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Abstract 
 

The effects of moisture on copper thin film adhesion 
have been investigated using a modified version of the 
superlayer indentation test. Copper films up to 100 nm thick 
were sputter deposited on thermally oxidized silicon wafers. A 
1 µm tungsten superlayer with 1 GPa compressive residual 
stress was sputter deposited on top of Cu films, providing 
extra energy for interfacial debonding upon indentation. The 
samples were first indented to a depth just greater than the 
thickness of the W/Cu bi-layer and then unloaded. Water was 
introduced to the indent, and a second higher load indent was 
made in the exact same location as the first one to drive crack 
propagation in the wet environment. For the indents made to 
the same maximum load, there was a dramatic increase in 
blister size in the wet environment compared to the blister size 
in the dry environment. Copper film adhesion in the presence 
of water was up to 20 times lower than in the dry environment 
(0.1 J/m2 vs. 2 J/m2).  Chemical reactions at the crack tip along 
with the surface energy minimization by water are thought to 
be the causes for the adhesion reduction.  
 
Introduction 
 

Thin films are found everywhere, from the paint on a 
car to the interconnects in a computer microprocessor.   There 
is an endless variety of applications based on the various 
functional properties of thin films.  Thin films are used in 
information storage, optics, microelectronics, in biomedical 
and other fields.  These applications are possible because of 
the thin films’ magnetic, reflective, electrical, mechanical and 
other properties [1-6].  With the growing number of uses for 
thin films, there will be an increase in the variety of 
environments in which these thin films will be operating.  That 
is why environmental effects on film adhesion need to be 
studied. For the current research, copper films were 
considered, being the replacement for aluminum interconnects 
in microelectronic devices.  Not only does copper have better 
electrical and thermal conductivity than aluminum, copper 
interconnects provide higher current densities and better 
electromigration performance.  However, one major 
disadvantage of using copper thin films is that they have lower 
adhesion to substrates compared to aluminum films.   

This paper considers the effects of water on copper 
film adhesion which have been investigated using a modified 

version of the superlayer indentation test.  Copper films up to 
100 nm thick were sputter deposited on thermally oxidized 
silicon wafers.  A 1 µm thick layer of tungsten with high 
compressive residual stress was sputter deposited on top of the 
copper films.  The tungsten superlayer is used to restrict 
plastic pile up of the copper layer around the indenter tip and 
to help drive interfacial debonding upon indentation.  With the 
superlayer having high compressive residual stress, it provides 
additional energy, helping to propagate a crack along the 
film/substrate interface.  The use of the superlayer residual 
stress allows for lower externally applied loads needed to 
induce thin film delamination. 

If the proper thin film deposition conditions are not 
met, high residual stresses may be present in the thin film, 
ultimately leading to its failure.  Residual stresses can be 
partially relieved through plastic deformation, cracking, or 
delamination.  Tensile residual stresses usually lead to film 
cracking and interfacial delamination, while compressive 
residual stresses typically lead to film buckling and 
delamination from the substrate.  For most cases high residual 
stress is not desired, but here it is utilized for measuring thin 
film adhesion. 
 
Experimental Procedure 
 

Copper films of two different thicknesses were tested 
(67 and 97 nm thick).  The analysis used for calculating film 
adhesion is based on the Marshall and Evans approach of 
treating the delaminated film section as a rigidly clamped disc 
[7].  Two problems likely to be encountered in a single layer 
indentation test are pile-up of the thin film around the indenter 
tip and penetration to depths greater than the film thickness.  If 
the indent is made too deep, deformation and cracking of the 
substrate may occur, reducing the test validity. 

Both problems can be avoided by using the 
superlayer indentation technique [1, 8].  The superlayer can be 
deposited by means of sputtering, where the temperature is not 
high enough to alter the microstructure and the interfacial 
properties of the original film. The superlayer can be tailored 
to optimize conditions for film thickness and residual stress, 
which allows for a greater delamination driving force for the 
same penetration depth to the film thickness ratio.  One 
condition that must be met for the superlayer indentation 
method to work is that the superlayer must adhere to the film 
more strongly than the film adheres to the substrate.  If this 
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condition is not met, the adhesion measurement obtained will 
be for the superlayer to the film and not the adhesion of the 
film of interest to the substrate. 

Kriese and Gerberich further developed the test to 
take into account the sample geometry by applying the 
laminate theory for calculating the strain energy release rates 
for multilayer samples [8].  For the case where the superlayer 
is much thicker than the underlayer, the single layer analysis 
can still be applied as defined by Marshall and Evans [7].  In 
addition to knowing the sample geometry and the elastic 
properties of each layer, two physical measurements, namely 
the delamination blister radius, x (Figure 1) and plastic 
indentation depth, δ (Figure 2) are required for calculating thin 
film adhesion. 

The copper films were first tested in a dry 
environment, where three different trials of indents were made 
at different locations on the sample.  Each trial consisted of 10 
indents in order to get good statistical variation and calculate 
an average adhesion value.  Changes in residual stress of up to 
25% can be observed across a 6” wafer and will affect 
adhesion measurements when using the superlayer indentation 
technique [9]. 

Indents were made to a range of maximum loads in 
order to obtain the steady state strain energy release rate value, 
which can be equated to the film adhesion.  The load range for 
indentation in the dry environment was kept between 100 and 
250 mN.  For indents made below a 100 mN load, 
delamination blisters were small, almost indistinguishable in 
the optical microscope.  For indents made to greater than a 
250 mN load, radial cracks in the buckled thin film and the 
substrate were present making adhesion measurements 
inaccurate.  After several indents were performed, film 
adhesion was plotted against the x/a ratio (Figure 4  and 
Figure 5).  Here, x is the delamination blister radius and a is 
the tip contact radius defined in Figure 1.   

 
Figure 1.  Delamination blister radius and contact radius. 
 

Adhesion measurements in a wet environment were 
conducted using a modified version of the superlayer 
indentation test.  An introductory indent was first performed to 

a depth just greater than the thickness of the W/Cu bi-layer 
and then the tip was unloaded. Water was introduced to the 
indentation, followed by a second indent in the exact same 
location as the first one in order to further drive the crack 
propagation in the moist environment.  Conventional 
superlayer indentation test analysis for calculating the strain 
energy release rate was used for the double indent test, where 
the plastic indentation depth and the delamination blister 
radius are the two measurements required. 
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Figure 2.  Load-displacement curve:  Plastic indentation 
depth determination. 

 
Before conducting the double indentation test in 

water, it was first carried out in a dry environment and 
compared with the same load single indent test.  Results 
presented in Figure 3 and Table 1 show that for the same x/a 
ratio, the strain energy release rate was comparable for the 
single and double indent tests in a dry environment, proving 
the test validity. 

It should be noticed that for the second indent in the 
double indent test, the real time load-displacement plot starts 
from the depth where the introductory indent ended.  Since the 
nanoindenter records the first contact point at zero 
displacement, the second load-displacement curve was 
manually shifted to account for this effect (Figure 3).
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Figure 3.  Single and double indents conducted in a dry 
environment. 
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Table 1.  Double and single indentation test results. 
 

Sample Blister Diameter (µm) G (J/m2) 

Cu 67 nm (Dry) 20 ± 5.0 2.74 ± 0.86 
Cu 67 nm (Wet) 150 ± 15 0.15 ± 0.05 
Cu 97 nm (Dry) 20 ± 5.0 1.98 ± 0.82 
Cu 97 nm (Wet) 150 ± 20 0.10 ± 0.01 
 
 
Results and Discussion 
  

For the indents performed in the dry environment the 
steady state strain energy release rate was observed for x/a 
ratios greater than 8 (Figure 4 and Figure 5).  For smaller 
indents, where x/a < 5, there is predominantly indentation-
induced stress that drives interfacial delamination.  For x/a 
ratios greater than 5, the residual stress in the superlayer is the 
largest contributing factor for interfacial crack growth [10].  
For x/a ratios between 9 and 12 the steady state strain energy 
release rate is equal to the thin film adhesion. 
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Figure 4.  Strain energy release rate for the 67 nm copper 
film. 
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Figure 5.  Strain energy release rate for the 97 nm copper 
film. 
 

In order to notice moisture effects on thin film 
adhesion, water must be able to reach the film/substrate 

interface.  Before the double indentation test was performed, 
water was first placed on the surface of the film and then the 
film was indented.  No changes in film adhesion were noticed 
with this procedure, similar to when the introductory indent in 
the double indentation test did not reach a depth equal to the 
film stack thickness. 

For indents performed in a wet environment with a 
deep enough introductory indent and with a second indent to 
the same maximum load as a single indent in a dry 
environment, larger delamination blister radii were 
immediately noticed.  For both copper samples, the blister 
diameter for a 150 mN indent in the dry environment was 
approximately 20 µm and increased up to 150 µm when the 
double indent was made in the wet environment to the same 
maximum load (Figure 6).   

“Wet” 
indent 

“Dry” 
indents 

100 µm 

 
Figure 6.  Delamination blisters in wet and dry 
environments. 
 

Adhesion measurements in the wet environment for 
both copper samples showed a reduction in adhesion by a 
factor of 10 to 20 compared to those performed in the dry 
environment.  For the 67 nm thick copper sample the average 
adhesion in water was 0.15 J/m2, compared to 2.74 J/m2 in air, 
and for the 97 nm thick sample it was 0.10 J/m2 vs. 1.98 J/m2 
in air (Table 2). 

 
Table 2.  Comparison of wet and dry adhesion results. 
 

 

Indent Procedure Maximum 
Load (mN) x/a G (J/m2) 

Double Indent 
(Dry) 200 7 - 8 7.8 ± 0.3 

Single Indent 
(Dry) 225 - 250 7 - 8 8.1 ± 0.5 

Along with the significantly larger delamination 
blister sizes there was also a load excursion seen in the load-
displacement curve (Figure 7).  Similar load excursions were 
also observed in the dry environment, but at much higher 
applied loads.  
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Figure 7.  Load-displacement curves for indents 
performed in wet and dry environments: Load excursion 
in a wet environment. 

 
Initially, the reason for a Cu adhesion reduction was 

thought to be due to Cu oxidation at the crack tip during the 
delamination process.  Oxidation of the Cu films is supported 
by previous findings for the Ta/SiO2 interface [11, 12].  The 
tantalum films were tested using the four point bend test, 
where increase in the crack propagation velocity was seen 
with an increase in relative humidity.  Equation 1 shows a 
possible reaction of copper and water at the film/substrate 
interface. 

 
2Cu + H2O → Cu2O + 2H+            (1). 

 
Oxidation of copper at the crack tip can reduce film 

adhesion, as the copper oxide is approximately two times 
harder than pure copper.  Copper oxide at the interface may 
restrict the amount of plasticity at the crack tip.  If that is the 
case, less energy would be dissipated by plastic deformation.  
Usually, the thicker the metal film, the larger the plastic zone 
size ahead of the crack tip, leading to higher adhesion values, 
although, for the copper films thinner than a 100 nm, almost 
no plasticity at the crack tip was observed [13]. Also, 
hydrogen can cause metal film embrittlement [14, 15] 

Additionally, we performed adhesion measurements 
of diamond like carbon (DLC) films on Si with a 100 nm SiO2 
layer. The DLC films showed a 50-fold reduction in film 
adhesion.  Since DLC films are chemically inert [16, 17], 
oxidation at the DLC film crack tip was ruled out as the 
adhesion weakening mechanism.  A SiO2 layer was a common 
factor between the copper and DLC film stacks.  A chemical 
reaction could be taking place between the water and the SiO2 
similar to environmentally assisted fracture in bulk glasses 
[18]. 

If the reduction in adhesion is not due to a chemical 
reaction at the crack tip, it could be explained by lowering of 
surface energy at the interface in the controlled (moisture) 
environment.  From a thermodynamic perspective, the true 
work of adhesion at the interface is the amount of energy 
required to create two free surfaces from the bonded materials.  
For an ideal case of brittle fracture, the true work of adhesion 

can be defined as the film/substrate adhesion and there is no 
energy dissipated due to plastic deformation.  All energy is 
conserved as new surfaces are formed: 
 

fssfAW γγγ −+=                     (2), 
 

where γf is the surface energy of film, γs is the surface energy 
of the substrate and γfs is the interfacial energy.  This follows 
the idealized case of Griffith fracture where the fracture 
resistance, Γi, is assumed to be equal to the thermodynamic 
(true) work of adhesion, WA.  When the strain energy release 
rate, G, is greater than the fracture resistance the crack will 
propagate. 

 
iG Γ≥                       (3). 

 
If the surface energy decreases with the presence of 

water, the true work of adhesion will decrease and less energy 
would be needed to create two new surfaces.  That would 
explain why larger delamination blisters were induced in the 
presence of water compared to the dry environment for the 
same maximum loads used. 
 
Conclusions 
 

It has been observed that film adhesion is 
dramatically reduced by the introduction of water at the 
film/substrate interface.  The water must reach the interface 
between the film and the substrate in order for this effect to be 
seen.  When the introductory indent did reach the interface, 
copper film adhesion was reduced by a factor between 10 and 
20.  This reduction is thought to be due to either a chemical 
reaction, causing hydrogen embrittlement, or due to lowering 
the surface energy when water reaches the crack tip.  More 
research needs to be conducted to determine what role SiO2 
underlayer plays in the adhesion reduction.  It is still 
undetermined whether the chemical effects and hydrogen 
embrittlement at the crack tip are prevailing over the water 
lowering the surface energy.   

Controlling residual stresses in thin films is a critical 
factor in the microelectronics industry.  It has been shown that 
high residual stresses are to be avoided, especially when 
processes such as chemical mechanical planarization are 
involved, where thin films are exposed to external forces and 
chemically active fluids. Future work will be conducted on the 
possibility of controlling delaminations in highly compressed 
thin films. When the residual stress is at least four times the 
critical buckling stress, telephone cord delaminations may 
appear [9, 19].  In films where residual stresses are high 
enough and film adhesion is low, the introduction of water has 
been observed to propagate thin film buckling delamination 
(Figure 8) [20].   

Delamination propagation continues until the water is 
removed or the delamination reaches the edge of the sample.  
These delamination channels can be used for fluid transport in 
biomedical applications [21]. Additional tests will be 
conducted to further explore water effects on thin film 
adhesion, and how these effects could be employed for 
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producing delamination channels for microfluidic 
applications. 

 

 
Figure 8.  Propagation of a telephone cord delamination 
with the introduction of water. 
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