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Abstract 

  
The mechanical properties of organosilicate glass 

(OSG) thin films were measured for the first time using 
bulge testing of OSG / silicon nitride (SiNx) freestanding 
membranes.  Evaluation of two different OSG films revealed 
significant differences in Young’s modulus and residual 
stress between the two dielectric films.  Young’s modulus of 
both types of OSGs was independently measured using 
nanoindentation and found to be at least 8.5-17% greater 
than that measured using the bulge test.  It is well known, 
and demonstrated herein, that modulus data obtained from 
nanoindentation is influenced by mechanical properties of 
the substrate.  Operating without this constraint, it is 
believed that data obtained using the bulge test more 
accurately represents the intrinsic mechanical properties of 
OSG thin films.    
 
Introduction 
 

Although routinely used within the semi-conductor 
industry for thin film mechanical properties characterization, 
nanoindentation has well known limitations and artifacts 
including indentation substrate effects, densification, size 
effects, tip rounding effects, and surface roughness, that can 
lead to misinterpretation of the results  [1-5].  The 
densification effect in which indentation contact can collapse 
pores and inflate the reported elastic modulus may be 
especially troublesome as porosity is introduced into 
intermetal dielectric materials to improve interconnect 
performance.  In addition, characterization of thin films 
using nanoindentation cannot yield other important 
information, such as, stress-strain curves and ultimate tensile 
strength, which are commonly used in finite element 
simulations and reliability predictions.  

To avoid indentation artifacts and extract stress- 
strain information at a fixed temperature, a technique is 
needed that can measure stress-strain properties directly.  
One of the most promising candidates is the bulge test. This 
technique has been used to measure properties of thin 
metallic films [5-8].  There have been few attempts, 
however, to measure thin ceramic films  and low elastic 
modulus materials , such as, low-k dielectrics. This is 
primarily due to the difficulties in fabricating freestanding 
membranes of such materials.  In this work, freestanding 
Organosilicate Glass (OSG) and silicon nitride (SiNx) 
multilayered membranes were prepared and tes ted using the 

bulge test.  Elastic modulus and residual film stress were 
extracted from isothermal stress-strain curves measured at 
room temperature.  Comparison of bulge and 
nanoindentation testing of these films indicates that 
nanoindentation may overestimate the elastic modulus, 
possibly due to the substrate effect and densification during 
indentation.   
 
Experimental 
 
 Two types of OSG films, denoted OSG (A) and 
OSG (B), were deposited on silicon substrates pre-coated 
with a 75 nm LPCVD  SiNx film on front and backside of 
the wafers.  OSG (A) films were capped with a 30 nm 
PECVD SiNx film.  OSG (B) films were capped with a 50 
nm PECVD SiNx film.  Bi-layered LPCVD and PECVD 
SiNx membranes without OSG were also manufactured.  
Freestanding rectangular membranes were prepared using 
standard micromachining techniques in which the LPCVD 
SiNx liner acts as a hard-mask on the backside of the 
substrate [5].  Exposed silicon was wet etched with a 
potassium hydroxide based solution creating 2.4 mm ×10 
mm membranes.   

A schematic drawing of the bulge test sample is 
shown in Figure 1.  As prepared the freestanding membrane 
is initially flat and under tension.  When pressure is applied 
the membrane deflects under an essentially quasistatic 
loading process with a constant strain rate of ~1.3×10-6 s -1.  
The in-plane stress and strain can be determined by 
measuring pressure (P) and the deflection (h) of the center of 
the membrane.  For a long rectangular membrane, the in-
plane stress and strain can be calculated from the pressure-
deflection data using the following simple formulae [5]: 

σ =
Pa2

2ht
        and         ε = ε0 +

2h2

3a2
,         [1] 

where t is film thickness, 2a is the width of the membrane, 
as shown in Figure 1, and ε0 is residual strain in the film.   

The elastic modulus and hardness of the same OSG 
film were also measured using the continuous stiffness 
indentation technique (nanoindentation) for comparison 
purposes . 

 
Results and Discussions 
 

The pressure deflection curves of all samples tested 
are summarized in Figure 2.  Each curve consists of data 
from multiple loading and unloading steps.  For example, the 



SiNx liner/OSG (A) /SiNx cap sample was loaded from 0 kPa 
to 30 kPa, then unloaded to 10 kPa, reloaded to 45 kPa, 
unloaded to 14 kPa, and finally loaded to 60 kPa, at which 
point the film fractured.  Figure 2 shows that the composite 
membranes deform elastically with the loading and 
unloading curves being virtually indistinguishable, as one 
would expect for ceramic films.  In-plane stress and strain of 
the composite films were calculated from the pressure 
deflection data using Eq. [1] and are presented in Figure 3.  
The y-intercept in this figure corresponds to the residual 
stress in the membrane.  The highest stress value on each 
curve is the ultimate tensile strength of the membrane 
structure.  By fitting a linear curve to the stress-strain data, 
the composite elastic modulus of the multilayered OSG 
membranes can be determined.   
  To extract the intrinsic OSG properties from the 
composite values, the contributions of the SiNx films need to 
be measured independently.  Results for the bi-layered SiNx 
films are presented in Figure 3.  As expected, the stress-
strain curves are linear with no sign of hysteresis  indicating 
perfectly elastic behavior.  The elastic moduli of the 
composite membranes are reported in Table 1. Even though 
the stiffness of SiNx is  much higher than that of OSG, the 
corrections are relatively small because the SiNx films are 
much thinner, i.e., 100 nm – 120 nm.  It is also important to 
note that the SiNx thickness tested here is close to the lower 
limit of films that can be tested in a meaningful way using 
nanoindentation.   

Since the membranes are in an iso-strain condition 
and the bi-layered SiNx properties are known, the intrinsic 
stress-strain curve and elastic modulus of OSG can be 
calculated using the following equations, respectively: 
                   

composite OSG SiN
t t tσ σ σ= +  , [2]               

              Et
1− ν2

composite
=

Et
1− ν2

OSG
+

Et
1− ν2

SiN

, [3]  

where ν is Poisson's ratio.  The intrinsic elastic moduli for 
OSG (A) and OSG (B) obtained by this method are 12.42 
and 7.49, respectively, assuming a Poisson's ratio of 0.3.  
The intrinsic stress-strain curves of both types of OSG are 
shown in Figure 4.  In these plots the y-intercept corresponds 
to a residual film stress of 38 MPa and 61 MPa for OSG (A) 
and OSG (B), respectively.  This is close to residual stress 
measurements obtained by wafer curvature techniques. 

To investigate the difference between nanoinden-
tation and the bulge test, indentation moduli of uncapped 
OSG films were extracted at indentation depths 5% and 10% 
of the film thickness and are also reported in Table 1, again 
assuming a Poisson's ratio of 0.3.  These “5%” or “10%” 
rules are commonly used in the industry as the standard 
method in reporting nanoindentation results .  These rules are 
semi-empirical and are based on the assumption that 
substrate and densification effects during the indentation 
process are minimal when penetration depths are less than 5 
or 10% of the film thickness.  A detailed discussion of the 
topic is beyond the scope of this  paper.  The validity and 

limitations of these rules, however, are best illustrated by the 
indentation results shown in Figure 5.  The plot shows the 
hardness and elastic modulus of OSG (B) as a function of 
indentation depth.  As expected, both values increase with 
depth due to the substrate effect and other experimental 
factors such as densification.  These effects are reduced with 
decreasing depth and it is generally assumed that an 
“acceptable” level is reached when indentation depths are 
smaller than 10% of the film thickness.  However, as shown 
in Figure 5, the reduction in modulus and hardness continues 
below 10% of the film thickness.  Even at the smallest 
indentation depths reported here, 5% of the film thickness, 
modulus values are ~10% greater than for the bulge test.  
The difference with data obtained at depths of 10% of the 
film thickness can be as much as 20%.  This suggests that 
substrate effect or indentation densification continue to 
influence measurements at depths as little as 5% of the film 
thickness.   

The bulge test can eliminate both substrate and 
densification effects.  Since the sample configuration is a 
freestanding membrane, parameters measured correspond to 
intrinsic film material properties.  The densification process 
is also eliminated as the strain applied in bulge test is  
uniform tension, rather than hydrostatic compression.  As 
shown in Table 1, scatter in bulge test data is 2-3 times 
better than in indentation measurements.   

 
Conclusions 
 

We have demonstrated that stress-strain curves, 
elastic modulus, and residual stress of thin OSG films can be 
measured using the bulge test.  Mechanical properties of 
SiNx films as thin as 100 nm were also measured.  Data 
show that the moduli obtained using nanoindentation are 
higher than the bulge test results .  This can be attributed to 
the substrate indentation densification effects. 
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Table 1.  Film stack information and experimental results from both bulge test and nanoindentation
OSG and SiNx Intrinsic Young’s Modulus, E (GPa)  

Sample 
LPCVD SiNx  

Thickness  
(Å) 

OSG 
Thickness  

(µm) 

PECVD  
SiNx Thickness  

(Å) 

Residual Film Stress 
(MPa) Bulge Test 

Nanoindentation  
No SiNx Cap 

(5% film thickness) 

Nanoindentation 
 No SiNx Cap 

(10% film thickness)  
1 682 4.2 307 38 ± 1 (Intrinsic  OSG (A)) 12.42 ± 0.10  13.58 +/- 0.42 15.34 +/- 0.45 
2 740 3.0 509 61 ± 1 (Intrinsic OSG (B)) 7.49 ± 0.10 8.77 +/- 0.63 9.02 +/- 0.73 
3 682 - 307 757 ± 1 170 ± 1 - - 
4 773 - 509 558 ± 1 214 ± 1 - - 
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Fig 1.  Schematic drawings of the bulge test sample.                                           
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Fig 2.  Pressure deflection of OSG/SiN composite films 
and SiN bilayer. The number between parentheses refers to 
the sample number in Table 1. 

Fig 4.  Engineering stress-strain curve of intrinsic OSG films. 
The letter between parentheses refers  to the two types of OSGs  
in Table 1. 
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Fig 3.  Stress-strain curve of OSG/SiN composite films and 
SiN bilayer. The number between parentheses refers to the 
sample number in Table 1. 

Fig 5.  Hardness and modulus of OSG (B) films determined by 
nanoindentation. 

 


