a 

pronounced difference between line structures with different linewidths due to the low 

measurement sensitivity for the line samples. 
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Chapter 1:  Introduction 

For the past several years, the semiconductor industry has been replacing 

aluminum with copper for interconnect metallization [1].  The transition is mainly due to 

the significant advantages of copper metallization over aluminum such as lower 

resistance, higher current capacity, and scalability (Table 1.1) [2,3,4,5,6]. 

 

 

 

 

 

 

 

 

These advantages ultimately enable semiconductor engineers to design higher 

density interconnects with longer lifetimes.  However, the introduction of a new material 

requires not only a new process scheme but also the reevaluation of interconnect 

reliability.  In copper interconnects, copper ions in interconnect lines without proper 

diffusion barriers or passivations can diffuse out to the surrounding dielectric layers and 

cause serious electrical failures [1].  The copper interconnect is fabricated using a 

damascene process.  In the damascene process, chemical mechanical polishing (CMP) 

can create interface defects to degrade interconnect reliability.  Considering the current 

industry trend toward small multi-level structures with higher current density [7], process 

and reliability issues will become even more critical for the future interconnect structures. 

Table 1.1 Material property comparisons between aluminum 
and copper. [2,3,4,5,6]. 

 Aluminum Copper 
Elastic Modulus (GPa) 70.6 115.0 

Thermal Expansion 
Coefficient (ppm/°C) 23.5 17.0 

Resistivity (µΩcm) 2.670 1.694 
Melting Point (°C) 660.1 1083.4 

Density (g/cm3) 2.70 8.96 
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Electromigration (EM) is diffusion-controlled mass transport, driven by electron 

current flow in metal lines.  During electromigration, electrons collide with metal ions, 

transferring momentum to metal ions (Figure 1.1).  As a result of this collision process, 

metal ions migrate from the cathode and accumulate at the anode.  In an interconnect 

structure, a local imbalance of electromigration mass flux can occur at structural 

discontinuities, such as a barrier interface or a grain boundary/interface junction.  The 

flux divergence can lead to damage formation resulting in electromigration failure.  The 

cathode and anode ends of the line are divergent sites and subject to large flux divergence, 

which can result in mass depletion and accumulation, respectively.  As a result, a void or 

an extrusion can be formed at the cathode or anode end, which can cause the failure of 

interconnects. 

 
 

 

Figure 1.1 Illustration of electromigration mechanism.  Electrons collide to 
copper ions and the momentum of electrons transfers to copper ions, which 
results in the transport of copper ions. 

 

When a copper line in Cu/low-k interconnects has failed, two types of failure 

modes are observed--weak mode and strong mode.  In the weak mode, voids nucleate at 
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the corners of a via bottom and grow to cover the whole via.  Previous studies [12, 19] 

showed that poor processing can lead to the failure of the barrier around the via.  Current 

crowding is also responsible for this failure mode.  In the strong mode, a void forms at 

the cathode end of the line and propagates across the line.  Strong modes are often 

observed in single damascene structures or long-term failures of dual damascene 

structures.  Weak mode voids can occur together with the strong mode voids during 

electromigration tests of copper interconnects.  In that case, weak modes are often 

observed as early failures of dual damascene structures.  Strong mode voids, however, 

can occur without weak mode voids [19]. 

Recent studies showed [1,2,3] that mass transport during electromigration is 

dominated by diffusion at the cap layer interface, which is probably due to the process-

induced defects generated by CMP.  This raised the possibility of reducing interfacial 

diffusion to improve electromigration lifetimes by enhancing the chemical bonds at the 

Cu/cap layer interface.  For example, Lane et al. [14] showed that the electromigration 

lifetimes of copper interconnects can be improved by optimizing the Cu/cap layer 

interface using various cap layers and cleaning process.  These results are supported by a 

correlation between the electromigration lifetime and interfacial adhesion.  The result is 

also supported by Hu et al. [22] who improved the electromigration lifetime with a metal 

cap layer. 

As interconnects scale down beyond the 90nm node, the interface-to-volume ratio 

continues to increase as the linewidth decreases, suggesting its increased contribution to 

mass transport and electromigration reliability.  Electromigration is a comprehensive 

phenomenon that involves the local divergence of diffusion flux and damage formation.  

The localized flux divergent sites are usually associated with localized defects, which can 

be caused by structural imperfections, such as grain boundary/interface junctions and are 
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not directly related to mass transport.  In this case, the correlation of the electromigration 

lifetime to diffusivity for the copper interface becomes complicated.  In this study, we 

employed a bending-beam method to measure stress relaxation and deduce mass 

transport in copper films and line structures.  The bending-beam method has been applied 

to measure the mass transport effect at the Cu/cap layer interface in copper films.  The 

results were found to be consistent with electromigration lifetime and adhesion 

measurements [41]. 

In this study, we report the stress relaxation results of copper films with a variety 

of passivations.  The kinetic model, coupling grain boundary diffusivity and interfacial 

diffusivity, was employed to analyze the stress relaxation behavior and deduce the 

interfacial diffusivity.  We also report the electromigration lifetime of Cu/Low-k 

interconnects with SiN and SiC passivations.  In this way, the electromigration test was 

able to confirm the mass transport results with stress relaxation experiments.  For this 

purpose, the Korhonen’s kinetic analysis was applied to analyze the correlation of 

interfacial diffusion with electromigration lifetimes.  The Korhonen’s analysis was used 

to deduce the void growth behavior and electromigration lifetime of copper interconnects 

with SiN and SiC passivation layers. 

The outlines and goals of this study are given in Chapter 1.  The system setup for 

stress relaxation and electromigration tests and sample preparations are discussed in 

Chapter 2.  In Chapter 3, the bending beam technique is employed to measure the thermal 

stress and stress relaxation behaviors of blanket copper films.  A variety of passivations 

(SiN, SiN/CoWB, SiCN, and SiC) and no passivation are employed to study the effect of 

passivation materials on interfacial diffusion characteristics.  A kinetic model was applied 

to deduce the interface diffusivities from experimental stress relaxation results.  The 

electromigration characteristics of 0.18�m wide Cu/low-k interconnects with SiN and 
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SiC passivation layers are discussed in Chapter 4.  The results from electromigration and 

stress relaxation studies were compared and correlated.  In Chapter 5, stress relaxation of 

passivated Cu/Low-k line structures are investigated as a function of line width (0.12�m, 

0.18�m, 0.36�m) and passivation material (SiN and SiCN).  The stress relaxation results 

of copper lines are discussed and correlated with the results of copper films.  In Chapter 6, 

the correlation of interfacial diffusion to electromigration lifetimes is formulated using 

Korhonen’s kinetics analysis.  Finite element analysis was used to calculate the effective 

modulus of copper interconnects with different cap layer passivations.  The 

electromigration-induced stress, void growth, and resistance traces are calculated using 

solutions from Korhonen’s analysis.  The simulation lifetimes are compared with 

experimental lifetimes for confirmation. Conclusions and suggestions for future work are 

discussed in Chapter 7. 
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Chapter 2: Experimental Setup 

2.1 BENDING BEAM SYSTEM 

2.1.1 Theory of Curvature Measurement 

When a thin film on a substrate cools down from a high temperature to room 

temperature, thermal strains are developed in the film.  Assuming that there is no 

interface sliding, the substrate constrains the film, inducing the film stress and the 

substrate curvature.  Figure 2.1 illustrates how the film stress and the curvature are 

developed during thermal cooling.  Traditionally, the curvatures are measured with laser 

beams and position sensors.  From the measured curvatures, the film stress can be 

calculated using Stoney’s equation [13,17]: 
 

2

0

1 1
6(1 )

s s

s f

E t
t R R

σ
υ

⎛ ⎞
= −⎜ ⎟− ⎝ ⎠     (2.1) 

where 1/R0 is the curvature of the bare silicon substrate without any film, 1/R is the 

curvature of the silicon with a film, Es and νs are Young’s modulus and Poisson’s ratio of 

the substrate, and ts and tf are the thicknesses of the substrate and the film.  To deduce 

line structure stresses, Equation 2.1 should be modified.  Rederiving Stoney’s equation 

for an anisotropic structure [21] and neglecting any initial curvature, we arrive at stress 

expressions for a line structure (Figure 2.2):  
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where σx  and σy are the film stresses along and across the line, respectively.  1/Rx and 

1/Ry are the curvatures of the silicon substrate along and across the line, respectively and 

C is the area coverage of the lines.  In this study, C is determined using scanning electron 

microscopy (SEM).  For example, if the cross-sectional area ratio of copper to interlayer 

dielectric (ILD) is 1:1, C value becomes 0.5.  If the copper film occupies the whole area 

(i.e. blanket film; C=1), Rx and Ry become identical and the line structure stress equations 

merge to a standard blanket film equation, (Equation 2.1). 

 

 

 

Figure 2.1 Illustration of stress evolution in a thin film. (a) the unconstrained 
film and substrate at zero-stress temperature (b) the unconstrained film and 
substrate with thermal strains (c) the constrained film and substrate as a 
function of temperature (d) the constrained film and substrate as a function of 
curvature 
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During thermal cycling, the thermal stress of blanket films varies as temperature 

changes.  Most metallic and ceramic thin films show either elastic or elastoplastic 

behavior as temperature changes.  For example, at low temperatures, linear elastic 

behavior dominates the film.  However, at high temperatures—high enough to exceed the 

yield stress, plastic deformation dominates the behavior of the film.  Plastic strain is then 

added to the elastic strain, which results in stress relaxation as shown in Figure 2.3. 

Stress relaxation experiments measure the change of a film stress at a fixed 

temperature as a function of time.  The results show how viscoelastic materials dissipate 

the stored strain energy by diffusion.  Because the test temperature remains constant 

during stress relaxation testing, the stress change is mainly induced by mass transport.  

Thus, stress relaxation reflects the rate of mass transport at a constant temperature. 

 

Figure 2.2 Illustration of the tested bending beam structures: 
(a) a blanket film (b) a line structure.  Only the periodic part 
of line structures was shown for clarity.  Diffusion barriers 
and etch stops in line structure are not shown here. 

(a) (b) 
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2.1.2 System Description 

The bending beam system, developed by Yeo [13], was upgraded for this study 

(Figure 2.4).  Laser components and a chamber were set up on an optical table to reduce 

the mechanical vibration.  Position sensors, which consist of photo diodes, were installed 

to measure the curvature of films.  Since the position sensors require stable laser power 

and low divergence to yield the best performance, a UDT 4500 laser from Union Co. was 

selected in our system.  The UDT 4500 laser provides low divergence with high power 

stability.  To produce two identical beams, a UV non-polarizing beam splitter was 

installed.  The UV beam splitter does not change the coherency of a laser beam, but splits 

one laser beam into two identical beams.  A heating stage was installed inside a stainless 

vacuum chamber using ceramic legs.  The heating stage, made of structural copper, was 

 

Figure 2.3 Thermal stress and stress relaxation of SiN-
passivated 0.8µm thick blanket copper film.  The magnified 
image shows how stress relaxation changes the original 
linear elastic stress. 
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surrounded by 2mm thick heating wires.  The heating stage supports two samples in a 

simple beam style (Figure 2.5).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Illustration of the bending beam system.  Note that 
this system is applicable for the stress measurements of both 
blanket film and line structure as described in Figure 2.2. 

 

Figure 2.5 Sample stages for the bending beam system.  
Although a cantilever beam stage provides a slightly higher 
sensitivity, a simple beam stage gives an advantage of 
convenience in setting a sample.  The simple beam stage was 
used for this dissertation. 
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Unlike blanket films, line structures require four coherent beams for stress 

measurements.  Figure 2.6 shows how a single beam measurement (blanket specimens) 

differs from a dual beam measurement (line specimens).  To produce four laser beams, an 

extra beam splitter was added to the single bending beam system.  To minimize the 

variation of the laser power, the laser power was carefully monitored with a power meter 

and the laser beams are calibrated with optical filters.  Table 2.1 shows the specifications 

and manufacturers of the components used in the bending beam system. 

 

 

 

 

Figure 2.6 Illustration of the single and dual bending beam 
systems.  Unlike the single bending beam system that uses two 
laser beams, the dual bending beam system uses four coherent 
laser beams.  The single bending beam and dual bending beam 
were used to measure the stresses of blanket copper films and line 
structures, respectively. 
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Table 2.1 System specification and manufacturers of the 
bending beam system components used in this study. 

System Specification Manufacturer 

Chamber MDC MFG Inc. 

5mW Stabilized Laser Melles Griot 

Optical Parts Newport 

Temperature Controller Eurotherm 

Position Indicator UDT Instrument 

Position Sensor UDT Sensor 

 

2.2 ELECTROMIGRATION MEASUREMENT SYSTEM 

2.2.1 Theory of Resistance Measurement 

During electromigration testing, an interconnect line is subjected to void 

formation.  Once a void nucleates and starts growing, the line dimension reduces due to 

void (Figure 2.7) formation and changes in the resistance of the line as: 

R = R(Vvoid)       (2.4) 

where Vvoid is the size of the void. 

To supply a constant current density to electromigration circuits, the test current 

should be carefully controlled because void growth changes the resistance of the line.  In 

electromigration tests, the supplied voltage is expressed as: 

V = iR = jAR      (2.5) 

where V is the supplied voltage, i is the current, R is the resistance, j is the current density, 

and A is the line area.  Initially, an electromigration circuit has an “unknown” initial 

resistance (Ro), which is controlled by the supplied voltage (Vo=ioRo=joAoRo).  To obtain 
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a desired current density (jo) such as 1MA/cm2, we first have to calculate the current 

regained (io=joAo).  We insert a known resistor such as R=1Ω into the electromigration 

circuit, then the supplied voltage and current can be expressed as 

V ≈ R(1Ω)  i     (2.6) 

Now, we adjust the bias (V) until the current (i) reaches io which was calculated from jo.  

Then, we replace the R=1Ω resistor with the electromigration test sample.  Now, as long 

as we apply the bias of Vo, the electromigration sample will be subjected to the current 

density of jo.  When a void nucleates and grows, the resistance will be changed.  Table 

2.2 summarizes these procedures. 

 

 

 

 

Figure 2.7 Illustration of the tested single damascene Cu/low-k structures.  In 
this study, current flows from the first level copper line(M1) to the second 
level copper line(M2).  M2 line was targeted for electromigration failures. 
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Table 2.2 Summary of electromigration test procedures 

1. Choose a desired current density (jo) for an EM test. 

2. Calculate the corresponding circuit current by io=joAo where 

Ao is the area of a interconnect line. 

3. Replace the EM sample with a commercial resistor (1Ω) 

4. Change the bias (V) until the current (i) reaches io. 

5. Remove the resistor and put the EM sample back. 

6. Start EM tests and monitor resistance changes. 

 

2.2.2. System Description 

Figure 2.8 shows the layout of an electromigration test system [19].  The system 

has two power supplies: one controls the temperature of the test chamber and the other 

controls the bias of electromigration test circuits.  In electromigration tests, the main 

experimental parameters are current density and temperature.  A previous study [19] 

showed that the fluctuation of the circuit current comes from a 0.2% error of the voltage 

setting in Section 2.2.1.  The system also contains a switching box to change the circuit 

channels and cards which generate output monitoring signals.  To regulate the current 

input, a variable resistance controller was installed.  The voltage was monitored and 

recorded by a multimeter.  The overall data flow is summarized in Figure 2.9 [19].  

LABVIEW®, a commercial software, was used for data acquisition while the electrical 

switch displayed output signals from the selected cards and channels (Figure 2.10) [19]. 

All electromigration tests were conducted at the package level.  The package level 

experiment allows statistical analysis by testing multiple samples (about 40 samples) at 

the same time.  Figure 2.11 shows how to set up the package.  Each package contains two 
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terminals for monitoring the voltage, two terminals for monitoring the current, and one 

terminal for monitoring the line extrusion.  In package structures, only one of the voltage 

and the current is used to control the bias of the system.  Table 2.3 shows the 

specifications and manufacturers of the components used in the electromigration test 

system. 
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Table 2.3 System specification and manufacturers of the 
electromigration system components used in this study. 

Equipment Manufacturer 

7002 Switch Keithley 
2000 Multimeter Keithley 

Multiple Power Supply Kepco 
CSS E0763 Temp Controller Eurotherm 

Variable Resistance IPG 

Chamber UT ME Machine Shop 

215 Pressure Gage Phillips 

Figure 2.8 Image of the electromigration lifetime measurement system [19] 
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Figure 2.9 Data flow chart of the electromigration lifetime measurement 
system. The main resistors are connected to each electromigration sample to 
supply various current densities. 
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Figure 2.10 Example of LABVIEW programs for recording data from the 
cards and channels in the measurement system, shown in Figure 2.8 and 
2.9 [19]. 

 

Figure 2.11 Packaging of electromigration samples.  Note that 
the shown wires connect the input/output legs on the sides to 
the electromigration circuit pads.  
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Chapter 3: Thermal Cycling Stress and Stress Relaxation of Cu Films 

3.1 THERMAL CYCLING STRESS OF COPPER FILMS 

3.1.1 Introduction 

Thermal stress can develop in interconnects and lead to interconnect failures such 

as delaminating, voiding, and hillock formation.  During cooling from a high temperature, 

thermal stress is developed due to thermal expansion mismatch between copper lines and 

the surrounding materials.  When thermal stress is developed around defects such as grain 

boundaries and interfaces at high temperatures, the stress gradient can induce mass 

transport and ultimately void formation.  In this case, thermal stress provides a driving 

force for mass transport and ultimately void formation.  Thus, understanding thermal 

stress behavior is important for improving interconnect reliability. 

The analysis of thermal stress has many difficulties.  First of all, material 

properties of a thin film are different from those of a bulk material.  For example, 

previous studies [23,24] reported higher mechanical strengths for thin films than those for 

bulk materials.  Such studies reported that the pinning of dislocations in thin films may 

affect the energy balance around the interfaces and dislocations in the film, and induce 

higher mechanical strengths.  Thus, understanding the strengthening mechanism of thin 

films is important to explain the thermal stress of thin films.   

Parameters, involved with thin film processes, may also change thin film 

properties.  For example, if the thermal history of a film changed, it may cause 

microstructural changes.  Chemical mechanical polishing (CMP) may not directly change 

the mechanical properties but it can change the interfacial chemistry. The CMP process 

generally increases the interface defect density to induce diffusion of copper atoms. CMP 

subsequently can aggravate the interfacial diffusivity.  During manufacturing or thermal 
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cycling, all the above parameters can affect the thermal stress of thin films.  Thus, to 

ensure the reliability of copper interconnects, the effect of process parameters such as the 

deposition of copper and passivation layers on the thermal stress should be understood.  

Our first goal in this study is to investigate the thermal cycling stress behavior of 

unpassivated and passivated copper films. 

Our second goal is to compare the stress level of passivated and unpassivated 

copper films and develop a multi thermal cycling method for stress relaxation tests.  The 

temperature dependency of the initial stress in thin films is a main difficulty for stress 

relaxation studies.  In the traditional thermal cycling method, the coupled test temperature 

and initial stress can not be independently chosen as test parameters.  This means that 

different stress levels can be developed in the unpassivated and passivated films under 

similar conditions.  To compare the results from two stress relaxation tests, the tests 

should start from the same or similar initial thermal stresses; otherwise, the results can 

not be compared. 

To obtain similar initial thermal stress levels, we developed a multi thermal 

cycling method.  The multi thermal cycling method used various maximum thermal 

cycling temperatures to reach specific stress levels at lower temperatures.  In the 

traditional thermal cycling method, only one maximum temperature was used for thermal 

cycling tests.  With the multi thermal cycling method, we were able to obtain any desired 

initial thermal stress that the thermal cycling curves allowed.  The multi thermal cycling 

method consequently enabled us to compare multiple stress relaxation results.  The 

detailed procedures and discussions will be given in Section 3.1.4. 

In this section, various passivation materials such as SiN/CoWB, SiN, SiCN, SiC 

and no passivation were used to investigate the thermal stress behavior and yield strength 

of copper films.  The last part of this section will discuss how we modified the traditional 
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thermal cycling method for stress relaxation tests and to reach specific initial stresses at 

the test temperature.  Stress relaxation will be discussed in Section 3.2. 

 

3.1.2 Experimental Details 

The electroplated 0.8µm thick blanket copper films with various passivation 

layers—500Å thick SiN/CoWB, SiN, SiCN, SiC and no passivation layers—were 

fabricated (Figure 3.1 and Table 3.1).  The wafers were cut into 5mm wide by 45mm 

long strips using a wafer dicer.  After removing moisture and silicon residues, each strip 

was placed into the measurement chamber.   

 

 

 

 

Figure 3.1 Illustration of the blanket copper film used in the 
study.  The geometrical dimensions of thin films are 
summarized in Table 3.1. 
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Table 3.1 Summary of the tested 0.8µm blanket copper films for 
bending beam measurements. 

Passivation Passivation Thickness( Å) 
Unpassivated - 

SiN 500 
SiCN 500 
SiC 1000 

SiN/CoWB 500 

 

From the measured curvature, a film stress can be calculated from [13] 
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where 1/Ro and 1/R are the curvatures of the silicon substrate with and without a film 

respectively, Es and νs are Young’s modulus (131GPa) and Poisson’s ratio (0.278) of the 

silicon substrate, ts and tf are the thicknesses of the substrate and the film respectively. 

During thermal cycling, samples experienced temperature changes between room 

temperature and a high temperature.  In the traditional thermal cycling method, 430°C 

was chosen as the maximum temperature, as shown in Figure 3.2 [29].  The thermal 

stress curve by the traditional thermal cycling method gives information on the 

deformation mechanism of the thin film.  However, when the thermal cycling curve is 

combined with stress relaxation tests, the traditional thermal cycling method faces one 

limitation—the stress level always depends on the test temperature. 

To obtain an independent stress level from the test temperature, we introduced a 

multi-thermal cycling method as described in Section 3.1.4.  In the multi-thermal cycling 
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method, a variety of different maximum temperatures were used to control the stress level 

after cooling.  The detailed procedure will be discussed in Section 3.1.4. 

 

 
Figure 3.2 Traditional thermal cycling stress representation of the 
unpassivated and passivated 0.8µm thick blanket Cu film. Note that 
the tensile stresses at 160, 200, and 240°C are already determined 
by the intersections of the dotted lines and the cooling curves (Point 
A, B, and C). 

 

3.1.3 Effect of Passivation 

Unpassivated and passivated copper films are distinctly different in their thermal 

cycling behavior (Figure 3.2).  During heating, both films showed an elastic behavior up 

to 150°C and a plastic behavior beyond.  During cooling, the passivated copper film 

showed a similar elastic regime down to 350°C and then a plastic regime to room 

temperature.  However, the unpassivated film did not show a significant slope change 

during cooling.  Microstructural differences regarding the grain size and the slip trace of 

dislocations are to be conceived factors [23].  The study [23] showed that passivated 
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films had high yield strengths because dislocation motion was limited by the energy 

balance at the Cu/passivation interface.  In addition, mass transport at the free surface of 

the unpassivated copper film was also faster than that at the Cu/passivation interface.  

Because of the fast mass transport and low yield strength, plastic deformation dominated 

the thermal cycling behavior of the unpassivated copper films. 

In Figure 3.2, we did not find any significant difference due to the choice of 

passivation materials except for the film with no passivation.  This is mainly because 

copper films are relatively thick compared with passivation layers.  When a thermal stress 

is developed at the bilayer structure such as SiN/Cu/Si, the modified average stress can 

be expressed as [13] 
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where 1/R and 1/Ro are the curvatures of the silicon substrate with or without the film, Es 

and νs are Young’s modulus and Poisson’s ratio of the substrate, and ts, tf, tp are the 

thicknesses of the substrate, the copper film, the passivation layer respectively.  In most 

of film structures in this study, the copper film was much thicker than a passivation layer.  

So, the average stress can be expressed by Stoney’s equation (Equation 3.1) and is 

independent of the passivation layer thickness [13]: 

We repeated thermal cycling stress tests for other passivation samples and 

confirmed no significant difference.  The introduction of a cap layer, such as CoWB, did 

not change the thermal cycling stress of the passivated blanket films either.  This implies 

that the thermal cycling stress is developed mostly because of the thermal expansion 

mismatch between the copper film and the silicon substrate.  The effect of diffusion still 

applies during the thermal cycling but the duration is too short to drive a distinguished 
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change of stress.  This means that, instead of thermal cycling tests, isothermal stress 

relaxation tests have to be used to measure the effect of diffusion. 

 

3.1.4 Relation to Stress Relaxation 

The thermal stress of a thin film can be expressed as a function of the test 

temperature [29]: 
 

( )( )
1 Si Cu o pl

E T Tσ α α ε
ν

⎡ ⎤= − − +⎣ ⎦−    (3.3) 

where σ is the stress of a copper film, E is Young’s modulus, ν is Poisson’s ratio, αSi  and 

αCu is the thermal expansion coefficients of the silicon and the copper respectively, To is 

a zero stress temperature, T is temperature, and εpl is the plastic strain.  This equation 

defines a distinct temperature-stress relation for a thin film: If we conduct a stress 

relaxation experiment following thermal cycling, the initial film stresses of relaxation 

tests depend on the test temperatures (for example, Point A, B, C at 160, 200, and 240°C 

in Figure 3.2).  In a previous study, we found that different initial stresses can induce 

different stress relaxation rates, depending on the maximum thermal cycling temperatures 

[29].  In stress relaxation experiments, the higher the initial stress, the faster the mass 

transport and ultimately a faster stress relaxation, as shown in Figures 3.3 and 3.7.  Thus, 

the comparison included two experimental variables in the same plot: temperature and 

initial stress.  If the data have different initial stresses, the stress relaxation data can not 

be compared as shown in Figure 3.3. 
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Figure 3.3 Stress relaxation curves of the unpassivated 0.8µm 
thick blanket Cu films. Note that the initial tensile stresses for 
stress relaxation test are already determined during cooling 
(Point A, B, and C in Figure 3.4).  The shown error bar is 
calculated from Appendix A with an 80% confidence interval 
at 1400 minutes.  The results do not overlap the neighboring 
error bars. 

 

To overcome the drawback in the traditional thermal cycling method, we 

developed a multi-thermal cycling method using various maximum temperatures.  Figure 

3.4 shows how to obtain desired initial stresses for stress relaxation tests.  We found that 

the film stress level at a given temperature (200°C, for example) can be adjustable, by 

varying the maximum thermal cycling temperature.  By cooling the sample from different 

maximum temperatures (Point A, B, C, and D in Figure 3.4), we arrived at different stress 

levels at the same temperature (the intersections of the vertical dashed line and the 

cooling curves).  For example, if we choose 300 and 400°C (Point A and C) as the 

maximum temperatures, we obtain stress levels of about 135 and 247MPa at 200°C 

respectively for the SiN-passivated film.  This indicates that this method could give us a 
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choice of 135 or 247MPa as an initial stress for stress relaxation tests to be performed at 

200°C.  In this way, we are able to obtain different test temperatures for the same stress 

levels. 

 

 
Figure 3.4 New thermal cycling stress representation of the 
unpassivated and SiN-passivated 0.8µm thick blanket Cu film 
during multi-thermal cycling. Note that the tensile stress at 200°C 
varies with the maximum temperatures used during cycling 
(Intersection of the vertical dotted line and the cooling curves). 

 

This manipulation of the maximum temperatures is applicable for both passivated 

and unpassivated copper films.  Figure 3.5 shows how to obtain the same initial stress of 

200MPa for unpassivated and passivated copper films.  For the same maximum 

temperature (Type I, 350°C for this example) or the same test temperature (Type II, 

200°C for this example), both unpassivated and passivated films develop the same initial 

stress of 200MPa.  If we repeat this thermal cycling process for each sample, we are able 
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to start a stress relaxation test at any initial stress level that the thermal cycling curves 

allow for both passivated and unpassivated films. 

 

 
Figure 3.5 Schematic plot of experiment temperature vs. maximum 
temperature for unpassivated and SiN-passivated 0.8µm thick blanket Cu 
film for an initial stress of 200MPa. 

 

3.2 STRESS RELAXATION OF COPPER FILMS 

3.2.1 Introduction 

With a bending beam method, either thermal cycling stress or stress relaxation of 

thin films at high temperatures can be measured.  Both reflect mass transport of thin films 

at high temperatures.  However, thermal cycling is a relatively short-term process (about 

1.6 hours from room temperature to 400 °C with a ramping rate of 4°C/min) and has a 

temporal limitation to evaluate a long-term process such as diffusion.  Thus, an 



   29

 
 

isothermal stress relaxation test can be a good candidate in evaluating interfacial 

diffusion. 

To compare two different stress relaxation results, the initial thermal stresses in 

two results should start from the same or similar levels.  In Section 3.1, this was achieved 

by a procedure as described.  In this study, we improved this multi thermal cycling 

method with an interpolation technique (Section 3.2.2).  With an interpolation technique, 

we can find an intersection point between two thermal cycling curves with high accuracy.  

Section 3.2.2 describes the experimental details on the modified multi thermal cycling 

method. 

During stress relaxation of copper films, the diffusion mechanism of copper films 

is associated with grain boundary and interface diffusivities.  By using copper films with 

the same grain structures, we can measure stress relaxation to study the effect of 

interfacial diffusion experimentally.  Our first goal is to present an isothermal stress 

relaxation method to evaluate interfacial diffusion. 

Our second goal is to measure interfacial diffusivities for copper films with a 

variety of passivations (SiN/CoWB, SiN, SiCN, SiC, and no passivation).  In the previous 

studies, interfacial activation energies were calculated from electromigration results for 

the reliability of copper interconnects.   However, it is not clear that those experimentally 

determined interfacial diffusivities from electromigration data can represent interfacial 

diffusivities because electromigration failure is not determined only by interfacial 

diffusion.  In this case, an independent interface characterization method on 

electromigration such as stress relaxation can have an advantage in evaluating interfacial 

diffusivities.   

To evaluate interfacial diffusivities with a stress relaxation method, all samples 

have to be manufactured in the same manner.  For example, Hu et al. [22] pointed out 
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that a CoWP cap layer should be thin enough so that an additional CMP process is not 

necessary.  Hu also pointed out that the cap layer also should be thick enough to give 

electromigration reliability.  To ensure the stability of a cap layer, two cap layer 

thicknesses (150 Å and 300 Å) were introduced and no additional CMP was applied on 

both samples.  Now, since the only difference in our samples is interfacial diffusion, the 

stress relaxation measurement can be used to evaluate the passivation effect on interfacial 

diffusion. 

Our last goal is to deduce interfacial diffusivities from the experimental results 

using a kinetic model.  Deducing interfacial diffusivities is important to quantify 

interfacial diffusion and directly compare stress relaxation results.  The kinetic model, 

coupling interface and grain boundary diffusivities, is introduced to evaluate interfacial 

diffusivities.  In previous studies, the prediction of thermal stresses in thin copper films 

was obtained by combining a strain rate equation with an elastic stress-strain equation.  

For example, Keller et al. [29], for the first time, calculated thermal cycling stresses for 

passivated copper films with a new creep model, including interfacial and grain boundary 

diffusivities.  However, Keller pointed out that the new model showed a large difference 

from the experimental results.  On the other hand, a recent study by Huang et al. [31,32] 

developed a kinetic model, which showed a good agreement with the experimental results.  

Based on this kinetic model, we directly calculate interface diffusivities from our stress 

relaxation data.  The deduced interfacial diffusivities can be used to predict 

electromigration performance of copper interconnects. 
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3.2.2 Experimental Details 

For stress relaxation measurements, all samples were annealed at 430°C for 30 

minutes.  Then, we heated the samples up to the pre-selected maximum temperatures 

(Figure 3.4) and cooled down to the relaxation test temperature (Figure 3.4).  Figure 3.6 

shows two methods in determining maximum temperatures for relaxation tests.  Method 

A repeats a number of thermal cycles (over 10 cycles, for example) until the cooling 

curves for the passivated film and unpassivated film meet at the desired stress relaxation 

temperature.  Note that each experiment takes about 2-3 days, including sample 

preparation processes such as dicing, polising, and annealing.  Method B repeats only a 

few planned numbers of thermal cycles (about 4 cycles, for example) and calculates a 

desired stress relaxation temperature from the cooling curve using a numerical 

interpolation. 

Method A and method B have their own advantages.  Method A provides well-

defined accurate initial stress levels but tends to be time consuming because so many 

thermal cycles have to be repeated in order to improve the accuracy.  Due to experimental 

variations, there are still differences in the initial stresses between the passivated and 

unpassivated films.  On the other hand, Method B saves time and effort, and also results 

in good stress estimation.  In this study, the method B was used for stress relaxation 

experiments (Section 3.1.4).  During the measurement, the chamber was under a constant 

temperature (200±0.1°C in the temperature indicator, for example) for 25 hours so that an 

initial curvature changes under an isothermal condition.  No experiments were started 

until the temperature was stabilized. 

The accuracy of stress relaxation measurements is affected by the error of stress 

measurements.  To obtain accurate stress values, the signal to noise ratio of the stress 

should be within the error limit.  Appendix A shows how to calculate the error bars and 
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the maximum limits, including system noise and sample sensitivity.  From blanket copper 

films and copper line structures, we repeated stress relaxation tests and calculated the 

average stress and error limits with an 80% confidence interval.  An 80% confidence 

interval was selected to apply to both copper films and line structures, which are 

appropriate for an 80% confidence interval.  In our measurements, an 80% confidence 

interval yielded an error of ±1.9 MPa for blanket films and, for line structures, the error 

limits were ±1.59 and ±1.21 MPa for σx and σy, respectively.  In determining the error 

limit, we used the maximum error bar within 1400 minutes, which reflected the worst 

case in the experiment. 

In the bending beam system, noise can originate from many sources.  The 

fluctuation of air inside of the chamber is one of the importance noise sources.  At high 

temperatures, the Rayleigh-Bernard [17] convection of N2 in the chamber changes the 

reflected laser beam positions on the position sensors.  This fluctuation effect can be 

reduced by decreasing the pressure of  the chamber down to 50 Torr, but the low pressure 

also reduced the uniformity of the chamber temperature.  The pressure, 50 Torr, was 

found to be an optimal pressure to provide a good temperature uniformity with minimal 

convection effect.  The vibration of the optical components used in the system is another 

source of noise.  The use of an optical table can reduce the mechanical vibration.   

According to Stoney’s equation (Equation (3.1)), the sensitivity of stress 

relaxation measurements is proportional to the film thickness.  When line patterns are 

introduced to blanket films, the effective thickness of copper films decreases.  The 

detailed error analysis due to the sample type is discussed in Appendix A. 
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Figure 3.6 Schematic representation of how to obtain the similar initial stresses 
for stress relaxation tests.  Method A consists of repeated thermal cycles until 
the initial stress of two samples becomes very close.  Due to the nature of 
experiments, the difference in the initial stresses is very difficult to remove.  
Method B uses an interpolation after repeating several thermal cycles.  In this 
study, Method B is used. The shown error bars are calculated from Appendix A 
with an 80% confidence interval at 1400 minutes. The results do not overlap 
the neighboring error bar. 
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Figure 3.7 Experimental stress relaxation curves of the 
unpassivated 0.8µm thick blanket Cu film at various temperatures 
(160, 200, and 240°C) and the initial stress of 115.5MPa.  Note that 
this result can not be compared directly with the result of Figure 3.8 
because of the different initial stresses. The shown error bar is 
calculated from Appendix A with an 80% confidence interval at 
1400 minutes. The results do not overlap the neighboring error 
bars. 

 

3.2.3 Effect of Passivation 

Figure 3.7 shows stress relaxation test results of the unpassivated copper films at 

160, 200, and 240°C.  Despite their low initial stresses, the unpassivated copper films 

showed significant stress relaxation (about 60MPa at 200°C, for example) because of the 

rapid surface diffusion.  As temperature increased, the stress relaxation rate increased.  

This result shows that, although the driving forces (initial stresses) were almost same, 

rapid mass transport increased the stress relaxation rate of the unpassivated copper films 

as temperature increased. 
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On the other hand, the SiN-passivated copper films (Figure 3.8) showed relatively 

small stress relaxation compared with the unpassivated films.  Note that, because the 

results of the SiN-passivated and unpassivated copper films had different initial stresses, 

they can not be compared in the same plot (Section 3.1.4).  The initial stresses for the 

SiN-passivated copper films were even higher than those of the unpassivated copper 

films at the same temperatures.  However, the stress relaxations were considerably slower 

for the SiN-passivated films (about 14 MPa at 200°C, for example).  If the experiments 

with the SiN-passivated copper films started from the same initial stress as that the 

unpassivated copper films started from, the stress relaxation would be even smaller than 

14 MPa.  Because both passivated and unpassivated samples were designed and 

fabricated in the same manner, the effect from grain boundaries is similar.  The stress 

relaxation results indicate that the unpassivated copper films experienced rapid mass 

transport at the free surface and SiN was an effective passivation layer in retarding 

surface diffusion at these temperatures.  According to Huang et al. [31], when surface 

diffusion is much faster than grain boundary diffusion, the stress relaxation of 

unpassivated films is controlled by the grain boundary diffusivity.  For the SiN passivated 

film, the interfacial diffusion is slower than the grain boundary diffusion but controls the 

overall stress relaxation rate. 

 

3.2.4 Effect of Passivation Type 

Figure 3.8 shows the stress relaxation behavior of the SiN and SiN/CoWB 

passivated copper films.  As temperature increased, the interfacial mass transport of the 

SiN passivation exceeded that of the SiN/CoWB passivation.  This leads us to conclude 

that SiN/CoWB passivation is more effective in retarding the interfacial mass transport.  
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At 160°C, the SiN/CoWB and SiN passivations do not show a distinct difference in stress 

relaxation particularly after taking account of the errors in the measurement.  Thus, there 

seems to be no pronounced difference between the results at 160°C.  However, as 

temperature increases, the results show a large difference in stress relaxation for SiN and 

SiN/CoWB passivation outside the error limit.  Our results show that CoWB retards 

interfacial diffusion and can be used as an effective capping material. 

 
Figure 3.8 Experimental stress relaxation curves of the 
CoWB/SiN and SiN-passivated 0.8µm thick blanket Cu film 
at various temperatures (160, 200, and 240°C) and the initial 
stress of 201.5MPa. The shown error bar is calculated from 
Appendix A with an 80% confidence interval at 1400 minutes. 
The results do not overlap the neighboring error bars. 

 

 The mechanism that CoWB retards mass transport in copper/passivation interface 

is not fully understood yet.  Using a similar metal overcoat (CoWP), C.-K. Hu et. al. [22] 

reported that copper atoms were mixed into the CoWP cap layer.  The original mass 

transport kinetics at the Cu/passivation interface was modified by this intermixing 

process, which resulted in slower mass transport.  Another possible mechanism is 
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relatively weak Cu-passivation bonding is replaced by a strong metal (CoWB)-metal (Cu) 

and CoWB-passivation bonding. 

Figure 3.9 shows the stress relaxation behavior of the SiC and SiCN passivated 

copper films.  The stress relaxation of the SiC passivation was faster than that of the 

SiCN passivation.  Comparing both passivations with the SiN passivation, the stress 

relaxation of both SiC and SiCN passivations are higher.  From our thermal stress 

measurements, we found that the SiCN and SiC films have very similar mechanical 

properties.  This implies that the SiCN passivation layer has similar mechanical 

properties but provides slower mass transport than the SiC passivation layer. 

While previous experimental results [14,22,63] support fast mass transport for the 

SiC-passivated films, diffusion mechanisms on SiC/Cu and SiN/Cu interfaces are not 

fully understood.  A study by Gan et al. [14,63] suggested that the passivation difference 

between SiC and SiN passivation is not due to mechanical confinement.  The study 

implied that interfacial chemistry is probably a major factor in contributing to the 

passivation effect.   Lane et al. [22] reported that SiN/Cu interface has lower interface 

debonding energy than the SiC/Cu interface.  The experimental results based on four-

point bending and electromigration by Lane found a linear relationship between the work 

of adhesion and activation energy for diffusion.  For a high energy barrier interface 

passivation like the SiN passivation, slow mass transport is expected, which results in the 

slower stress relaxation for the SiN passivation than the SiC passivation. 
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Figure 3.9 Experimental stress relaxation curves of the 
SiCN and SiC-passivated 0.8µm thick blanket Cu film at 
various temperatures (180, 200, and 220 °C) and the 
initial stress of 187.5MPa. The shown error bar is 
calculated from Appendix A with an 80% confidence 
interval at 1400 minutes. The results do not overlap the 
neighboring error bars. 
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Figure 3.10 summarizes the effect of passivation layers on stress relaxation rates 

of copper films.  Here, the SiN/CoWB passivation provided the slowest stress relaxation 

rate, followed by SiN, SiCN, SiC, and no passivation.  Because all our samples were 

designed and manufactured in the same manner, the only difference between the samples 

was the different passivations, which led to different interfacial diffusivities.  From the 

stress relaxation rates, these results suggest that the mass transport rates at the interfaces 

are in the order of SiN/CoWB<SiN < SiCN < SiN < Unpassivated.  The results show 

that: (1) the introduction of passivation reduced the free mass transport rate of 

unpassivated copper films, (2) the CoWB/SiN passivation is most effective in retarding 

the mass transport rate at the Cu/passivation interface, and (3) except for the CoWB cap 

 
Figure 3.10 Experimental stress relaxation curves of the 
CoWB/SiN, SiN, SiCN, SiC-passivated and unpassivated 0.8µm 
thick blanket Cu film at the relaxation temperature of 200 °C and 
the initial stress of 128MPa.   The shown error bar is calculated 
from Appendix A with an 80% confidence interval at 1400 minutes.  
For the precise scales of the SiN and SiN/CoWB cases, refer to 
Figure 3.8.  The results do not overlap the neighboring error bars. 
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layer, SiN passivation can be an effective passivation layer in slowing down the 

interfacial mass transport. 

 

3.2.5 Stress Relaxation Simulation 

Although the stress relaxation results successfully showed the effect of 

passivation on interfacial mass transport rates qualitatively, deducing interfacial 

diffusivities is important for quantitative analysis.  A recent study by Huang and others 

[31] formulated a kinetic model for such purpose.  In this model, stress relaxation is 

considered to originate from two mass transport components, one from grain boundary 

and other from the interface.  This model assumed that the mass transport at the interface 

between the copper film and the substrate is negligible, and the net mass transport is 

conserved during stress relaxation.  The kinetic model and the respective mass transport 

fluxes are presented in Figure 3.11. 
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Figure 3.11 Schematic view of a passivated Cu film under 
diffusion process.  Note that lattice and Cu/substrate 
interfacial diffusion were neglected [31]. 

 

 

 

 
Table 3.2 Material properties and geometrical dimensions 
of blanket copper films used in the kinetic model analysis. 

Elastic Modulus (MPa) 151 
Atomic Volume (m3/atom) 11.81×10-30 

Film Thickness (µm) 0.8 
Grain Size (µm) 1.0 
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Figure 3.12 Example of the experimental (symbol) and 
calculated (solid line) stress relaxation curves of the SiN-
passivated 0.8µm thick blanket Cu film at various temperatures 
(160, 200, and 240 °C) and the initial stress of 201.5MPa.  The 
calculated results are in good agreements with experimental 
results. The shown error bar is calculated from Appendix A 
with an 80% confidence interval at 1400 minutes. The results 
do not overlap the neighboring error bars. 

 

According to this model, the stress relaxation of a passivated copper film can be 

expressed as 
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and knl=(2n+1)π.       (3.8) 

where σo is the initial stress of the film, M is the elastic modulus, δI is the diffusion width 

at the interface, and DI is the interfacial diffusivity, h is the film thickness, and l is the 

average grain size.  Table 3.2 summarizes the material properties and geometrical 

dimensions of the copper film used in the kinetic model analysis.  In previous studies 

[31,32], other types of close form solutions were developed and extensive comparisons 

between the calculations and the experimental results were made, as shown in to Figure 

3.12 and 3.13. 

 

Figure 3.13 Example of the experimental (symbol) and calculated 
(solid) stress relaxation curves of the SiN-passivated 0.8µm thick 
blanket Cu film at various temperatures (160, 200, and 240 °C) 
and the initial stress of 187.5MPa.  The kinetic model, used in this 
simulation, is in need of improvement. The shown error bar is 
calculated from Appendix A with an 80% confidence interval at 
1400 minutes. The results do not overlap the neighboring error 
bars. 
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Although the kinetic model provides a quantitative analysis to deduce interfacial 

diffusivities, some other aspects should be considered for a better analysis.  When films 

experience zero-creep stress effects [30] (i.e. a thermodynamic equilibrium stress of 

films) or have fast mass transport, the kinetic model results show discrepancies from the 

experimental results [31].  For example, compared with Figure 3.12, Figure 3.13 showed 

more discrepancies in curve fitting.  This is because the model did not include the atomic 

flux at the Cu/Si interface.  At high temperatures, each interface can be active for mass 

transport, depending on the interface characteristic, however in our model, the Cu/Si 

interface does not have mass transport.  Another factor contributing to errors from the 

kinetic model is that multi-layered films tend to have zero-creep stress equilibrium [30].  

In that case, the relaxed stress should converge to a zero-creep stress, which is difficult to 

define from the experimental data.  This zero-creep stress is commonly observed in 

multi-stacked structures or passivated thin films [30] and should be considered for future 

studies. 

Figure 3.14 summarizes the interface diffusivities deduced from our 

measurements, including the results from previous experimental studies for comparison 

[32,33,34,35].  A similar study on interfacial diffusion reported interfacial diffusivities of 

Qit=0.66 and 0.54eV and δDito=1×10-20 and 6.4×10-22m3/s [31,32].  We obtained 

Qit=0.65±0.03, 0.62±0.06, 0.57±0.03, 0.55±0.03eV and δDito=(3.08±0.51)×10-21, 

(2.14±0.14)×10-21, (2.36±0.09)×10-21, and (2.13±0.21)×10-21m3/s for SiN/CoWB, SiN, 

SiCN, and SiC respectively.  Our results are within the range of the previous studies.  

However, the activation energies (0.55±0.03~0.65±0.03eV) obtained are considerably 

lower than those from electromigration studies (0.8~1.2eV) [90,91,97,98].  The 

differences might have originated from the complexity of electromigration failure and the 

assumptions used in the kinetic model, especially in parameters such as diffusivities. In 
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the analysis of electromigration failure, Black’s equation provides an empirical estimate 

of median-times to failure of interconnects through the activation energy and current 

density.  However, electromigration failure is a complex phenomenon, which is difficult 

to correlated to results obtained from kinetic analysis of stress relaxation. 

 



   46

 
 

1/kT, (eV-1)
22 23 24 25 26 27

δD
, (

m
3 /s

)

1e-29

1e-28

1e-27

1e-26

1e-25

1e-24

1e-23

2
δDgb=1.16X10

-15
exp(-0.88/kT)

1
δDgb=2.9X10

-15
exp(-0.95/kT)

3
δDgb=5.0X10

-15
exp(-1.078/kT)

4-1
δDgb=1.1X10

-14
exp(-1.07/kT)

4-2
δDit=1.0X10

-20
exp(-0.66/kT)

4-3
δDit=6.4X10

-22
exp(-0.54/kT)

δDit forSiN 300A CoWB 
δDit forSiN 150A CoWB 
δDit forSiN 
δDit forSiCN 
δDit forSiC 

This study

1

2

3 4-1

4-2
4-3

 
Figure 3.14 Arrhenius plot of interfacial diffusivity from this study (symbol and 
line) and previous study (line only).  The superscript numbers (1~4) denote the 
previous references by Surholt et al10, Gupta et al11, Frost et al12, and Gan et al9 
respectively.  Error bars could not be directly drawn in this graph because of 
technical problems that computer programs generate (Microsoft Excel™ and 
Sigma Plot™) probably due to precision limits.  The activation energies from 
this study are 0.65±0.03, 0.62±0.06, 0.57±0.03, and 0.55±0.03eV for the 
SiN/CoWB, SiN, SiCN, and SiC passivation cases. 
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3.3 SUMMARY 

In this chapter, thermal cycling stresses for 0.8µm thick unpassivated and 

passivated blanket copper films were measured.  The yield strength of copper films was 

found to increase with a passivation layer.  No distinguishable difference was found in 

the thermal cycling stress of copper films with different passivations.  

The stress relaxation of the unpassivated and passivated copper films was 

measured using a bending beam method.  We observed that the stress relaxation behavior 

follows a diffusion controlled creep model, increasing the stress relaxation rate with 

increasing temperature.  We found that the stress relaxation of passivated copper films is 

dominated by mass transport through grain boundary and interfaces.  The smallest stress 

relaxation was found for CoWB/SiN passivation, followed by SiN, SiCN, SiC 

passivations and no passivation, indicating that the slowest interfacial mass transport for 

the CoWB/SiN passivation, followed by other passivations in the same order. 
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Chapter 4: Electromigration Reliability of Cu/Low-k Interconnects 

 

4.1 INTRODUCTION 

To improve electromigration reliability, surface modification techniques of 

Cu/passivation interfaces have been developed using cap layers, surface cleaning 

processes, and selective passivations.  The semiconductor industry recently has paid 

attention to the development of passivation materials such as CoWP and CoWB.  When 

the passivation layer provides strong interface bonding to the copper surface, the 

Cu/passivation interface can reduce interfacial mass transport where the defect density 

was induced by CMP.  For such applications, SiN, SiC, and SiCN passivation materials 

have been tried as surface modifications, which including BLoK™, which is a nitride 

form of SiC or NSiC and a trademark of Applied Materials Corp.  Our first goal in this 

study of the passivation effect is to evaluate electromigration reliability of 0.18µm wide 

copper interconnects with two passivations of SiN and SiC. 

Although interface diffusion is known to influence electromigration lifetime, a 

correlation between the electromigration lifetime with a direct measurement of interface 

mass transport has not been investigated.  A previous study by Lane et al. [14] attempted 

to correlate the activation energy of electromigration and the work of adhesion for 

Cu/passivation interfaces.  However, Lane et al. pointed out the difficulty of correlating 

fracture energies which represent the interfacial mechanical stability to diffusion or 

electromigration kinetics.  In this study, we will attempt to develop a correlation between 

electromigration and stress relaxation.  Unlike interface fracture tests, stress relaxation 

provide a direct measure of the Cu/passivation interface. 
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To find a correlation between electromigration and stress relaxation, we compare 

electromigration results with the stress relaxation results from the previous chapter, based 

on the kinetics analysis developed by Korhonen [39].  In Korhonen’s analysis, 

electromigration lifetimes are determined by the growth rate of a void in a copper line.  

The void growth rate is determined by the electromigration-induced stress, which is a 

function of the effective diffusivity and effective modulus of the copper line.  In 

passivated narrow copper lines, the effective diffusivity is dominated by interfacial 

diffusion as a result of interfacial defects induced by CMP [22].  The effective modulus is 

determined by the mechanical properties and geometrical dimensions of the copper line, 

the low-k dielectric and the passivation layers.  While there are other parameters in 

electromigration failure, the interfacial diffusion is a primary factor which can be 

experimentally determined using stress relaxation measurements in combination with a 

kinetic model as described in Chapter 3.  Our second goal in this study is to confirm the 

correlation between electromigration and stress relaxation results.  The detailed 

discussions are given in Section 4.5. 

To observe a consistency failure mode by interface diffusion, single damascene 

Cu/FTEOS interconnects were selected.  In single damascene structures, only the strong 

mode failures occur without the weak mode failures, which simplifies the 

electromigration analysis.  In this study, electromigration tests were conducted on copper 

line structures with SiN and SiC passivations at three temperatures of 300, 325, and 

350°C.  For consistent Cu/passivation interface characteristics in our electromigration 

and stress relaxation samples, identical CMP and passivating processes were used. 
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4.2 EXPERIMENTAL DETAILS 

Single damascene Cu/FTEOS interconnects were designed and fabricated at 

Freescale Semiconductor in Austin, Texas.  Since our goal is to find passivation effect in 

controlling interfacial diffusion, we selected single damascene structures in order to 

elimiate the weak mode failure, as shown in Figure 4.1.  This is because both strong and 

weak mode failures might be observed (Section 4.8) in dual damascene structures [82]. 

 

 

 

While M1 (metal one in Figure 4.1) played a role of supplying 1.0 MA/cm2 

current density, electromigration failures were found in M2 (metal two in Figure 4.2).  

All samples were fabricated under identical conditions except passivation layers—SiN 

and SiC layers.  The wafers were diced and tested at the package level.  After the 

 

Figure 4.1 Illustration of single damascene Cu/low-k structures.  In this 
study, current flows from the first level copper line (M1) to the second 
level copper line (M2).  M2 line was targeted for electromigration 
failures. 
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electromigration tests, the samples were moved to the FIB/SEM chamber for failure 

analysis. 

 

4.3 RESISTANCE TRACE IN CU/LOW-K INTERCONNECTS 

Monitoring a resistance trace is a traditional method to detect physical damages of 

interconnects, such as voiding (circuit opening) and extrusion formation (circuit shorting).  

Based on previous electromigration studies [9,19], an electromigration resistance 

gradually increases initially and then abruptly jumps when the line fails.  A step-like 

resistance increase is often observed in dual-damascene copper interconnects [19] when 

the interconnect lines are partially opened and the current still flows through the 

remaining layers (tantalum layer or the remaining copper line part).   

Figure 4.2 shows an example of resistance traces of the SiN and SiC-passivated 

0.18µm Cu/low-k interconnects at 350 °C and 1.0 MA/cm2.  When a void nucleated and 

grew at the cathode end of the copper line, the initial resistance increases abruptly (Point 

A and A’).  During void growth, the current flowed through the remaining part of the 

copper line or the diffusion barrier by shunting the void.  When the current flows in the 

curved geometry as shown in Figure 4.1, high current flux density, which is called 

“current crowding” [42], is induced.  This induces Joule heating and current crowding at 

the voided area, which causes the void to grow faster and in turn accelerates the failure of 

the circuit. 
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Figure 4.2 Example of resistance traces of the 0.18µm 
wide SiN or SiC-passivated Cu/FTEOS interconnects 
at T=350°C and j=1.0 MA/cm2. 

 

As a void fully grew in the copper line, the resistance increases abruptly again 

(Point B and B’).  Depending on the dominant mass transport rate in the copper and 

tantalum layers, the resistance increased gradually or rapidly.  Point C shows a steeper 

slope than at point C’ because of a faster mass transport. 

 

4.4 EFFECT OF PASSIVATION AND TEMPERATURE 

Figures 4.3-4.5 show CDF (cumulative distribution function) plots of the SiN and 

SiC-passivated 0.18µm wide Cu/low-k interconnects at 300, 325, and 350°C for 1.0 

MA/cm2.  Median times to failure (t50) and standard deviation (σ) were calculated from 

the log-normal distribution of the lifetimes.  The results show that SiN passivation 

provided a longer lifetime than SiC passivation.  A study by Hauschildt [85] obtained 

similar shorter electromigration lifetimes for SiC-passivated interconnects.  While most 
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previous studies [14, 87, 85] on electromigration of SiN and SiC(N) passivations 

obtained shorter electromigration lifetimes for SiC passivated interconnects, Michael et al. 

[89] reported longer electromigration lifetimes for SiCN-passivated interconnects than 

SiN-passivated interconnects. 

The mechanism of the longer lifetime for the SiN-passivated interconnect the 

SiC-passivated interconnect was first proposed by Lloyd et al. [87] and Lane et al. [14].  

These authors demonstrated a linear relationship between the work of interface adhesion 

and the energy barrier for diffusion.  When an interface has a high bonding energy, the 

interface has a high energy barrier for diffusion.  With a high energy barrier for diffusion, 

the mass transport at the interface is reduced.  This implies that SiN/Cu interface has a 

stronger bonding than that of the SiC/Cu interface improving the electromigration 

lifetime. 
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Figure 4.3 Experimental CDF plots of the 0.18µm 
wide SiN or SiC-passivated Cu/FTEOS Interconnects 
at T=350 °C and j=1.0 MA/cm2. The shown interval 
is the 90% confidence interval of the lifetimes. 

  

 
Figure 4.4 Experimental CDF plots of the 0.18µm 
wide SiN or SiC-passivated Cu/FTEOS Interconnects 
at T=325°C and j=1.0 MA/cm2. The shown interval 
is the 90% confidence interval of the lifetimes. 
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Figures 4.6 and 4.7 shows CDF plots of Cu/low-k interconnects (SiC and SiN 

passivations respectively) at 1.0 MA/cm2 and three temperatures (300, 325, and 350 °C), 

which can be used to deduce activation energies.  Table 4.1 summarizes our 

electromigration test results.  The median times to failure agreed with Black’s empirical 

equation; t50 = Aj-n exp(Q/kT) (Figure 4.8).  From the measured lifetimes and Black’s 

equation, we obtained activation energies of 0.96±0.09 and 0.74±0.11eV for the SiN and 

SiC passivations, respectively. 

 

 

 
Figure 4.5 Experimental CDF plots of the 0.18µm 
wide SiN or SiC-passivated Cu/FTEOS 
Interconnects at T=300°C and j=1.0 MA/cm2.  The 
shown interval is the 90% confidence interval of the 
lifetimes. 

SiC Passivation SiN Passivation 
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Figure 4.7 Experimental CDF plots of the 0.18µm wide SiN-
passivated Cu/FTEOS interconnects at various temperatures 
(300, 325, 350 °C) and j=1.0 MA/cm2. The shown interval is 
the 90% confidence interval of the lifetimes. 

   

Figure 4.6 Experimental CDF plots of the 0.18µm wide SiC-
passivated Cu/FTEOS interconnects at various temperatures 
(300, 325, 350 °C) and j=1.0 MA/cm2.   The shown interval is 
the 90% confidence interval of the lifetimes. 
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Figure 4.8 EM lifetimes of the 0.18µm wide SiN or SiC-
passivated Cu/FTEOS interconnects at various temperatures 
(300, 325, 350 °C) and j=1.0 MA/cm2. 

 

 
Table 4.1 Lognormal parameters (t50 and σ) of the 0.18µm wide Cu/FTEOS 
interconnects at various temperatures (300, 325, 350 °C) and j=1.0 MA/cm2. 

 Operating Temp. 300oC 325oC 350oC 

t50 (hour) 258.4 105.2 54.4 
SiN 

σ 0.21 0.18 0.25 

t50 (hour) 26.2 13.0 7.8 
SiC 

σ 0.33 0.28 0.26 

SiN passivation 
Q=0.96±0.09eV

SiC passivation 
Q=0.74±0.11eV



   58

 
 

4.5 CORRELATION BETWEEN STRESS RELAXATION AND ELECTROMIGRATION 

In Korhonen’s analysis for a copper line, when vacancies are in the equilibrium 

state, an electromigration-induced hydrostatic stress is given by 
 

*
effD B Ez

t x kT x
σ σ⎡ ⎤Ω ⎛ ⎞∂ ∂ ∂

= −⎢ ⎥⎜ ⎟∂ ∂ ∂ Ω⎝ ⎠⎣ ⎦     (4.1) 

where σ is the hydrostatic stress, t is time, Deff is the atomic diffusivity of copper, B is the 

effective modulus, Ω is the atomic volume of copper, k is Boltzmann’s constant, T is 

temperature, E is the electric field, and z* is the effective electronic charge.  In a confined 

copper line, the mass transport of copper atoms arises because of the electric field and 

chemical potential gradient along the line [76]. 

 Equation (4.1) implies that the atomic flux is mainly controlled by two 

parameters—effective modulus (B) and effective diffusivity (Deff).  The effective 

modulus, which is defined by (dC/C=-dσ/B), represents the mechanical confinement 

effect of a copper line.  If the confinement of a copper line is changed due to the material 

property and diffusion mechanism of a copper line, a low-k dielectric film, and a 

passivation film, the electromigration-induced stress will be changed.  Because of its 

relation to the backflow stress, the atomic flux will change the electromigration lifetime 

[39].  Investigating confinement effects, studies by Lee et al. [87,88] reported longer 

electromigration lifetimes for oxide-ILD (interlayer dielectric) copper interconnect than 

low-k ILD interconnects.  A recent study by Pyun et al. [77] investigated scaling effect of 

barrier thickness and linewidth on the confinement. 

In Korhonen’s equation, the mass transport is related to an effective diffusivity.  

The effective diffusivity depends on the diffusion paths in interconnects, including grain 
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boundary, surface, interface, and bulk [76].  A study by C.-K. Hu et al. [18] provided the 

following expression for the effective diffusivity: 
* * * * *2 1 1GBB I
eff eff B B S S S I D GB GB

n dz D z D z D z D z D
h w h h d w

δδδ ⎛ ⎞ ⎛ ⎞= + + + + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  (4.2) 

where the subscripts B, S, I, and GB refer to the bulk, uncoated Cu surface; Ta/Cu 

interface, and grain boundary, respectively; δI, δS, δGB denote the width of the interface, 

surface of the line, grain boundary of the line, respectively.  d is the grain size, w is the 

linewidth, h is the line thickness, and nB is the fraction of atoms diffusing through the 

bulk.  For copper, the activation energy of bulk diffusion is about 2.2 eV [22], which is 

higher than other diffusion mechanisms.  Thus, the diffusion in bulk copper can be 

neglected.  For copper lines with a bamboo or near-bamboo structure, the contribution 

from grain boundary diffusion is also negligible because the grain boundary paths are 

normal to the direction of electromigration driving force [22].  When a copper line is 

modified with a cap layer, the top surface of the copper line becomes a Cu/passivation 

interface [22] and the diffusion mechanism in the copper line is dominated by the 

interface.  When the characteristic of an interface is modified by cleaning processes, 

selective passivation layers, and cap layers, the reduced interfacial diffusivity can 

improve the electromigration lifetime [14,60]. 
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Table 4.2 Correlation between interface adhesion, electromigration lifetime, and 
stress relaxation as a function of passivation.  ES#1 denotes a SiN passivation 
with a cap layer. * are taken from [41]. 

Passivation 
Cap/Cu 

Adhesion 
(J/m2) 

Electromigration t50 
(hour) 

Stress 
Relaxation∇σ 

(MPa) 

SiN 10* 258.4±30.16 8.8±1.9 

SiC 4* 26.2±3.92 32.9±1.9 

ES#1* 12* 79* 3.3* 

 

Table 4.2 summarizes the electromigration and stress relaxation results, together 

with interface adhesion from a previous study [41].  Note that ES#1 denotes a newly 

developed overlayer material in Intel.  The SiN-passivated 0.18µm wide Cu/FTEOS 

interconnects showed the longest lifetimes and a smaller stress relaxation than the SiC 

passivation interconnects.  The SiC passivation had the shortest lifetime and the fastest 

stress relaxation.  These results are consistent with that obtained in this study, which is 

shown in Figure 4.8 where the activation energies and mass transport rates are compared 

for SiN and SiC passivations.  This correlation implied that the superior electromigration 

performance between two interconnects can be predicted by conducting stress relaxation 

tests which are time saving and more simple to do than electromigration tests.  

The activation energies of 0.96±0.09 and 0.74±0.11eV obtained in our studies for 

SiN and SiC passivations are in reasonable agreement with the values of 0.87 and 0.66eV 

for BLoKTM (a family of SiN) and SiC passivations, respectively reported by Lane et al. 

[14].  The differences may stem from different sample preparation processes.  However, 

the general trends in the electromigration lifetimes and mass transport rates between the 
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SiN and SiC passivations are in good agreement.  Our results provided evidence of the 

correlation between electromigration and stress relaxation.  From our results, an 

interconnect line with a longer electromigration lifetime has a smaller stress relaxation 

due to slower mass transport at high temperatures.  The stress relaxation test can be used 

to evaluate electromigration performance.  One can also take an advantage of this 

approach for the design of interconnects.  For example, in selecting passivation layers, a 

simple stress relaxation test can predict a passivation layer that gives the longest lifetime 

in the electromigration tests. 

 

4.6 SUMMARY 

Electromigration failures for 0.18µm wide Cu/FTEOS interconnects with two 

passivations (SiN and SiC) were studied using a resistance measurement.  The statistical 

distribution of the measured lifetimes fits a log-normal distribution well (Section 4.4).  

Because of a slower mass transport, the SiN passivations showed longer lifetimes than 

the SiC passivations, which are in good agreement with stress relaxation results for 

blanket copper films in Chapter 3 and previous studies [14]. 

From Black’s equation, the activation energies were calculated to be 0.96±0.09 

and 0.74±0.11eV for the SiN and SiC-passivations respectively.  The measured median 

times to failure were 258.4±30.16, 105.2±8.07, and 54.4±5.51 hours for the SiN 

passivations and 26.2±3.92, 13.0±1.43, and 7.8±0.85 hours for the SiC passivations at 

300, 325, and 350 °C, respectively. 
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Chapter 5: Stress Relaxation of Cu/Low-k Line Structures 

5.1 INTRODUCTION 

In Cu/low-k line structures, thermal strain is developed due to mismatch of the 

thermal expansion between copper lines and the surrounding materials.  As a result of the 

thermal strain mismatch, thermal stress is induced, depending on the material properties, 

deformation mechanisms, and other factors.  At high temperatures, the thermal stress is 

then subjected to relaxation, whose rate depends on the initial thermal stress and mass 

transport.  Despite its importance, the stress relaxation of copper/low-k line structures has 

not been extensively studied [63,93]. 

Since the initial thermal stress in copper line structures is one of driving forces of 

stress relaxation, it is important to review thermal stress development.  Rhee [46] 

reported that interconnect metal lines behave elastically because plastic deformation is 

highly confined by the line geometry and the surrounding materials (Figure 5.1).  In this 

case, a hydrostatic stress prevails and provides a strengthening effect.  The introduction 

of passivation and line patterns are two important strengthening methods for metal lines.  

Both mechanisms are attributed to dislocation pinning by obstacles at the Cu/substrate 

and Cu/low-k interfaces [28,54,56,57,58,59].  In addition to mass transport, the 

magnitude of the initial stress affects the stress relaxation of line structures.  In this case, 

a competition between two factors—mass transport rate and initial stress—may occur.  In 

this study, we will identify which factor dominates the stress relaxation of line structures. 

The stress relaxation of line structures can reflect the contributions from 

interfacial diffusion and passivation effect.  In line structures, interfacial diffusivity 

dominates the diffusion mechanism during electromigration due to the microstructure.  

When the line width and thickness in interconnects get smaller, a bamboo-like grain 
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boundary structure develops and the mass transport of copper lines is more sensitive to 

interfacial diffusion due to localized CMP-induced defects.  In blanket copper films, the 

stress relaxation is controlled by coupling grain boundary and interfacial diffusivities.  

Thus, if the stress relaxation of copper lines can be measured, more accurate 

characterization of interfacial diffusion will be achieved through a stress relaxation 

method.  Our first goal in this study is to characterize interfacial diffusion with the stress 

relaxation method for copper/low-k line structures. 
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Figure 5.1 Thermal stress behavior of a 0.25µm wide, 
0.3µm spaced Cu/low-k line structure using an X-ray 
method [46].   Black Diamond and SiN was used as low-k 
and passivation materials.  Note that x, y, and z stand for the 
directions along, across, vertical to the metal line, as shown 
in Figure 5.2.  In this study, the bending beam method 
measures only two components, σx (along the line) and σy 
(across the line).   

 

Our second goal is to study scaling effect due to line width on stress relaxation.  

We use copper/low-k line structures with three line widths (0.12, 0.18, 0.36 µm) as 
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described in Figure 5.3.  In this line structure design, only the linewidth varies while the 

line thickness remains same. 

We investigate the stress relaxation behavior of 0.3µm thick Cu/low-k line 

structures at various temperatures to identify the diffusion kinetics of line structures.  The 

stress relaxation at three temperatures (300, 325, and 350°C) are repeated for two 

directions (x and y in Figure 5.2)—along the line and across the line.  The effect of initial 

stress as a function of the test temperature is examined from the experimental results.  To 

study passivation effect, we introduced two passivations types (SiN and SiCN) to 

copper/low-k line structures.  For the consistency of Cu/passivation interface states, 

identical CMP and passivation processes as in the previous stress relaxation and 

electromigration tests were used to fabricate copper/low-k line structures. 

 

5.2 EXPERIMENTAL DETAILS 

To investigate the effect of passivation and line width on the stress relaxation 

behavior, we introduced three line widths and two passivations as summarized in Figure 

5.2 and Table 5.1.  Two design rules were considered (Figure 5.3).  Case I is to decrease 

the line width and thickness equally.  Case II is to decrease the line width while 

maintaining the same thickness.  In this study, Case II is used. 
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Figure 5.2 Illustration of the tested 0.36µm wide Cu/low-k 
damascene line structure. 

 

 
Table 5.1 Geometrical dimensions of thin films in the Cu/low-k 
line structure used in this study.  The linewidth of copper lines 
varies from 0.12 to 0.36µm.  *The thickness of etch stop is an 
approximate value. 

Layer Thickness (µm) 

Silicon Substrate (µm) 280 
SiO2 (µm) 0.8 
Ta (nm) ~10 

Etch stop (nm) ~10* 
Cu (µm) 0.3 

Low-k OSG (µm) 0.3 
Passivation SiCN (µm) 0.05 
Passivation SiN (µm) 0.05 

 

 



   66

 
 

 

 

 

 

 

 

 

 

 

 

 

 

We used the same bending beam method as in Chapter 3, except introducing a 

dual beam technique.  Unlike blanket films, line structures require a dual beam technique 

so that two stress components (stresses along the line and across the line) can be 

measured simultaneously.  During stress relaxation measurements, the position sensors in 

the measurement system recorded the change of curvatures at 160, 200, and 240°C for 25 

hours (1500 minutes).  Knowing the curvatures, line stresses are calculated by [21] 
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where σx and σy are the stresses along and across the line, respectively.  Es and νs are 

Young’s modulus and Poisson’s ratio of the substrate, ts and tf are the thicknesses of the 

 
Figure 5.3 Design rules for Cu/low-k line structures.  In case I, the Cu film 
thickness varies with the Cu film thickness.  In case II, the Cu line width 
varies alone.  In this study, case II was used. 
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substrate and the film, and 1/Rx and 1/Ry are the curvatures of the silicon substrate along 

and across the line.  C is the cross-sectional area coverage of the lines.  For example, if 

the cross-sectional area ratio of copper to low-k is 1:1, C is 0.5.  In this study, C was 

determined from microscopy images.  If a copper film occupies the whole area (i.e. a 

blanket film), Rx and Ry become identical, and the line structure stress equations converge 

to the standard blanket film stress equation (Equation 2.1).  

 

5.3 VALIDATION OF STRESS RELAXATION MEASUREMENT 

Unlike blanket films, the results from Cu/low-k line structures represent the 

average composite stress of copper and low-k materials, instead of the stress from the 

copper lines alone [13].  To calculate the stress of the copper lines from these composite 

stresses, a linear elastic analysis or a numerical method have to be introduced, which 

might be considered in future studies.  In this study, we report only the average 

composite stress of copper and low-k lines, so the stress levels are consistently low 

compared with previous studies, as shown in Figures 5.4a and 5.4b. 

Despite the above drawback, the stress relaxation measurement of Cu/OSG line 

structures can be used as the indication of a mass transport rate.  In a long-term process 

such as stress relaxation, mass transport controls diffusional flow and furthermore stress 

relaxation rate.  In Cu/low-k line structures, mass transport is strongly controlled by 

interfacial diffusion due to the microstructure.  Unlike blanket films (polycrystalline 

structure), copper line structures have a near-bamboo structure.  In addition to the 

microstructure, grain boundary diffusion is usually faster than interfacial diffusion but the 

slower interfacial diffusion controls the overall stress relaxation rate [31].  In stress 

relaxation, if two diffusion mechanisms contribute the strain rate in parallel, the slower 
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diffusion controls the strain rate.  Thus, the interfacial diffusion rate controls the stress 

relaxation rate of Cu/low-k line structures.  This implies that, if a Cu/low-k line structure 

exhibits large stress relaxation, rapid mass transport occurs at the Cu/passivation interface.  

Therefore, the stress relaxation of line structures can be used to evaluate the interface 

mass transport of line structures. 
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Figure 5.4 (a) Example of thermal stress results by the bending beam 
method in this study (b) Thermal stress by the bending beam method in 
previous study [13] (TEOS-passivated Al/TEOS lines).  Note that the 
maximum and minimum stresses in (a) and (b) are only about 60 and -10 
or -30 MPa, respectively. 

(a) 
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5.4 EFFECT OF LINE WIDTH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 5.5, the stress relaxation results are presented together with the estimated 

error bars.  In this case, σx of the 0.12µm linewidth case and σx of the 0.36µm linewidth 

case have a difference of only 1.35 MPa, which is smaller than the error bars (±1. 59 and 

±1. 21 MPa for σx and σy , respectively).  Similar results exist for three linewidths, which 

imply that no pronounced difference was found in the stress relaxation results with 

various line widths of 0.12, 1,18, and 0.36µm at 200°C. 

 
Figure 5.5 Stress relaxation of the SiCN-passivated 0.3µm thick 
Cu/OSG line structures with various line widths of 0.12, 1,18, and 
0.36µm at 200°C.  The shown error bars are calculated from 
Appendix A with an 80% confidence interval at 1400 minutes. 
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Figure 5.6 Stress relaxation of the SiCN-passivated 0.3µm 
thick 0.12µm wide Cu/OSG line structures at various 
temperatures of 160, 200, and 240°C.  The shown error bars are 
calculated from Appendix A with an 80% confidence interval 
at 1400 minutes. 

 

5.5 EFFECT OF TEMPERATURE 

Figure 5.6 shows stress relaxation results of the SiCN-passivated 0.3µm thick 

Cu/OSG line structures at 160, 200, and 240 °C.  As temperature increases, the stress 

relaxation increases and the changes in stress are generally outside the error estimates.  

At high temperatures, rapid diffusion controls stress relaxation behavior.  When 

temperature is raised from 160 to 240 °C, diffusivity increases in an exponential manner.  

Therefore, in our results, the faster mass transport was observed at the higher temperature, 

which subsequently resulted in the larger stress relaxation.  Note that the initial stress 

levels (σx and σy) were highest at 160, followed by 200 and 240°C (Figures 5.1 and 5.4).  

If an initial stress is the only control parameter in stress relaxation, the higher the initial 
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stress, the larger the stress relaxation.  Since stress relaxation is fastest at 240°C, we 

conclude that mass transport controlled the stress relaxation of the SiCN-passivated 

0.3µm thick Cu/OSG line structures.  This mass transport dominance in our stress 

relaxation results appeared to be more clear when the relaxation temperature was higher 

(Figure 5.6) and the initial stress was lower (Figure 5.4 and 5.6).   

A study by Gan et al. [63] observed similar increased stress relaxation in copper 

lines as the relaxation temperature increases.  It is interesting to note that these authors 

observed a larger stress relaxation with an x-ray diffraction method (XRD) than that with 

a bending beam method.  The study pointed out that, due to the elastic anisotropy of 

copper, lines with more (111) grains have higher stress levels (261GPa for <111> 

orientation and 114.5 GPa for <100> orientation).  This may be responsible for the higher 

stress relaxation observed by XRD which was based on the (111) grains. 

 

5.6 EFFECT OF PASSIVATION 

  Figure 5.7 shows stress relaxation results of the 0.3µm thick Cu/OSG line 

structures with two passivations (SiCN and SiN).  The results showed a faster stress 

relaxation for the SiCN passivation than that for the SiN.  The faster stress relaxation for 

the SiCN passivation can be due to the faster mass transport at the interface.  Unlike 

Figure 5.5, both SiN and SiCN passivation results exceeded the error bars estimated for 

our measurements.  Assuming an 80% confidence interval, the error bars were estimated 

for the maximum error within the 1400 minutes of measurement time (Appendix A). 

Our results are consistent with those reported in previous studies [14,63,87] in that 

SiC and SiCN passivations have similar interface mass transport faster than that of SiN 

passivation.  Gan et al. also reported the faster mass transport rate and stress relaxation 
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for the SiC passivation than those for the SiN passivation.  For the study of mechanical 

confinement, Gan et al. [63] reported similar effective moduli for both SiC and SiN 

passivations.  This indicates that mechanical confinement is not responsible for the 

difference observed and, instead, the results can be attributed to different interfacial 

chemistry.   

 
Figure 5.7 Stress relaxation of the 0.3µm thick 0.18µm wide 
Cu/OSG line structures with various passivations at 200°C.  
The shown error bars are calculated from Appendix A with an 
80% confidence interval at 1400 minutes. 

 

5.7 SUMMARY 

The stress relaxation of passivated single damascene Cu/OSG line structures was 

studied using a bending beam technique.  Three different line widths (0.12, 0.18, 0.36µm) 

and two passivations (SiN and SiCN) were introduced to the line structures.  The stress 

relaxation rates depended on the temperature and passivation type. 

Our results show that the stress relaxation rate increased as temperature increased, 

reflecting faster mass transport at higher temperatures.  No pronounced difference was 
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found in the results of line structures with different linewidths due to the low sensitivity 

of our measurements. 

The SiN-passivated Cu/OSG line structures showed a smaller stress relaxation 

rather than the SiCN-passivated Cu/OSG line structures.  The results suggested that SiN 

passivation has a slower mass transport than SiCN passivation.  The slower mass 

transport by SiN passivation was in a good agreement with the previous results in 

Chapters 3 and 4. 



   74

 
 

Chapter 6:  Correlation between Interfacial Diffusion and EM 
Characteristics 

6.1 INTRODUCTION 

6.1.1 Introduction 

The reliability of copper interconnects strongly depends on the interface mass 

transport, and a modification of the interface can improve the electromigration lifetime of 

copper interconnects.  For example, by incorporating a cap layer of CoWP, Hu et al [22] 

reported more than ten times longer electromigration lifetimes.  While this study 

validates interfacial diffusion as a dominant diffusion mechanism, the correlation of the 

interfacial diffusivity to electromigration failures has not been directly verified.  If the 

interfacial diffusivity can be measured with an independent method, the correlation can 

predict the lifetime of copper interconnects.  For this reason, we first measure the 

interfacial diffusivity using a stress relaxation method, and then apply Korhonen’s 

analysis to deduce the electromigration lifetime of copper interconnects.   

In this study, the analysis of interfacial diffusion kinetics is used to evaluate 

passivation effect on electromigration lifetime.  Based on Korhonen’s analysis [39], the 

atomic flux under electromigration for different passivations is primarily determined by 

two factors--the effective modulus and interfacial diffusivity.  The approach in this study 

first correlates the interfacial diffusivity to the effective diffusivity, and then investigates 

the electromigration-induced stress, the void growth rate, and finally the electromigration 

lifetime.  In this way, we validate the correlation from the experimental electromigration 

results.  Our goal in this section is to deduce the electromigration lifetime of copper 

interconnects using Korhonen’s analysis and to investigate the passivation effect on 

electromigration lifetimes. 
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6.1.2 Korhonen’s Kinetic Analysis 

In a confined copper line, mass transport of copper atoms is induced by the 

electric field and chemical potential gradient in the line [76].  When the vacancies are in 

the equilibrium state, the atomic flux of copper is given by 
 

*
effD EzJ

kT x
σ⎛ ⎞∂

= −⎜ ⎟∂ Ω⎝ ⎠
     (6.1) 

where J is the flux of copper atoms, Deff is the atomic diffusivity of copper, k is 

Boltzmann constant, T is temperature, σ is the hydrostatic stress of copper, E is the 

electric field, z* is the effective electric charge, Ω is the atomic volume of copper. 

Applying the continuity equation, Korhonen et al. [39] deduced the following equation: 
 

J B C
x C kT t

σ∂ Ω ∂⎛ ⎞− = − +⎜ ⎟∂ ∂⎝ ⎠
    (6.2) 

Considering the available lattice sites (dC) or the relative density change (dC/C), 

Equations (6.1) and (6.2) imply that the atomic flux is dominated by two parameters—

effective modulus (B) and effective diffusivity (Deff).  The effective modulus (B) will be 

discussed in Sections 6.1.3.  The atomic flux of copper will be expressed in terms of the 

effective diffusivity (Deff) will be discussed here.  For a long copper line, the contribution 

of the back stress becomes small relative to the electromigration drift velocity and will 

not affect the electromigration lifetime.  Therefore, for a long line, the atomic flux by an 

electromigration driving force can be expressed as [18] 

Je=Nvd       (6.3) 

where N is the density of atoms and vd is the drift velocity.  The drift velocity is related to 

the product of mobility and force, which is usually expressed by the Nernst-Einstein 

relation [18]: 
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C.K. Hu [18] suggested Deff as the product with effective electronic charge ( *
effz ; the same 

as z* in Korhonen’s analysis [39]): 
 

* * * * *2 1 1GBB I
eff eff B B S S S I D GB GB

n dz D z D z D z D z D
h w h h d w

δδδ ⎛ ⎞ ⎛ ⎞= + + + + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (6.5) 

where the subscripts B, S, I, and GB refer to the bulk, uncoated Cu surface, Ta/Cu 

interface, and grain boundary, respectively; δI, δS, δGB denote the width of the interface, 

surface of the line, grain boundary of the line, respectively; d is the grain size, w is the 

linewidth, and h is the line thickness; and nB is the fraction of atoms diffusing through the 

bulk.  When the copper line is surrounded by Ta and silicon nitride, the effective 

diffusivity is dominated by surface and interfacial diffusion.  Then, Equation (6.5) 

becomes [18] 
* * *2 1 I
eff eff S S S I Dz D z D z D

w h h
δδ ⎛ ⎞= + +⎜ ⎟

⎝ ⎠
    (6.6) 

For the passivated interconnects, interfacial diffusion corresponds to the surface diffusion. 

 Equation (6.6) implies that, when the interface is modified with a cleaning process, 

a selective passivation material, or a cap layer, the interfacial diffusivity is reduced and 

resulted in improving the electromigration lifetime.  In this study, our goal is to correlate 

the experimental interfacial diffusivities in Chapter 4 to the effective diffusivities in 

Equation (6.6) and predict the electromigration lifetime of copper interconnects 

analytically.  The interface diffusion for SiN/Cu and SiC/Cu interfaces is discussed and 

compared with the results in Chapter 4.  Sections 6.4~6.6 discuss the quantitative analysis 

of void growth rates and electromigration lifetimes during electromigration testing. 
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6.1.3 Effective Elastic Modulus for Interconnect Structures 

 

A study by Hau-Riege [74] reported a reduced confinement when a low-k 

material was introduced to copper interconnects.  The study was extended to predict the 

increased confinement effect when a thicker liner material was introduced.  The study by 

Hau-Riege et al predicted how the confinement of a copper line changes the 

electromigration lifetime.  A recent study by Pyun et al. [77] investigated the scaling 

effect of barrier thicknesses and linewidths on the confinement effect. 

In Korhonen’s model [39], the electromigration-induced stress and lifetime is 

affected by the confinement effect, which is represented by an effective modulus (B).  In 

Korhonen’s equation, the electromigration-induced hydrostatic stress is related to the 

number of available lattice sites per unit volume (dC) [76] as 
 

dC d
C B

σ
= −      (6.7) 

where B is the effective modulus of the copper line.  B can be calculated analytically 

using either Eshelby’s elastic inclusion theory [39] or numerical simulation [74,75].  In 

this way, the effective modulus is dependent on the material properties, geometrical 

dimensions, and mass transport mechanisms of copper, low-k, and passivation material.  

Our goal is to find a relation between the confinement effect and the passivation effect 

which is discussed in Section 6.1.1.  SiN and SiCN are used as passivation materials for 

comparison with the results in Chapter 4. 
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6.2 NUMERICAL SIMULATION 

6.2.1 Analytical Solutions of EM stress, Void Volume, and Resistance Traces 

To calculate the void volume and electromigration lifetime of copper 

interconnects, an electromigration-induced stress should be calculated first.  Korhonen 

[39] suggested mass transport equations as 
 

B J
t C x
σ∂ ∂

= −
∂ ∂

     (6.8) 

*
effD EzJ

kT x
σ⎛ ⎞∂

= −⎜ ⎟∂ Ω⎝ ⎠
    (6.9) 

where J is the flux of copper atoms, Deff is the atomic diffusivity of copper, B is the 

effective modulus, and C is the concentration of copper atoms, which is given as 1/Ω (Ω 

is the atomic volume of copper; 11.81×10-30 m3/atom).  To solve these differential 

equations, depending on the void formation mode, several boundary conditions can be 

considered.  Without a void in the copper line, Korhonen [39] suggested a simple 

boundary condition to calculate the electromigration-induced stress: 

J = 0    at x=0 and L   (6.10) 

This boundary condition represents the flux of copper atoms in the copper line, which is 

blocked at both ends during electromigration.  The boundary condition (6.10) is 

appropriate until a void nucleates, then the condition (6.10) becomes improper for the 

calculation of a void volume.  When a void was induced because of thermal stress [39], a 

flux near the void has to be considered.   In that case, Korhonen [39] proposed the 

following boundary condition: 
 

0

0

effD
J at x

kT w
J at x L

σ
= =

= =
   (6.11) 
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where w is the linewidth.  While this boundary condition expresses the stress 

characteristics around the void, the derivation of mathematical solutions with Equations 

(6.8) and (6.9) is difficult.  Korhonen [39] introduced a solution of electromigration-

induced stress with void formation using Equation (6.11).  The calculation of a local 

volume change or an electromigration lifetime using Equation (6.11) has not been 

extensively investigated, which is one of our goals in this study.  Korhonen [39] found 

that, when the line has a small width, the dimensional stress (σΩL/Ez*) around the void 

is close to zero especially when the stress approaches a steady-state level.  With an 

assumption that a thermally-induced stress void already exists and starts to grow during 

electromigration test at time t = 0, Korhonen [71] assumed zero stress at the void surface: 
0 0
0

at x
J at x L
σ = =

= =
   (6.12) 

Equations (6.11) and (6.12) provide a choice in selecting boundary conditions for the 

stress calculation with void formation.  Equation (6.12) is a simpler form of boundary 

condition (6.11), which will considerably simplify the calculation of void volumes and 

electromigration lifetimes.  Equation (6.11) describes the flux input from the void while 

the mathematical procedure to derive solutions is complicated.  Equations (6.11) and 

(6.12) have a basic difference mathematically.  Equation (6.12) assumes that σ =0 at x=0 

while Equation (6.11) does not have an explicit assumption.  Thus, one may use Equation 

(6.12) for convenience and Equation (6.4) for mathematical accuracy. 

Another condition to be addressed to solve Korhonen’s equation is the initial 

condition.  A simple form of the initial condition is given by Korhonen [39] with the 

assumption of no initial thermal stress: 

σ(x) = 0    at t = 0   (6.13) 
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However, Korhonen [71] pointed out that this may not be valid because thermal stress 

can be developed during manufacturing.  According to Korhonen, the initial thermal 

stress is relaxed at high temperatures.  Korhonen [71] suggested a modified initial 

condition: 

σ(x) = σT    at t = 0   (6.14) 

The choice of these initial conditions put two more difficulties to the boundary condition 

for Equations (6.11) and (6.12).  The first difficulty is which initial condition can 

describe the stress state of the line better.  Again, Equation (6.13) is a simpler initial 

condition while Equation (6.14) precisely reflects the thermally induced stress.  The 

second difficulty is how much thermal stress (σT) is induced.  While Bower et al. [43] 

suggested simple equations for the calculation of thermal stresses, a study by Gan et al. 

[72] measured experimental thermal stresses in copper lines using FEM and X-ray as a 

function of a linewidth and a material property.  In this study, the results by Bower et al. 

[43] are used for convenience. 

With the boundary condition of Equation (6.10) and initial condition (6.13), 

Korhonen [39] derived an electromigration-induced solution without void formation as 

shown in Figure 6.1: 
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where mn=(2n-1)π, K=DeffBΩ/kT, and G=Ez*/Ω.  Figure 6.1 shows electromigration-

induced stress evolutions without void formation for two ILD cases—silicon oxide and 

JSR.  Because silicon oxide is a mechanically strong material, a higher level of stress was 

induced for the oxide-ILD interconnects.  The time to reach the steady state was found to 

be 29.8 hours.  A study by Korhonen [39] introduced a time to reach the steady state as 

KL2/4. 
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With the boundary condition of Equation (6.12) and initial condition of Equation 

(6.13), Korhonen [71] derived an electromigration-induced stress with voiding: 
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where ( 1/ 2)nm n π= + .  In solving Korhonen’s equation, Korhonen [71] used a 

superposition method by splitting the solution into an electromigration solution term and 

a thermal stress solution term.  The study did not introduce a solution for the boundary 

condition (6.11) and initial condition (6.14), which is our goal for this study.  However, a 

later study [71] clearly showed that Korhonen’s equation can be solved by a 

superposition method.   

 

 
Figure 6.1 EM-induced stress evolution in a copper line 
without a void.  The results for two ILD materials are 
compared for the analysis.  JSR/Oxide is used as a low-k 
material whose mechanical properties are similar to those 
of OSG/FTEOS in Table 6.1. 
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To solve Korhonen’s equation with the boundary condition (6.11) and initial 

condition (6.14), we first rewrote (6.8) and (6.9) as 
 

*
effD B Ez

t x kT x
σ σ⎡ ⎤Ω ⎛ ⎞∂ ∂ ∂

= +⎢ ⎥⎜ ⎟∂ ∂ ∂ Ω⎝ ⎠⎣ ⎦
    (6.17) 

Mathematically, Equation 6.17 is not a Laplace’s equation (y”=0) or a Poisson’s 

equation (y”=C) but a hydrodynamic partial differential equation with a diffusion 

coefficient (DeffBΩ/kT) and a conserved flux source term (Ez*/Ω).  To derive a thermal 

solution term (i.e. without considering the electromigration driving force of Ez*/Ω), 

Equation (6.17) becomes 
effD B

t x kT x
σ σΩ⎡ ⎤∂ ∂ ∂

= ⎢ ⎥∂ ∂ ∂⎣ ⎦
    (6.18) 

The derivation of a solution for a differential equation of Equation (6.18) is widely 

studied using Laplace transformations [39,71,73].  Based on a reference [73,99], a 

thermal stress solution with the boundary condition (6.11) and initial condition (6.14) is 

given by 
( )

( ) ( )
2

2
1

2sin
exp cos 1

sin cos
n

TH T n n
n n n n

K xt
L L

λ
σ σ λ λ

λ λ λ

∞

=

⎡ ⎤⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟⎢ ⎥+ ⎝ ⎠ ⎝ ⎠⎣ ⎦
∑   (6.19) 

Where λn are solutions of λn=Bicotλn and Bi=L/w.  With the same idea for 

electromigration (i.e. without initial thermal stress), Korhonen provided an 

electromigration stress solution [39]: 
 

( ) ( )

( )

( ) ( ) ( ) ( )

2
2

2 2
0

cos sin exp
2

cos sin 1 sin cos

n n n n

EM
n n n

n n n n n n
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x x K t
L L LGx GL

β β α β β
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α α β β

αβ β β β β β
β

∞

=

⎡ ⎤ ⎛ ⎞+ −⎜ ⎟⎢ ⎥⎣ ⎦ ⎝ ⎠= − +
+ +

⎧ ⎫
⎡ ⎤× + − + −⎨ ⎬⎣ ⎦

⎩ ⎭

∑
 (6.20) 
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where βn are the solutions of βn tanβ n =α, α=L/w, K=DeffBΩ/kT, and G=Ez*/Ω.  In this 

study, we derived void volumes and electromigration lifetimes from Equation (6.20).  

The total stress during electromigration testing is now expressed as 

σ=σTH + σEM      (6.21) 

The void volume can be calculated from the total electromigration-induced stress 

[71]: 

0

LAV dx
B

σ= − ∫      (6.22) 

Thus, using Equation 6.21, Equation 6.22 becomes 
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∑  (6.23) 

where A is the area of the copper line. 

Figure 6.2 shows an illustration of the void growth model used for the resistance 

calculations in this study.  Identifying the accurate void morphology is important to 

calculate resistance traces during resistance calculations.  Because tantalum has the 

higher resistivity than copper, current mainly flows through the copper layer initially.  

There is no void nucleation yet.  However, when a void nucleates and starts growing in a 

copper line, the resistance is controlled by the void growth rate.  In our study, the void 

grows across the line until the void consumes copper in the line and finally reaches the 

tantalum barrier.  When the void grows through the copper line completely, the void does 
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not proceed to the tantalum barrier because of the high elastic modulus, enabling the 

current to be shunted through the tantalum layer. 

 

 

 

 

 

 

 

 

 

Before the void forms, the resistance of the copper line is expressed as 
 

Cu
Cu Cu

o

LR
A

ρ=     at t = 0  (6.24) 

Where ρCu is the resistivity of copper, LCu is the length of the copper line, and Ao is the 

area of the copper line.  When the void grows, the resistance increases because of the 

reduced area: 
 

( )
Cu

Cu Cu
o v

LR
A A V

ρ=
−

    at 0 < t < t1 (6.25) 

where Av(V) is the area of the void, which is calculated from Equation (6.23), depending 

on the shape of the void.  Equation 6.23 gives the size of the void volume and the area of 

the void for the small void width as a function of time [71].  In our calculations, we used 

10% of the line thickness for the initial void width.  t1 is the time when the copper line 

 

Figure 6.2 Illustration of void growth at the cathode end of 
a passivated copper interconnect line.  Diffusion barriers 
and etch stop at the side and bottom walls are not shown for 
clarity. 
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completely fails.  In our void growth model, we assumed that diffusion barrier layers 

never fails and the resistance of barrier layers remains constant during our calculation.  

This means, when the copper line fails, the current still flows through the diffusion 

barrier while the resistance of the copper line is expressed as.  
 

1( )
Cu Cu

Cu Cu Cu
o v

L LR
A A V A

ρ ρ= =
−

  at t = t1  (6.26) 

where A1 is the reduced area of the copper line at the onset of the fail.  In Equation (6.26), 

Rcu approaches infinity when Av approaches Ao.  To prevent the occurrence of a 

singularity, we stopped the calculation when the resistance slope became very large and 

continue with Equation (6.27).  This means that the small area, A1, remained constant 

until the calculation was finished.  If all copper ions were consumed, the void grew along 

the line, which actually decreased the length of the copper line.  Thus, after the copper 

line failed, the resistance of the copper line is expressed as 
 

1

( )Cu v
Cu Cu

L L VR
A

ρ −
=    at t1 < t  (6.27) 

where Lv(V) is the length of the void volume, which is calculated from Equation (6.23), 

depending on the shape of the void.  Equation 6.23 again gives the size of the void 

volume and the length of the void for the area of the void (A1) as a function of time [71].  

Note that the void volume and the resistance should be continuous at t = t1.  The 

dependency of electromigration damage on the grain texture of the copper line may be 

considered for future studies of void growth behavior.  In our model, we assume that the 

copper line does not have grain orientation dependency.  Table 6.1 shows the material 

properties and geometrical dimensions, used in the calculation of stresses, void sizes, and 

resistance traces in Section 6.4-6.6.  Hu et al. [22,95,96] reported activation energies of 

copper interconnects, ranging from 0.78~2.4eV, depending on the overlayer and process.  
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However, for the consistency to our experimental results in Chapter 4, we use the 

activation energies of 0.96±0.09 and 0.74±0.11eV that we obtained for the SiN and SiC 

passivations. 

 
Table 6.1 Material properties and geometrical dimensions used in the 
stress, void size, and resistance calculations in Section 6.4-6.6. *T is 
temperature in °C. 

Line Length (µm) 250 
Line Thickness (µm) 0.3 

Line Width (µm) 0.18 
Current Density (MA/cm2) 1 

Atomic Volume of Copper (m3/atom) 11.81×10-30 
Effective Modulus of Copper (GPa) 25GPa 

Resistivity of Copper (µΩcm) 2(1+0.0033T)* 
Resistivity of Tantalum (µΩcm) 150 

Effective Charge -0.0029T+1.67* 
Activation Energies (eV) in the Effective 

Diffusivities for the SiN and SiC passivations 0.96 and 0.74 

Absolute Temperature Diffusivity (cm2/s) in 
the Effective Diffusivities for the SiN and SiC 

passivations 
0.2 

Initial Thermal Stress (MPa) at 300, 325, 
350oC 181, 136. 90 

 

6.2.2 FEM Modeling of Effective Modulus 

A modeling technique to calculate the effective modulus was originally 

introduced by Korhonen et al. [39] using Eshelby’s elastic inclusion theory [79].  In 

Korhonen’s model, the structure is subjected to a volumetric strain change due to 

electromigration.  For a homogenous body, a volumetric strain [39] due to 

electromigration is expressed as 

1 2 3
dCd d d d
C

ε ε ε ε= + + =     (6.28) 
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where ε is the strain of a copper line, C is the atomic concentration of copper atoms, and 

1,2,3 denotes the directions of coordinates (Figure 6.3).  If the line is confined by the 

surrounding layers such as ILD and passivation layers, a stress change (dσ) is induced, 

depending on the line geometry and material properties: 
 

dC d
C B

σ
= −      (6.29) 

By comparing the calculated stress and the applied strain change, the effective modulus 

can be calculated.  The applied strain was determined by assuming a virtual displacement 

change on the boundary of the modeled geometry.  In our calculations, all boundaries are 

fixed (ε1=ε2=0, ε3≠0) except at the top surface due to no confinement in the vertical 

direction. 

Equations (6.28) and (6.29) suggest how the effective modulus can be calculated 

for a simple structure, which consists of only a copper line and an ideally simple 

surrounding material.  In interconnect structures, the materials and geometries are much 

more various and complicated.  To calculate the effective modulus for complicated 

interconnects, Hau-Riege et al. [74,75] used a finite element method (FEM), which can 

take into account complicated geometries and various materials.  In our study, we used 

the same modeling technique as in Hau-Riege’s study.  We modeled an interconnect 

structure consisting of a copper line, a low-k line, a passivation film, tantalum diffusion 

barriers, a silicon dioxide film, and a silicon substrate, as shown in Figure 6.3.  Table 6.2 

tabulates the material properties and geometrical dimensions used in our simulations. 
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. 

 
Figure 6.3 Illustration of the geometry used in effective 
modulus calculations.  The etch stops is not drawn for 
clarity. 

 
Table 6.2 Material properties and geometrical dimensions used in 
effective modulus calculations.  The width of copper lines is the same 
as the thickness. 

 Youngs’s Modulus 
(GPa) Poisson’s Ratio Thickness 

Si (100) 131 0.278 760µm 
Cu 115 0.343 0.35µm 
Ta 185.7 0.342 22.5nm 

SiNx 220.8 0.27 40nm 
OSG 

(FTEOS) 
3.6 
(65) 0.35 0.1~0.5µm 

SiC 440 0.34 40nm 

 

6.3 EFFECT OF PASSIVATION ON MECHANICAL CONFINEMENT 

Figure 6.4 shows the distribution of each stress component (σx, σy, σz), calculated 

for the effective modulus.  During electromigration, a volumetric strain is developed in 

the copper line.  Depending on the diffusion kinetics of the copper line, the type of 

1 
2

3
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volumetric strains is determined.  For example, for a grain boundary diffusion case, the 

induced total strain is expressed as 1 2 3d d d dε ε ε ε= + + .  If the analysis does not include 

any initial strain, the total strain can be rewritten as 1 2 3ε ε ε∆ = + + .  If we apply any 

known strains (ε1, ε2, ε3) with the isotropic material properties summarized in Table 6.2 

to the geometrical model, we are able to calculate hydrostatic stresses.  For an interfacial 

diffusion case, the induced total strain is expressed as 1ε∆ = .  This is because the mass 

flux of copper atoms moving only at the top surface of copper lines which contributes to 

the total electromigration-induced strain.  Since the electromigration diffusion 

mechanism is dominated by interfacial diffusion, we used this anisotropic strain condition.  

In a study by Gan et al. [61], anisotropic strains can be introduced with a 

thermomechanical model.  In our calculations, we use the same anisotropic strains as in 

those in the study of Gan et al. 

Figure 6.5 shows the hydrostatic stress, which is calculated from the stress 

components in Figure 6.4.  From the calculated hydrostatic stress and the applied strain, 

an effective modulus can be calculated.  We then recalculate an average effective 

modulus for each copper lines (Cu1 and Cu2; the same as M1 and M2 in [83]), which 

was introduced by Lu et al. [83]. 
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Figure 6.4 Distribution of stress components for the calculation of 
an effective modulus. 

 

 

 
Figure 6.5 Distribution of hydrostatic stress for the 
calculation of an effective modulus. 
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Figure 6.6 Effective modulus as a function of passivation 
with OSG ILD. 

 

Figure 6.6 shows passivation effect on an effective modulus.  The result did not 

show a distinct difference between two passivations.  This is because the passivation 

materials (SiN and SiC) do not have much difference in their structural material 

properties such as Young’s modulus and Poisson’s ratio.  The difference between the 

calculated values (9.26GPa for SiN and 9.49 for SiC in M2, 10.03 for SiN and 10.85 for 

SiC in M1) is small, which shows a small difference in their confinement effects. 
 

6.4 EFFECT OF PASSIVATION ON EM-INDUCED STRESS IN CU LINES 

Figure 6.7 shows the calculated stress evolutions using Equation (6.21) at 325°C.  

To investigate the passivation effect, two types of passivation materials (SiN and SiC) 

were introduced to identical copper interconnects.  We used the initial thermal stress of 

136MPa, calculated from a study by Bower et al. [43].  The results show that SiC 

passivation had the faster stress evolution than SiN passivation.  The SiN passivation 

reached about -80MPa at the anode (x=L) when the SiC passivation reached a steady-
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state stress of about -400MPa at 1000 hours.  Based on these stress evolution data, the 

final stresses differed by a factor of about five in their magnitudes.  However, this 

difference does not directly indicate the difference in their void growth rates or 

electromigration lifetimes because electromigration damages are affected by other 

parameters. 
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Figure 6.7 Effect of passivation on electromigration-induced 
stress in copper interconnects at 325°C. 

 As discussed in Section 6.3, mechanical confinement is not influential as much as 

interfacial diffusivity on passivation effect.  In our results, we assume that all the test 

samples were manufactured in the same manner with the exception of their passivations, 

which means that the interfacial diffusivity is the only difference.  An experimental study 

by Gan et al. [63] reported that the interfacial chemistry of passivation layers controls the 

stress evolutions for the SiN and SiC passivations.  The experimental data by Gan 

support our results indicating that SiN passivation provides a slower interfacial mass 

transport than SiC passivation.  While the experimental data by Gan et al. validate a slow 
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interfacial mass transport for SiN passivation, a study by Lane et al. [14] proposed a 

correlation between interface bonding and interfacial mass transport.  Supported by 

previous metal-dielectric interface studies [81,82], Lane et al. found that the strong 

interface bonding is attributed to the high work of adhesion.  The strong interface 

bonding at the SiN/Cu interface has a linear relationship with the activation energy for 

diffusion, which results in slow interfacial mass transport.  As mentioned earlier in 

Section 6.3, the mechanical confinement is not a main contributor for the difference in 

SiN and SiC passivations, interface bonding may be considered to be a major factor to the 

high activation energy of the SiN passivation. 

Figure 6.8 shows the calculated stress evolution during electromigration testing 

using Equations (6.16) and (6.21) at 325°C.  The purpose of Figure 6.8 is to examine the 

a difference between two proposed boundary conditions.  The results do not show much 

difference at the anode (x=L).  However, unlike Korhonen’s solution, the results from 

this study show a non-zero stress at the cathode (x=0).  Note that, due to a flux input 

from the void, our result started from 136MPa (the initial thermal stress, which is 

invisible in the figure), increased up to 200MPa, and reached the zero stress.  This 

temporary stress jumping was discussed in a study by Korhonen et al. [39]. 
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Adding an initial thermal stress to the derivation of electromigration-induced 

stresses is important because an extra flux from the void contributes to the void volume 

[71].  This is because voids can be nucleated during the passivation process.  The initial 

thermal stress shows more pronounced effects when we compare the solutions from our 

study and Korhonen’s solution.  Figure 6.9 shows the relaxation of the initial thermal 

stresses in Korhonen’s solution and our calculation at 325°C for the SiC passivation.  

Korhonen used a simple fixed boundary condition (σ=0) so the final result causes 

undershooting during the calculation.  In our calculation, the stress is not fixed.  For 

example, comparing two stress data at 1000 hours after the test started, Korhonen’s 

solution showed an average stress of about 20MPa while our result showed about 80MPa.  

The results showed a difference by a factor of four.  The thermal stress result in Figure 

6.9 is more important when the interface has slow mass transport and the void growth is 
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Figure 6.8 Electromigration-induced stress in copper 
interconnects with SiC passivation at 325°C using Korhonen’s 
solution and the solution in this study. 
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in the beginning stage.  In the beginning of the void growth, if the stress evolution from 

the electromigration (Equation (6.20)) is not fully developed due to the slow mass 

transport, the overall electromigration-induced stress is more affected by the initial 

thermal stress. 
 

Dimensionless Line Length, x/L
0.0 0.2 0.4 0.6 0.8 1.0

Th
er

m
al

 S
tre

ss
 (M

P
a)

0

20

40

60

80

100

120

140

160 Korhonen's Study
This Study

10 hours

2000 hours

100 hours

500 hours

1000 hours

10 hours

2000 hours

100 hours

500 hours

1000 hours

 
Figure 6.9 Relaxation of initial thermal stress in copper 
interconnects with SiC passivation at 325°C using 
Korhonen’s solution and the solution in this study. 

 

6.5 PREDICTION OF VOID GROWTH DURING EM IN CU LINES 

Figure 6.10 shows the calculated void sizes using Equation (6.23) during 

electromigration testing.  The result suggests two conclusions—SiC passivation provided 

a faster void growth than SiN passivation, and the void growth rate increases as 

temperature increases.  The temperature dependency was expected because of the kinetics 

of mass transport at high temperatures.  It is interesting that, as temperature increases, the 

initial thermal contribution decreases.  For example, based on a study by Bower et al. 

[43], the initial stresses of 181, 136, and 90MPa were developed for 300, 325, and 350 °C, 
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respectively.  As discussed earlier in Section 6.4, the higher the initial thermal stress, the 

higher the overall stress.  A high tensile stress can accelerate the void formation [39].  

Thus, the competition between low initial thermal stress and fast mass transport was 

expected at the high temperature.  In our study, a larger void size is observed at a higher 

temperature.  This leads us to conclude that mass transport has more effect on the void 

growth rates than the initial thermal stress in the temperature range from 300 to 350°C. 

  

 
Figure 6.10 Void size as a function of time in copper 
interconnects with SiC and SiN passivations. 

 

While the SiN passivation in Figure 6.10 shows a gradual increase in the void size 

during the calculation, the SiC passivation shows an abrupt increase due to faster 

interfacial mass transport.  As discussed in Section 6.4, the faster interfacial mass 

transport in the SiC passivation may be due to the lower activation energy for diffusion. 

Although our results in Figures 6.10 and 6.11 only show the void size as a 

function of passivation, the void growth rates can be changed by other parameters such as 
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variables in the process chemistry [83].  Not one mechanism alone can perfectly explain 

the void growth and electromigration damage.  The time delay of void nucleation during 

our calculation was not also included in our calculation.  The total lifetime of an 

interconnect is suggested to be the sum of void nucleation and growth time periods.  A 

study by Hau-Riege et al. [39,74] suggested that the void nucleation time is 
2

2
crit

N
eff

t
G D

σ π⎛ ⎞= ⎜ ⎟
⎝ ⎠

    (6.30) 

where σcrit is the critical stress, G is the elastic modulus, and Deff is the effective modulus.  

Another difficulty is that a critical volume size is not predictable.  When the size of a 

void reaches a critical void size, the electromigration failure takes place.  The 

approximate time to reach the critical volume size is suggested by Hau-Riege [74,75,94] 

as 
fail

G
eff

V kTt
G D

=
Ω

     (6.31) 

where Vfail is the critical void size to fail.  Here, the estimation of Vfail is difficult to 

determine because of the effect from the grain texture and anisotropic property of a 

copper line [85].  The grain orientation of a copper line is also considered to affect the 

morphology of voids [9,78]. 

Figure 6.11 shows the calculated void size of the case with or without an initial 

thermal stress.  As the test time approaches the steady state, the difference between two 

cases becomes larger due to the initial thermal stress.  When an initial thermal stress is 

included to the electromigration stress (Section 6.4), an extra atomic flux accumulates in 

the copper line as a function of time, which results in an increase in the void volume.  It 

is interesting that the increased atomic flux due to the thermal stress affects the saturated 
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void volume too.  Using Korhonen’s analysis, He et al. [40] calculated a saturated void 

volume as 

0

B
satu

satuV A dx
B

σ
= − ∫     (6.32) 

In our calculation, the saturation stress was increased due to the initial thermal stress 

(Section 6.4).  One may consider a time to reach the steady state for our copper lines as 

expressed in a form of tss=kTL2/4DBΩ [39]. 
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Figure 6.11 Effect of initial thermal stress on void size 
during electromigration testing at 300, 325, and 350°C. 

6.6 PREDICTION OF EM LIFETIMES FOR CU INTERCONNECTS 

Figure 6.12 shows the result of our resistance calculations at three temperatures 

for two different passivations.  The result suggests two conclusions on electromigration 

lifetimes in terms of passivation effect and temperature.  First, the electromigration 

lifetime increases for both SiN and SiC passivations as temperature decreases.  At high 

temperatures, the atomic flux for a long line is given by [18] 
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ρ

⎛ ⎞
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⎝ ⎠
    (6.33) 

As discussed in Section 6.1.2, the effective diffusivity (Deff) consists of each diffusion 

path such as bulk, grain boundary, Cu/Ta interface, and surface.  Depending on the 

diffusion kinetics in each path, the rate of mass transport increases as temperature 

increases.  The electromigration-driven atomic flux then increases due to the temperature 

increment (Equation 6.33).  As a result, the electromigration lifetime decreases. 

In previous studies [1,19,42,83], the effect of temperature on electromigration 

lifetimes has focused on the decreased lifetimes due to Joule heating.  Considering higher 

current density for future devices, the operating current density tends to increase to 8 

MA/cm2 in the year of 2017 [1].  A study by Lee [19] showed that the temperature 

increases as a function of current density.  When the Joule heating increases the local 

temperature, the temperature term of the Arrhenius equation can be rewritten as a 

function of the changed temperature such as [84] 
 

exp
( )

Grate
k T T

⎡ ⎤∆
∝ −⎢ ⎥+ ∆⎣ ⎦

    (6.34) 

where �T is the temperature increase due to Joule heating.  With the same idea, Black’s 

equation can be rewritten as [42] 
 

( )50 exp( )n Qt Aj
k T T

−=
+ ∆

     (6.35) 

Equation (6.35) implies that the prediction of electromigration lifetimes may be changed 

due to Joule heating. 

Second, SiC-passivated interconnects show shorter lifetimes than SiN-passivated 

interconnects.  As discussed in Sections 6.3-6.5, interfacial chemistry is the major factor 

of the passivation effect probably due to the interface bonding. 
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Figure 6.12 Calculated resistance traces of the 0.18µm wide 
SiN(dash-dot line) or SiC(solid line) passivated Cu interconnects 
at various temperatures(300, 325, 350 °C) and j=1.0 MA/cm2. 

 

Table 6.3 shows the calculated resistance traces with the measured resistance 

traces from Chapter 4.  The median lifetimes from the calculated resistance were slightly 

longer than those from the experimentally measured lifetimes.  The difference may be 

due to the nature of electromigration experiments.  As discussed earlier, electromigration 

damage is complicated including interface debonding, grain orientation, and processing.  

Unlike the experimental results, our numerical solutions did not include those parameters 

in evaluating the electromigration lifetime.  Previous studies [8,43] also reported 

differences between the calculated and experimental lifetimes.  In Korhonen’s analysis, 

only diffusion is considered to calculate the lifetime of copper interconnects, which is 

difficult to relate to structural analysis (interface bonding), film deposition (grain growth 
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and orientation), and manufacturing process (damascene process).  Interface debonding 

and grain orientation may be considered in future studies. 

 
Table 6.3 Comparison between the calculated and measured lifetimes of the 

copper interconnects with SiN and SiC passivations. 
SiN passivation (hour) SiC passivation (hour) Temperature  

(°C) Calculation Experiment Calculation Experiment 
300 229.1 258.4±30.16 29.5 26.2±3.92 

325 112.8 105.2±8.07 17.4 13.0±1.43 

350 58.6 54.4±5.51 10.7 7.8±0.85 

 

6.7 SUMMARY 

In this chapter, the correlation between interfacial diffusivity and electromigration 

lifetimes was investigated with emphasis on the effect of passivation.  The correlation 

study, which started from solving Korhonen’s equation, was examined by considering the 

confinement effect and interfacial mass transport.  

Confinement effect was investigated by solving the mass conservation equation 

(dC/C=-d�/B) using a finite element method.  In the calculated results, the confinement 

effect is almost the same for the SiN and SiCN passivations. 

Interfacial diffusivity was exploited to predict stress evolution, void growth, and a 

resistance trace in copper interconnects during electromigration testing.  For the accurate 

prediction, an initial thermal stress was included during solving Korhonen’s equation.  

The results show that a higher stress was developed due to faster interfacial diffusivity for 

the SiC passivation.  The larger void sizes and shorter electromigration lifetimes were 

also observed for the SiC passivation than those for the SiN passivation.  Our results 
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showed that interfacial diffusivity is the major factor in contributing to the passivation 

effect. 
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Chapter 7: Conclusions and Suggestions for Future Studies 

 

7.1 CONCLUSIONS 

The primary object of this study is to investigate the underlying mechanisms of 

thermal stress, stress relaxation, and electromigration behavior of copper/low-k 

interconnects.  Since the physical stability of copper interconnects is directly related to 

circuit failures, our results can be used to improve the reliability of future microelectronic 

devices, produced with Cu/low-k interconnects. 

The stress relaxation measurements with a multi thermal cycling method were 

used to investigate the effect of interfacial diffusion for 0.8µm thick unpassivated and 

passivated copper films.  Among various passivation materials, CoWB/SiN provided the 

slowest interfacial mass transport due to the strongest interface chemical bonding, 

followed by SiN, SiCN, SiC, and no passivation.  Combined with a kinetic model, 

interfacial diffusivities were calculated from the stress relaxation results.  Our results 

showed that the stress relaxation approach can be effectively used to analyze mass 

transport at the Cu/passivation interface and to predict the stress relaxation behavior of 

blanket copper films. 

The electromigration tests for 0.18µm wide single damascene Cu/FTEOS 

interconnects with two passivation layers (SiN and SiC) were used to verify the effect of 

interfacial diffusion in stress relaxation.  The SiC-passivated interconnects had the shorter 

lifetimes than the SiN-passivated due to faster mass transport.  By comparing the 

electromigration results with stress relaxation results, we found that the lifetime of 

Cu/FTEOS interconnects was an inverse function of the stress relaxation.  Our results 

implied that the stress relaxation and the electromigration lifetime can be characterized in 
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the same manner, using interfacial diffusivity as the correlation parameter for both cases.  

This correlation approach can be effectively used to predict the electromigration lifetime 

of Cu/low-k interconnects from the data of stress relaxation.  The correlation was 

confirmed using Korhonen’s kinetic analysis. 

In an effort to evaluate interfacial diffusion with high sensitivity, a dual beam 

stress relaxation method was introduced to single damascene Cu/OSG line structures.  

Three different line widths (0.12, 0.18, 0.36µm) and two passivations (SiN and SiCN) 

were introduced to the structures.  The results show that the anisotropic stress relaxation 

behavior of line structures followed the traditional high temperature creep behavior.  The 

stress relaxation results on the linewidth effect did not show measurable differences due 

to the low sensitivity in measuring the line samples.  Our results show that SiN 

passivation provided the slower interfacial mass transport than SiCN passivation because 

of strong chemical bonding at the interface.  

The correlation between interfacial diffusion and electromigration lifetimes was 

examined using Korhonen’s analysis by considering the confinement effect and mass 

transport.  From the calculated results, the confinement effect was almost the same for the 

SiN and SiC passivations.  Due to the slower interfacial kinetics, SiN passivation induced 

the lower electromigration-induced stress, the slower void growth rate, and the longer 

lifetime than SiC passivation. 

 

7.2 SUGGESTIONS FOR FUTURE STUDIES 

 
Our stress relaxation results validate how effectively the bending beam technique 

can be used to investigate a variety of characterizations such as thermal stress and stress 



   105

 
 

relaxation in thin films.  However, thermal cycling stress measurements for line 

structures still need a complicated stress analysis to separate the stress of copper lines 

from the measured composite stress.  A study by Yeo [13] introduced an analytical 

method to calculate the stress of copper lines but significant differences between the 

experimental and calculation results were found for copper line structures.  Because of 

the analytical difficulty of a multi-layer structure, Finite Element Method (FEM) can be a 

reasonable choice for the stress analysis of line structures. 

Under strong plastic yielding or diffusional flow, there is the possibility of stress-

induced voids.  Once a number of voids are formed, the additional flux from the voids 

can accelerate the stress relaxation of copper films.  For copper films in interconnects, the 

stress-induced voids reduces the lifetime of interconnects.  Thus, the contributions on the 

void formation should be further investigated.  For example, the relationship between 

stress relaxation and voiding must be extensively investigated, combined with void-

detection methods such as FIB, SEM, and TEM.  Since our void observation is limited to 

the resolution of void images, the void detection technique will be important.  If the void 

formation is nucleation-controlled, a great number of micro voids will form, which are 

not visualized in microscopy images.  A recent study [48] reported that new microscopy 

techniques such as topography SEM and laser scanning microscopy provide excellent 

resolution in detecting surface contours, which might be useful for the observation of 

voids. 

As described in International Technology Roadmap for Semiconductor (ITRS) 

2003 and 2004 update, devices beyond 45nm technology node use very small-scale 
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feature sizes.  For example, a diffusion cladding barrier is less than 5nm thick.  However, 

as the diffusion barrier fails, copper atoms can rapidly diffuse out to the surrounding low-

k materials.  Figure 7.1 shows TEM images, including copper oxidation outside of the via 

side-wall in Cu/low-k interconnects after 225°C annealing for 135 hours [7,49].  In 

previous studies [14,22], void formation at the bottom of the via was mainly focused 

because the thick barrier layers prevented the sidewall failure.  The physical deposition of 

diffusion barriers provides low coverage at the side-wall than at the bottom of the via.  A 

previous study [7] showed that this diffusion barrier breakdown (or so-called island-like 

diffusion barrier) was commonly observed in nano-level devices after physical deposition.  

Since the breakdown is contributed by the conventional physical deposition method, the 

solution is unlikely from conventional barrier deposition methods.  A recent study using 

ALD (Atomic Layer Deposition) proposed the possibility of producing a thin and 

uniform diffusion barrier [55]. 

To meet the demand of ultra low-k materials (~2.3), porous low-k materials were 

introduced as an interlayer dielectric.  The introduction of pores (k~1) to the fully dense 

materials not only decreases the dielectric constant but also the strength.  The weak 

strength of low-k materials caused integration failures during processing such as CMP 

and thermal cycling/annealing.  The degradation of the via side-wall during etching and 

ashing is another problem.  Thus, improving the physical stability of Cu/porous low-k 

interconnects during thermal cycling/annealing will be more important in future devices. 

The change of material properties of nano-scale thin films is another aspect for 

future devices.  For example, copper has been considered as one of the last materials  
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Figure 7.1 TEM images and EDS results of the via walls in a 
Cu/low-k damascene interconnect [7,49]. 

 

that provide very low resistivity.  However, electron scattering dramatically increases in 

45nm technology node, resulting in resistivity increment.  Currently, the semiconductor 

industry has traded off the resistivity increment with additional expense and processes.  

However, the solution does not seem to be found easily.  First, an alternative to copper 

has not been found.  Second, frequent transitions to new metal layers cost industry high 

expense even if the alternative was found.  Most of all, no matter what a new material 

comes to replace copper, physical stability during thermal cycling and annealing should 

be reinvestigated for the same reason as for porous low-k materials. 

Another difficulty to resolve is the viscoelastic behavior of low-k materials.  

Besides the stability at the interface around low-k materials, the viscoelastic behavior 

directly affects the time and temperature dependence of mechanical strengths.  In our 

study, we used annealed fully-dense OSG materials, which had negligible viscoelastic 
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behavior.  With a viscoelastic low-k material such as polymer, the stress relaxation 

behavior will be different from what we have investigated.  In case of porous low-k 

materials, the increased surface area by the introduction of pores might have different 

mass transport during the stress relaxation, pointing to the importance that an 

independent study of the viscoelastic behavior of porous low-k materials should be 

conducted. 
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Appendix A: Error Estimation for Stress Relaxation Measurements 

In this section, error estimation for stress relaxation measurements is introduced.  

Starting from Stoney’s equation, we will investigate parameters, which contribute to the 

error of stress relaxation results.  The discussion of the calculated results will be included 

at the end.  A perl program, used for the calculation of average stresses in this section, is 

given in Appendix B. 

In stress measurements using a bending beam method, a film stress is calculated 

using Stoney’s equation: 

( )
2 1 1

6 1
s s

s f o

E t
t R R

σ
ν

⎛ ⎞
= −⎜ ⎟− ⎝ ⎠     (A.1) 

where 1
2

x
R LD

∆⎛ ⎞=⎜ ⎟
⎝ ⎠

 and 1/Ro is the curvature of the silicon with and without a film, ∆x is 

the coordinate difference between the two laser beam spots (i.e. x2-x1), L is the distance 

between the position sensors and the samples, and D is the distance between the two laser 

beams in the system, Es is Young’s modulus of silicon, ts is the thickness of the silicon 

substrate, νs is Poisson’s ration of silicon, and tf is the film thickness.  Table A.1 shows 

the material properties and geometrical dimensions used in the calculation of errors in 

this section. 
Table A.1 Material properties and geometrical dimension 
used in the calculation of errors 

Es (GPa) 131 

νs 0.278 

tf (µm) 0.8 

ts (µm) 300 

L (m) 2.341 

D (mm) 32 
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At high temperatures, a major contributor to Equation (A.1) is the curvature 

change of the silicon substrate during stress relaxation testing.  Thus, the error of the 

bending beam stress is determined by the change of curvatures (1/R) or the coordinate 

difference between the two laser beams in the system (∆x).  Then, Stoney’s equation 

becomes 

( )
2 1

6 1
s s

s f

E td d
t R

σ
ν

⎛ ⎞= ⎜ ⎟− ⎝ ⎠
    (A.2) 

where 1
2
dxd

R LD
⎛ ⎞ =⎜ ⎟
⎝ ⎠

.  In the bending beam system, two parameters mainly affect the 

change of the coordinate difference between the two laser beam spots (∆x):  system noise 

and sample sensitivity.  The system noise is induced due to the electrical noise from the 

position sensors and the thermo-mechanical stability of the system.  The thermo-

mechanical stability of the system originates from the convection of air inside of the 

chamber.  Under the strong convection effect, the sample may move or the air flow can 

interfere the coherence of laser beams.  The system noise can be easily measured by 

conducting a stress relaxation test with a bare silicon wafer at 200°C.  Figure A.1 shows 

the measurement results of ∆x as a function of time.  In Figure A.1, the system generates 

random signals.  Recording these random signals was cut off after 40 minutes.  The 

results show a median value (2.67mm) and a standard deviation (±0.0112mm).  The 

average value varies with the curvature of the bare silicon wafer, which is not responsible 

for the error of system.  On the other hand, the deviation (±0.0112mm) is always 

generated no matter what type of a sample is under stress relaxation testing.  With the 

material properties in Table A.1, the deviation results in the stress change of ±0.51MPa 

for an 80% confidence interval.  This is the error limit due to the system noise, 

independent on the sample type.  The contribution of ±0.51MPa may depend on the 

overall stress relaxation.  For example, the small stress relaxation such as stress 
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relaxation of line structures can be affected by this error limit.  In this way, the ratio of 

the error limit to the overall stress relaxation may be used as an indication of the relative 

error of the system as a form of dσ
σ

. 

The second parameter, affecting the overall error limit, is the sensitivity of 

samples.  When we repeat stress relaxation tests, the relative error between the results can 

be calculated.  If the sample has a small relative error, the stress relaxation measurement 

has a high resolution.  For example, Figure A.2 shows stress relaxation behaviors of the 

unpassivated 0.8µm thick blanket Cu films at 200°C with the initial stress of 115.5MPa.  

The results show repeated patterns, which is one of the advantages of bending beam 

measurements.  With these repeated results, the median stress and the standard deviation 

can be calculated. However, the calculation of error limits from these results has a 

difficulty.  For example, Figure A.3 shows a computer-generated time delay between two 

stress relaxation results.  Figure A.4 also shows different data recording frequencies 

between the results.  This irregularity in recording data occurs due to the nature of a 

computer-controlled recording system.  As long as the sensors send random numbers to 

the computer and the computer controls the data acquisition during stress relaxation 

testing, this temporal difference is unavoidable.  If the data points are in different time 

domains, it is difficult to calculate the relative error between the samples.  To overcome 

this drawback, perl programming was introduced to calculate the median stresses.  The 

perl program in Appendix B splits the whole data sets into a number of small-size data 

clusters and calculates median stresses by a moving range method.  The moving range 

method calculates continuous median stresses as a function of time. With the data process 

with a peal program, the stress relaxation results are now in the same time domain.  Thus, 

median stresses and standard deviations can be calculated, as shown in Figure A.5.   
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Figure A.1 Measurements of the laser beam positions in 
the bending beam system with a bare silicon at 200°C. 
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Figure A.2 Stress relaxation of the unpassivated 0.8µm 
thick blanket Cu films at 200°C with the initial stress of 
115.5MPa. 
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A.3 Computer-generated time delay in stress relaxation 
results. 
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A.4 Computer-generated data-acquisition frequency 
difference in stress relaxation results. 
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Figure A.5 includes a system error limit and a sample limit using an 80% 

confidence interval.  The 80% confidence interval was used because our stress relaxation 

data sometimes show large scattering as in the line structure cases.  In this way, the 80% 

confidence interval is more appropriate for the consistence of error limit representations.  

The upper and lower error limits are calculated as ±1.90MPa as the worst case scenario 

(i.e. maximum stress relaxation at the end of 1400 minutes. 
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A.5 Median and error bars of stress relaxation of the 
unpassivated 0.8µm thick blanket Cu film at 200°C and 
the initial stress of 115.5MPa. 

 

Similarly for line structures, the error limits for two stress components (σx and σy) 

can be calculated for line structures, as shown in Figure A.6 and A.7.  The upper and 

lower error limits were calculated as ±1.59 and ±1.21MPa for σx and σy, respectively.  

The 80% confidence interval was again used to define the error limits. Unlike the 

previous blanket film case, the stress relaxation of line structures shows larger scattering.  

The relative errors for the line structures are very high, which may cause low sensitivity. 
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A.6 Stress relaxation of the 0.3µm thick 0.18µm wide 
Cu/OSG line structure with SiN passivations at 200°C. 

 

  

A.7 Median and error bars of stress relaxation of the 0.3µm 
thick 0.18µm wide Cu/OSG line structure with SiN 
passivations at 200°C. 
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Appendix B: A Perl Program to Calculate the Median Stress 

 
#!/usr/bin/perl -w 
 
use strict; 
 
my $delta_t=5; 
my $float=qr/(?:[-+]?(?:(?:[0-9]+)?\.)?[0-9]+(?:[eE][-+]?[0-9]+)?)/; 
 
my $filename=$ARGV[0]; 
#print $filename,"\n"; 
 
# Reading data 
open(IN,$filename) or die $!; 
my $max_t=0; 
my $field; 
my @t; 
my @y; 
my $row=0; 
my $max_set=0; 
while(<IN>){ 
  chomp; 
  my $col=0; 
  while(m{ 
   \G(?:^|,) 
   (?: 
    \" 
    ( (?> [^\"]* ) (?> "" [^\"]* )* ) 
    \" 
    | 
    ( [^\",]*) 
    ) 
     }gx) 
  { 
    if (defined $2){ 
      $field=$2; 
    } 
    else{ 
      $field=$1; 
      $field=~s/""/\"/g; 
    } 
    $field=~/$float/ or $field=0; 
    #print $field,", "; 
    my $set=int($col/3); 
    if($set>$max_set){ 
      $max_set=$set; 
    } 
    if(($col%3) eq 0){ 
      $t[$row][$set]=$field; 
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      if($t[$row][$set] > $max_t){ 
 $max_t=$t[$row][$set]; 
      } 
    } 
    if(($col%3) eq 1){ 
      $y[$row][$set]=$field; 
    } 
    $col++; 
  } 
  $row++; 
  #print "\n"; 
}     
close(IN); 
 
# Control output 
#for my $r(0..$row-1){ 
#  for my $i(0..$max_set){ 
#    if(defined $t[$r][$i]){ 
#      print $t[$r][$i]; 
#    }else{ 
#      print "-"; 
#    } 
#    print ", "; 
#    if(defined $y[$r][$i]){ 
#      print $y[$r][$i]; 
#    }else{ 
#      print "-"; 
#    } 
#    print "\t"; 
#  } 
#  print "\n"; 
#} 
   
 
# Align 
print "Writing aligned data...\n"; 
my $foutname=$filename; 
$foutname=~s/.csv//i; 
$foutname.="-aligned.csv"; 
open(FALIGN,">$foutname") or die $!; 
my $t=0; 
my $ti=0; 
my $total_count; 
my @sum=(); 
my @count=(); 
do{ 
  $total_count=0; 
  for my $r(0..$row-1){ 
    for my $i(0..$max_set){ 
       
      next unless ((defined $t[$r][$i]) && (defined $y[$r][$i])); 
      #print "(#", $t[$r][$i],", ", $y[$r][$i],"#)\n"; 
      $total_count++; 
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      next unless ($t[$r][$i] >= $t) && (($t[$r][$i] <($t+$delta_t))); 
 
      #print $t,"<=",$t[$r][$i],"<",$t+$delta_t,"\n"; 
 
      $count[$ti][$i]++; 
      if(defined $sum[$ti][$i]){ 
 $sum[$ti][$i]+=$y[$r][$i]; 
      } else { 
 $sum[$ti][$i]=$y[$r][$i]; 
      } 
       
       
      #print "t$i=",$t[$r][$i],", y$i=",$y[$r][$i],"\t"; 
    } 
    #print "\n"; 
  } 
  print FALIGN $t,", ",$t+$delta_t,", "; 
  for my $i(0..$max_set){ 
    if(defined $count[$ti][$i]){ 
      print FALIGN $sum[$ti][$i]/$count[$ti][$i],", ",$count[$ti][$i],", 
\t"; 
    } 
    else{ 
      print FALIGN "n/a\t"; 
    } 
  } 
  print FALIGN "\n"; 
  $ti++; 
  $t+=$delta_t; 
}while($t<=$max_t); 
close(FALIGN); 
 
# average 
for my $ti(0..$ti-1){ 
  my $sum=0; 
  my $count=0; 
  for my $i(0..$max_set){ 
    if(defined $sum[$ti][$i] and $sum[$ti][$i]>0){ 
      $count++; 
      $sum+= $sum[$ti][$i]/$count[$ti][$i]; 
    } 
  } 
  if($count){ 
    print $ti*$delta_t,", ",($ti+1)*$delta_t,", ", $sum/$count,"\n"; 
  } 
} 
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