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Abstract 
Carbon-doped oxide SiCOH films with low to ultralow dielectric constants have been 

prepared on a Si substrate by plasma-enhanced chemical vapor deposition (PECVD) from 
mixtures of SiCOH precursors with organic materials. The mechanical properties of the films 
have been characterized by continuous-stiffness nanoindentation measurements. To study the 
film thickness effect, each group of samples with the same dielectric constant comprised samples 
prepared with different film thicknesses. It is shown that the effective hardness and modulus of 
the film/substrate system significantly depend on indentation depth due to surface gradient 
plasticity and the substrate constraint effects. The “true” film properties were determined using 
both an empirical formulation of the effective modulus and direct inversion based on a finite 
element model. The hardness and modulus of three groups of samples with different degree of 
dielectric constants have been measured. The hardness increases from 0.7 to 2.7 GPa and 
modulus from 3.6 to 17.0 GPa as the dielectric constants change from 2.4 to 3.0.  While for 
stiffer films the modulus measured at an indentation depth of 10% of film thickness is close to 
the “true” value for films thicker than 0.5 micron, the measured value can give an overestimate 
up to 35% for softer films. 
 
 

I. INTRODUCTION  
 

As the dimensions of ultralarge scale integrated (ULSI) circuits continue to shrink, 
optimization of the electrical properties of the interconnect dielectric becomes more important in 
improving the performance of ULSI devices. Such systems require materials of low dielectric 
constant to reduce propagation delay, cross-talk noise and power dissipation from RC coupling1-

3. Amorphous carbon-doped glass materials (SiCOH) deposited by plasma enhanced chemical 
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vapor deposition (PECVD) have low to ultralow dielectric constants (k from 3.0 to<2.1) and are 
currently considered the most promising and films with dielectric constant of 3.0 are currently 
integrated in ULSI 3a. The ultralow dielectric constant of SiCOH materials (k<~2.7) is achieved 
by introducing porosity in the films4. The existence of porosity significantly reduces mechanical 
properties such as modulus and hardness and affects the mechanical robustness of the 
interconnect structures incorporating such films. Therefore, for practical application of SiCOH 
materials in ULSI devices, it is crucial to characterize their mechanical properties such as 
moduli, which can be used to quantify their resistance to cracking and delamination.  

Instrumented micro and nano-indentation is becoming increasingly important for 
measuring elasto-plastic properties on thin films 5, 7. With very small diamond-indenter tips and 
high resolution of force and displacement sensing in nanoindentation instruments, the 
measurements are performed at the nano/micro scale. With the continuous stiffness measurement 
(CSM) technique5, 7, the mechanical properties are measured continuously during the indentation 
test by imposing a small oscillating force during loading. This is particularly useful when testing 
material systems that have elastic properties varying with depth, as for example thin film 
systems8-14. Besides the mechanical properties, the fracture toughness and adhesion of thin films 
has been also determined using nanoindentation12 . 

Determination of the mechanical properties of soft thin films on substrates is 
complicated by the effects of the substrate and plasticity gradient. It is common practice to select 
an indentation depth less than 10% of the film thickness for “true” film properties measurement5. 
However, this selection is not applicable for very soft thin films (< 1 µm) on hard substrates 
because the long range elastic deformation is affected by the substrate constraint and thus the 
effective elastic modulus obtained by nanoindentation differs significantly from the actual 
modulus of the film. Several methods10,13-15 have been proposed to determine the actual film 
properties from the measured effective properties for film/substrate composites. For a soft film 
on a substrate, another complexity in determination of film properties comes from the 
indentation size effect16-18, which increases the hardness at small indentation depth.  

In this study, we investigated three sets of SiCOH films of different elastic moduli 
and hardness and of several film thicknesses, to verify the effect of film thickness and its 
dependence on the film’s mechanical properties. The CSM-mode nanoindentation was applied to 
study the mechanical and plastic properties of the films. The “true” film properties were 
determined using both an empirical formulation of the effective modulus and direct inversion 
based on a finite element model. 

   
 
 

II. EXPERIMENT  
 
A. Sample preparation   
 SiCOH films of different dielectric constants, hence different mechanical properties, have 

been investigated. The films have been prepared by plasma-enhanced chemical vapor deposition 
(PECVD) as described in detail elsewhere1. Three groups of samples were prepared from 
different precursors using different processing conditions. Each group included several 
specimens prepared in identical conditions , thus with presumably similar properties, but 
differing film thickness. The samples are described in Table 1. The films of Group 3 are dense 
while those of Groups 1 and 2 are porous, Group 1 films having higher porosity 4. 
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B. Nanoindentation experiments 
 
 
An MTS Nanoindenter® with a diamond Berkovich tip was used to characterize the SiCOH 

film and Si substrate. The Continuous Stiffness Measurement (CSM) indentation mode with the 
Dynamic Contact Module (DCM) was used to perform the measurement. Indentations were 
made to a prescribed depth at a constant nominal strain rate of 0.02 s-1. Each result consists of an 
average of 12-16 indentations. Effective hardness and modulus were measured during the entire 
loading segment using the Oliver-Pharr method 5.  

Figure 1a shows a schematic of the indentation on a film/substrate system with material 
sinking-in around the contact surface and Fig. 1b shows a typical loading and unloading 
response. Continuous stiffness indentation measurement imposes a sinusoidal force on the 
indenter at a frequency of about 45Hz while monitoring its displacement response, as shown in 
Fig. 1b. Using the measured phase and amplitude response, the dynamic contact stiffness is 
determined as a continuous function of indentation depth. For a homogeneous material the 
indentation displacement D is linearly related to the contact stiffness S (local unloading slope as 
shown in Fig. 1b); the indentation load P is linearly related to the square of the contact stiffness S 
and P is proportional to indentation depth squared (D2) [ref. 19]: 

2DCP = , SCD d= ,    2SCP p= ,  (1) 
where C [N/m2], Cd [m2/N] and Cp [m2/N] are constants, which depend on material’s elasto-
plastic properties and indenter tip geometry. These coefficients are not independent and are 
related by 2/ dp CCC = . The coefficients dC , pC ,C have been explicitly related to material 
properties by scaling analysis and finite element simulation of indentation for a homogeneous 
semispace19. To obtain material properties, both P and S are measured at each indentation depth 
D and from Eq. (1) the coefficients Cd =D/S, Cp =P/S2, and Λ=Cp /Cd are obtained as functions of 
indentation depth D.  
 Prior to thin film testing, the frame compliance of the indentation system was calibrated 
by evaluating the behavior of the indentation parameters Cd and Cp with depth in a homogeneous 
fused-silica substrate. For the calibration sample, these parameters should be independent of 
depth. However, if frame compliance is not properly excluded, these parameters will vary with 
depth. Thus the correct value of frame compliance is found by evaluating these relations 7. 

For all thin film samples listed in Table 1, a series of indentations were performed with 
maximum indentation depth varying from 100 to 500 nm. The load, indentation depth and 
contact stiffness were continuously recorded as functions of indentation depth. The 
corresponding indentation parameters (Cd =D/S, Cp =P/S2, and Λ=Cp /Cd) at each indentation 
depth were calculated. The effective moduli and hardness of the total film/substrate structures 
were found using the Oliver-Pharr method5. In this method, the effective hardness Heff is 
computed as  

 
A
PH eff = , (2) 

and the effective modulus Eeff  as 

 
A

SEeff β
π

2
= . (3) 
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where A is the projected contact area and  β (=1.06) is a constant.  The projected contact area A is 
calculated from the indenter shape function A=F(Dc) extracted from the calibration 
measurements. The contact depth Dc (Fig. 1a) at indentation depth D is estimated using load P 
and contact stiffness S:  

 
S
PDDc 75.0−= . (4)  

   In section IV, we discuss two methods for the extraction of the thin film properties from the 
total effective properties of the structure. 

 
III. RESULTS   
A. Substrate characterization  

  To characterize the film properties, we first performed indentation on the substrate 
Si(100) wafer.  Using the Oliver-Pharr method5 we obtained a Young’s modulus of 179.5 GPa  
and a hardness of 12.40 GPa, in agreement with data reported elsewhere10. The indentation 
parameters Cd, Cp and Cp /Cd  versus indentation depth are shown in Fig. 2. As expected, these 
parameters are nearly independent of indentation depth. The average value of Cp /Cd  is about 
0.274.  

 
 
B. Load-displacement relations 
First let us discuss the load-displacement relations. Figures 3(a, b) show the loading-

unloading cycles for AG2.2 and AG2.4 samples for maximum indentation depth of 100 nm, 200 
nm, 300 nm, 400 nm and 500 nm. At 100nm indentation depth, the loading/unloading cycle is 
elastic and hysteresis is absent, thus one cannot distinguish the loading and unloading responses 
in the Figure. For sample AG2.2 (Fig. 3a) at indentation depths of about 200 and 300 nm, “pop-
in” events occur (indicated by arrows). These “pop-in” events appear for all “soft” films with 
smaller thicknesses (AG2.1, AG2.2, and AG1.1). As shown in Figure 3(b) for the thicker film 
(AG2.4), no “pop-in” events are observed below 500 nm indentation depth. These “pop-in” 
events may result from film cracking and delamination between the film and substrate.  

The ratio between residual displacement DR after unloading and the maximum 
indentation depth Dmax (Fig. 1) is related to the magnitude of plastic deformation underneath the 
indenter. At smaller maximum indentation depths (100 nm, 200 nm), DR/Dmax is very small, 
which indicates that elastic deformation in the film is dominant. As the indentation depth 
increases, the ratio DR /Dmax increases. Comparing Figure 3a and 3b, we see that the ratio 
DR/Dmax is much higher for thinner films due to significant plastic deformation in the thin soft 
film induced by the hard substrate constraint.  For the thick film (Fig. 3b), the indentation 
responses are nearly elastic and have only small hysteresis. 

Figure 4 compares the load-displacement relations for the samples of Group 1 performed 
to an indentation depth of 500nm. As expected, films with smaller thickness require higher load 
for the same penetration and have larger residual displacement due to the substrate effect. The 
“pop-in” events occur for 450 nm and even 1080 nm thick films.  

Figure 5 compares the load-displacement relations for the samples of Group 2. The “pop-
in” events occur at lower load for thinner films. Comparing with Figure 4, we see the load is 
slightly higher at given indentation depth, which indicates these samples are somewhat “stiffer” 
than the samples of Group 1. 
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Figure 6 compares the load-displacement relations performed to the 500 nm indentation 
depth for sample Group 3. Compared to samples of Groups 1 and 2  (Figures 4 and 5), the load is 
much higher for samples with similar film thicknesses (AG2.3, AG2.2), which indicates these 
samples are much stiffer. Also no clear “pop-in” events occur for this group within 500 nm 
indentation depth.   

 
C.   Cp and Cp/Cd versus indentation depth  
The load-displacement relations provide an intuitive indication of the mechanical 

properties of the film/substrate system.  To further characterize the elasto-plastic properties of 
the films, we calculated Cp and Cp/Cd from Eq. (1) and plotted them as functions of indentation 
depth.  
 The ratio Cp/Cd  is a nondimensional parameter related to the ratio between yield stress σY 
and modulus E 20.  Using scaling analysis and finite element simulations, Wang and Rokhlin 20 

have provided explicit scaling functions relating Cp/Cd and */ EYσ  (E*=E/(1-v2) is the reduced 
modulus, E is Young’s modulus, v is Poisson’s ratio and σY is yield stress)  for different strain 
hardening exponents n (Figure 7). When Cp/Cd is close to 0.5, the indentation is dominated by 
elastic deformation. If Cp/Cd is close to 0.0, significant plastic flow appears underneath the 
indenter.  Thus the experimental parameter Cp/Cd characterizes the levels of contribution of 
elastic and plastic deformation resulting from a nanoindentation test. 

Figures 8, 9 and 10 show Cp/Cd versus indentation depth for the three different groups of 
samples.  To visualize better the initial values at smaller indentation depth, we plotted the 
indentation depth in logarithmic scale. The Cp/Cd ratio at small depth (flat region where the ratio 
is independent of depth) may be considered as the “true” film property. However the exact initial 
value is difficult to define due to noise and surface effects. From Figures 8-10, the approximate 
“true” Cp/Cd  values of all the films is between 0.43 and 0.48, which is very close to the elastic 
limit 0.5. From Figure 7 (indicated by the shaded area), we find that the yield stress to modulus 
ratio ( */ EYσ )tanθ is between 0.2 and 0.4 (θ is the effective half cone angle=70.3o). The ratio 
Cp/Cd is a material property, which is a constant for a homogeneous material. For a film/substrate 
system, Cp/Cd decreases with indentation depth. This is due to the effect of the substrate.  One 
should note that for the Si substrate Cp/Cd is about 0.274 (Section IIIA), i.e. the Cp/Cd  ratio for Si 
is about half  of that for the films (0.43-0.48). This allows us to estimate */ EYσ  for Si from 
Figure 7. Due to absence of knowledge of the strain hardening exponent n, one may select n=0.3, 
a middle value of n,  thus */ EYσ  for Si is around 0.07/tan(70.3o)=0.025.  

The rate of decrease of Cp/Cd is higher for thinner films and the ratio reaches much 
smaller values than that of the substrate. For example, for sample AG2.2, as shown in Fig. 9, 
Cp/Cd is less than 0.1 at indentation depth of 490nm, i.e. below that of the substrate 
(Cp/Cd=0.274). The small Cp/Cd ratio indicates an excess of large nonlinear deformations induced 
in the film due to the constraint of the hard substrate. These nonlinear residual deformations may 
be associated with cracking or delamination as indicated in the “pop-in” events in the load-
displacement curves for thinner films (Fig. 3a).   
 Another parameter of interest is Cp =(P/S2) which is obtained by combining Eqs. (2) and 
(3) and expressed through the effective hardness Heff and modulus Eeff by  

 224 eff

eff
p E

H
C

β

π
= , (5) 
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For homogeneous substrates Cp is a constant over indentation depth. The parameter Cp has been 
used by Saha and Nix 10 for measurements of thin film structures which are nearly elastically 
homogeneous, such as Al films on glass and W films on sapphire substrate. For an elastically 
inhomogeneous film/substrate couple the hardness and modulus in Eq. (5) represent the effective 
properties of the composite film/substrate system, thus Cp will vary with indentation depth 
characterizing the effect of the substrate during CSM test.    

Figure 11(a) shows the parameter Cp in logarithmic scale for the samples of  Group 3 
(AG3.1, AG3.2, AG3.3).  It shows that Cp initially increases and, after reaching a maximum, 
decreases nearly exponentially as the indentation depth increases. As we’ll describe in the next 
section, the behavior of Cp versus depth is related to the size effect at small indentation depth and 
a substrate-constraint hardening effect at relatively larger depth. This results in the 
nonmonotonic behavior of the Cp versus indentation depth shown in Fig. 11(a) and therefore the 
effective hardness and modulus, as follows from Eq. (5), should have different dependences on 
depth. At small indentation depth, due to the size effect, both effective modulus and hardness 
decrease with depth and the growth of Cp versus depth indicates that the decrease rate of the 
effective modulus squared is larger than that of the effective hardness. At some depth the 
substrate effect begins to dominate the size effect and effective modulus and hardness increases 
with depth; this is manifested in the decline of Cp versus depth. Within this region, the increase 
rate of the effective modulus squared is larger than that of the effective hardness.  

Figure 11(b) compares the parameter Cp for the three thicker films (AG1.3, AG2.4, 
AG3.3) in a linear scale. AG1.3 has the highest peak value of Cp i.e. 2/ effeff EH  ratio. For thicker 
films, the decrease of the parameter Cp with indentation depth is slower than that for thinner 
films and as a result sample AG3.3 has the smallest variation of Cp within 500 nm indentation 
depth.. 

 
D. Effective hardness and modulus of the film/substrate systems 
In the previous sections we have compared the elasto-plastic properties of the thin film 

samples using the load-displacement relations and the sbehavior of the parameters Cp/Cd and Cp 
with depth. In this section the effective hardness and modulus of the film/substrate structures are 
discussed. As discussed above, the SiCOH film have high Cp/Cd ratio indicating that for small 
indentation depth the plastic deformation is not significant and “piling-up” around the contact 
surface is not expected. Thus the Oliver-Pharr method5 is suitable for modulus and hardness 
determination. Figures 12(a, b) compare the effective hardness and modulus versus indentation 
depth normalized to film thickness for samples of Group 1. Figure 12(a) shows that at small 
indentation depth, the hardness decreases with increase of indentation depth. This decrease 
results from the indentation size effect16-18. This effect has been observed for a soft metal film on 
a hard substrate and has been studied using strain gradient plasticity theory16-18.  The hardness 
reaches a minimum value at a normalized indentation depth between 0.15 and 0.3. Beyond that it 
increases with indentation depth. Because the film is much softer than the substrate and the 
indenter tip has not yet reached the substrate, it is expected that there is no plastic deformation in 
the substrate. Thus this hardness increase with indentation depth is caused by plastic flow 
constraint in the film resulting in strong gradients of plastic strain in the film between the 
indenter and substrate. For thicker films, the hardness minimum is smaller and it reaches that 
minimum value at smaller normalized indentation depth.  For thinner films (AG1.1) we observe 
a sudden drop of hardness at normalized depths of 0.46 and 6.7.  These drops correspond to the 
“pop-in” events shown in Fig. 4 resulting from film cracking and delaminations on the interface. 
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Figure 12(b) presents the effective moduli versus normalized depth for samples of Group 
1. At very small indentation depth, the effective modulus is between 4.5 to 7 GPa. Thinner films 
have slightly larger values, which is consistent with the slightly larger hardness for thinner films 
shown in Figure 12(a). As indentation depth increases, the effective modulus increases rapidly 
and its value for indentation depth equal to the film thickness is five times its initial value. The 
growth rate with relative indentation depth is almost the same for all four samples in the group. 
This fast growth rate is expected due to the significant mismatch in modulus between the film 
and substrate. The “pop-in” events have almost no effect on the modulus measurement.  

The effect of the substrate is much stronger on the effective modulus than on the hardness 
(Fig.12a). This is because the effective modulus is related to the indenter-induced elastic 
deformation, which has a long range effect and is more strongly affected by the substrate 
constraint compared to plastic deformation, associated with the hardness (for soft films, the 
substrate will not be plastically deformed before the indenter tip reaches the substrate).   

Figures 13(a, b) show the hardness and modulus versus normalized indentation depth for 
samples of Group 2. Compared with Groups 1, the samples in Group 2 have slightly higher 
hardness at given normalized indentation depth.  The sudden drop of hardness due to “pop-in” 
has also been observed at normalized indentation depths above 0.4.  Figure 13(b) represents the 
moduli versus normalized depth for Group 2. At very small indentation depth, the effective 
modulus is between 6 to 10 GPa.   

Figures 14(a, b) depict the hardness and modulus versus normalized indentation depth for 
samples of Group 3. Figure 14(a) shows the effective hardness. Compared to hardness for 
samples in Groups 1 and 2, the samples in this Group have the highest hardness.  For given 
normalized indentation depth, thinner films have larger hardness. The sudden drop of hardness 
shown in Figures 12(a) and 13(a) is not observed in Figure 14(a) because the “pop-in” events are 
absent in Fig. 5. Figure 14(b) presents the moduli versus normalized depth for Group 3. At very 
small indentation depth, the effective modulus is between 14 to 18 GPa which is much larger 
than that of Group 1. Again thinner films have slightly higher moduli. As shown in Figs. 12(b)-
14(b) for all samples, when the normalized indentation depth is above 0.2, the effective modulus, 
which is plotted in logarithmic scale,  increases nearly exponentially as indentation depth 
increases. 

 
 

IV. DISCUSSION 
 
In the previous sections we presented the experimental results for the SiCOH/Si 

film/substrate systems. The effective modulus and hardness have been calculated using the 
Oliver-Pharr method. The properties obtained are the effective properties of the film/substrate 
system. For soft and thin films, the substrate has significant effect on the effective modulus, as 
shown in Figures 12-14. Here we will use two methods to determine the intrinsic film properties 
from the measured effective properties.  

 
 A. Film hardness 
As shown in Figures 12a, 13a and 14a, the hardness decreases initially due to indentation size 

effects16, 17 (it is a near-surface film effect) and then increases due to hardening associated with 
the constraint of the stiffer substrate. The hardness value at the minimum plateau in the hardness 
vs. indentation depth curve is taken to be the hardness of the film.  This is an approximation 
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since the minimum position may be affected by the effects of competition of the strain-plasticity 
gradient and the substrate (see also ref. 10). The hardness values for each sample are given in 
column three in Table 2. The samples in Group 3 have the smallest hardness. Thinner films have 
larger hardness values.  

 
 B. Film modulus measured using King’s method 
 The modulus of SiCOH is much lower than that of the Si(100) substrate. Therefore the 

modulus obtained by the Oliver-Pharr method5 is the effective modulus Eeff  and will be strongly 
affected by the stiff substrate. To decouple the substrate effect, we used a relation between the 
effective and film moduli developed by King15. Based on numerical simulation of triangular 
punches indenting a layered isotropic elastic half-space, they related the effective modulus Eeff  to 
film Ef and substrate Es moduli as a function of projected contact area A and film thickness t  

 At
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where Ei is the modulus and vi is the Poisson’s ratio of the diamond indenter. α is a parameter 
which is a function of tA / . By fitting the numerical results provided by King15  it may be 
empirically represented as 

 ( ) 2/1
/0.8719+0.2715 tA=α  . (7) 

The projected contact area A is related to contact stiffness S and effective modulus Eeff  by Eq. 3. 
One should note that recently Saha and Nix 10 modified King’s eq. (6) to account for the 
Berkovich indenter geometry; however we have found that the original King’s eq. (6) is better 
suited to our thin film systems. 

 As follows from Eq. (6), the effective modulus of the film/substrate is a weighted 
summation of the film and substrate moduli. The weights depend on the ratio between the 
contact radius and the film thickness. The contact area was estimated by the Oliver-Pharr 
method5 at each   indentation depth D and  corresponding load P and contact stiffness S using the 
indenter shape function and Eq. 4. Substituting the obtained contact area A and stiffness S into 
Eq. (3) the experimental effective modulus Eeff is obtained. Thus the experimental relation 
between Eeff and A was obtained at each given indentation depth D. Using least-square 
optimization and minimizing the difference between experimental and predicted (from Eq. 6) 
effective moduli, the film modulus Ef was determined.  
 Experimental data at very small indentation depth are affected by measuring noise and 
size effects and at large indentation depth the results are affected by material cracking and 
interface delamination, thus to obtain the “true” film modulus Ef we have selected for the 
inversion of Eq. (6) the experimental effective modulus in the range of indentation depths 40 - 
250 nm. Figure 15 shows an example for sample AG2.4 of the fitting between the calculated 
(open squares) and experimental (solid circles) effective modulus. The film moduli determined 
for all samples are summarized in column five of Table 2.  As expected, Group 3 has the largest 
modulus and Group 1 the smallest. In each group, thinner films have larger modulus.  The film 
modulus determined by this method is smaller than the effective modulus at the initial 
indentation depth which is shown in column four of Table 2. 
 

 B. Finite element simulation and inversion  
 To further verify the film modulus determination, we have obtained the film modulus by 
directly comparing the experimental load-displacement relation with finite element (FEM) 
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indentation simulations.  A finite element model with large deformation plasticity similar to 
those described in Wang & Rokhlin 19 and Knapp et al21 was used to compute the load-depth 
relation. In the FEM model, the film and substrate are considered as elastoplastic solids with 
linear strain-hardening:  

 




≥+
<

=
EM
EE

YpY

Y

/,
/,

σεεσ
σεε

σ , (8) 

where E is Young’s modulus, σY is yield stress and Mp is plastic strain hardening modulus.  The 
substrate properties are assumed to be known. By comparing the calculated load-depth relation 
with the experimental one the film properties (E, σY, Mp) are obtained. As an example Figure 16 
compares a loading/unloading indentation cycle obtained by the finite element simulations and 
experiment for sample AG3.2.  

The film moduli Ef and the ratio σY/Ef obtained from finite element simulations are given 
in the sixth and seventh columns of Table 2 respectively. The modulus obtained by the FEM 
method has reasonable agreement with the modulus obtained using King’s model. As discussed 
in the previous section, using the measured parameter Cp/Cd one obtains from Figure 7 the ratio 
between yield stress and modulus ( fY E/σ ) which is between 0.08 and 0.18 for all samples. The 
FEM results for this ratio scatter around mean value 0.15. Using FEM simulations we also have 
computed the effective modulus Eeff at various indentation depths. The results for sample AG2.4 
are shown as solid triangles in Figure 15. This shows that the effective modulus obtained from 
the unloading curve by the FEM simulations is slightly smaller than that obtained by the CSM 
measurements. 
 The modulus and hardness as functions of film thickness are shown in Figures 17 and 18. 
Dashed lines show the trend. As the film thickness decreases, both modulus and hardness 
increase. This show that film thickness has significant effect on the extracted mechanical 
properties measured for thickness below 1 µm. Similar phenomena of the dependence of thin 
film mechanical properties on thickness have been observed for other thin film systems10, 18. The 
property change may be attributed to either variation of the mechanical properties of the films 
with thickness or from insufficient deconvolution of the substrate and size effects. Further study 
is warranted to address this important issue.  

Figure 19 compares the difference between the “true” film modulus, Ef, versus the 
minimum effective modulus, EOP. The minimum of the effective modulus, EOP, is due to the 
competition between the indentation size (strain gradient plasticity) and substrate constraint 
effects. In our case this occurred at indentation depth slightly less than 10% of the film thickness, 
as shown in Fig. 12-14.  The difference between Ef, and EOP for stiffer films (Group 3) is much 
smaller than that for soft films (Group 1 and Group 2) at all film thicknesses. The modulus of 
such films can be evaluated with reasonable accuracy using the indentation at 10% thickness 
criterion for films thicker than 0.5 micron. For soft films the difference is significant and it 
decreases, as expected, with increasing film thickness.  Defining the modulus of the Group 1 and 
Group 2 films by the effective modulus at indentation depths of less than 1 micron can give, 
according to Figure 9, an overestimate up to 35%. 

 
V. CONCLUSIONS  

 
The continuous-stiffness nanoindentation method was used to measure the mechanical 

properties (effective modulus and hardness) of the film/substrate system for three groups of low-
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k to ultralow-k SiCOH films with dielectric constants from 2.4 to 3.0. The parameters Cd, 
defined as the ratio between indentation depth D and contact stiffness S, and Cp, defined as the 
ratio between load P and S2, are obtained as functions of indentation depth. Loading-unloading 
indentation cycles with different indentation depths have also been obtained. For softer films 
with a smaller dielectric constant, “pop-in” events were observed in the loading-unloading cycles 
due to cracks and delaminations formed during indentation. As a result of competition between 
surface and substrate constraint effects the effective hardness and modulus depend 
nonmonotonically on indentation depth. At small indentation depth, both hardness and modulus 
first decrease with indentation depth due to size and strain gradient plasticity effects, then reach a 
minimum and increase with further increment of indentation depth due to the substrate constraint 
effect. At relative large indentation depth, modulus increases nearly exponentially with 
indentation depth. 

The “true” film properties were determined using both an empirical formulation for the 
effective modulus and direct inversion based on a finite element model. Both methods are in 
reasonable agreement. The average hardness and modulus for Group 1 films with dielectric 
constants=2.4 are around 0.79 GPa and 4.2 GPa respectively, for Group 2 films with dielectric 
constants=2.7 are around 1.15 GPa and 5.6 GPa, for Group 3 films with dielectric constants=3.0 
are around 2.3 GPa and 13.7 GPa. For each group with the same dielectric constant thinner films 
usually have higher modulus and hardness. 

While for stiffer films of Group 3 the modulus measured at an indentation depth of 10% of 
film thickness is close to the “true” value, for films thicker than 0.5 micron, the measured value 
can give an overestimate up to 35% for softer films of Groups 1 and 2, under the same 
conditions. 
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Figure Captions 

 
 

FIG. 1.  (a) Schematic of the indentation on a film/substrate system, material sinking-in, ai>a. 
(b) Illustration of a typical loading and unloading response and notation. In CSM, a small 
sinusoidal force is added to the static load and the corresponding displacement response is 
recorded. 
FIG. 2. Experimental indentation parameters Cd, Cp for Si (100) substrate. 
FIG. 3. Load vs. indentation depth for (a) sample AG2.2 (b) sample AG2.4 for different 
maximum indentation depth. Arrows indicate the “pop-in” events. 
FIG. 4. Load vs. indentation depth for samples of Group 1. Arrows indicate the “pop-in” events. 
FIG. 5. Load vs. indentation depth for samples of  Group 2. Arrows indicate the “pop-in” events. 
FIG. 6. Load vs. indentation depth for samples of Group 3. 
FIG. 7. Solid lines are simulated relation between dC / pC  and σY/E* for different strain 

hardening exponents n. The experimental values dC / pC  for Si (100) are indicated by dotted 

lines. The experimental values dC / pC  for the SiCOH films are indicated by the shaded region. 
FIG. 8. Cp/Cd indentation depth for samples of Group 1. 
FIG. 9. Cp/Cd vs. indentation depth for samples of Group 2. 
FIG. 10. Cp/Cd vs. indentation depth for samples of Group 3. 
FIG. 11. (a) Cp vs. indentation depth for samples of Group 1. (b) Cp vs. indentation depth for 
thick film samples AG1.3 (1950 nm), AG2.4 (1340 nm), AG3.3 (4000 nm). 
FIG. 12. (a) Effective hardness and (b) modulus of the SiCOH/Si structure for samples of Group 
1 (AG1.1 (450 nm), AG1.2 (1080 nm), AG1.3 (1950 nm)). Arrows indicate the “pop-in” events. 
FIG. 13. (a) Effective hardness and (b) modulus of the SiCOH/Si structure for samples of Group 
2 (AG2.1 (370 nm),AG2.2 (410 nm), AG2.3 (900 nm), AG2.4 (1340 nm)). Arrows indicate the 
“pop-in” events. 
FIG.14. (a) Effective hardness and (b) modulus of the SiCOH/Si structure for samples of Group 
3 (AG3.1 (500 nm), AG3.2 (1000 nm), AG3.3 (4000 nm)). 
FIG. 15. Comparison between experimental results, finite element simulations and King’s model 
for sample 2.4. 
FIG. 16. Experiment and finite element simulation of loading-unloading indentation cycle for 
sample 3.2. 
FIG. 17. The effect of film thickness on the film modulus. Dashed lines indicate trends. 
FIG. 18. The effect of film thickness on the film hardness. Dashed lines indicate trends. 
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 Specimen Dielectric 
constant 

Thickness 
(nm) 

 AG1.1 2.4 450 
Group 1 AG1.2 2.4 1080 

 AG1.3 2.4 1950 
 AG2.1 2.7 370 

Group 2 AG2.2 2.7 410 
 AG2.3 2.7 900 
 AG2.4 2.7 1340 
 AG3.1 3.0 500 

Group 3 AG3.2 3.0 1000 
 AG3.3 3.0 4000 

 
 

  
Table 1. Sample description. 

 
 

1 2 3 4 5 6 7 

 Specimen 
Hardness 

(GPa) 
Modulus (EOP) 

(GPa) 
Modulus (Ef) 

(GPa) 
Modulus (FEM) 

(GPa) 

*/ fY Eσ  (FEM) 
(GPa) 

 AG1.1 0.92 6.7 5.0 4.9 0.14 
Group 1 AG1.2 0.76 5.2 3.9 4.0 0.22 

 AG1.3 0.70 4.7 3.7 3.6 0.21 
 AG2.1 1.1 7.5 5.8 5.0 0.26 

Group 2 AG2.2 1.5 10.5 6.8 7.0 0.14 
 AG2.3 1.0 6.6 4.9 4.8 0.21 
 AG2.4 1.0 6.0 4.9 4.7 0.21 
 AG3.1 2.7 18.4 17.1 17.0 0.09 

Group 3 AG3.2 2.3 14.8 12.8 15.0 0.10 
 AG3.3 2.0 13.9 11.3 13.0 0.11 

 
 

Table 2. Measured hardness and modulus and calculated film parameters.. 
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FIG. 1.  (a) Schematic of the indentation on a film/substrate system,  ai>a indicates that material 

is sinking-in. (b) Illustration of a typical loading and unloading response and used notations. In 

CSM, a small sinusoidal force is added to the static load and the corresponding displacement 
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FIG. 2. Experimental indentation parameters Cd, Cp for Si (100) substrate. 



 16

0 100 200 300 400 500
0

2

4

6

8

10

DR
Dmax

Sample AG2.2 (410nm)

cracking

 

 

Lo
ad

 (m
N

)

Indentation depth (nm)

 

(a) 

           

0 100 200 300 400 500
0

1

2

3

4

5

6
Sample AG2.4 (1340 nm)

 

 

Lo
ad

 (m
N

)

Indentation depth (nm)

 

(b) 

FIG. 3. Load vs. indentation depth for different maximum indentation depths. (a) sample AG2.2 

(b) sample AG2.4. Arrows indicate the “pop-in” events. 
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FIG. 4. Load vs. indentation depth for samples of Group 1. Arrows indicate the “pop-in” events. 
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FIG. 5. Load vs. indentation depth for samples of  Group 2. Arrows indicate the “pop-in” events. 
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FIG. 6. Load vs. indentation depth for samples of Group 3. 
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FIG. 7. Simulated relations between dC / pC  and σY/E* for different strain hardening exponents n 
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experimental values dC / pC  for the SiCOH films are indicated by the shaded region. 
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FIG. 8. Cp/Cd vs. indentation depth for samples of Group 1. 
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FIG. 9. Cp/Cd vs. indentation depth for samples of Group 2. 
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FIG. 10. Cp/Cd vs. indentation depth for samples of Group 3. 
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FIG. 11. Cp vs. indentation depth: (a) for samples of Group 1. (b) for thick film samples AG1.3 

(1950 nm), AG2.4 (1340 nm), AG3.3 (4000 nm). 
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FIG. 12. Effective hardness (a)  and modulus (b) of the SiCOH/Si structure for samples of Group 

1 (AG1.1 - 450 nm), AG1.2 -1080 nm, AG1.3 - 1950 nm). Arrows indicate the “pop-in” events. 
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FIG. 13. (a) Effective hardness (a) and (b) modulus(b)  of the SiCOH/Si structure for samples of 

Group 2 (AG2.1 - (370 nm), AG2.2 (- 410 nm), AG2.3 (- 900 nm), AG2.4 (-1340 nm)). Arrows 

indicate the “pop-in” events. 
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FIG.14. (a) Effective hardness (a) and (b) modulus(b)  of the SiCOH/Si structure for 

samples of Group 3 (AG3.1 - (500 nm), AG3.2 -(1000 nm), AG3.3 - (4000 nm)). 
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FIG. 15. Comparison between experimental results, finite element simulations and King’s 

model for sample AG2.4. 
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FIG. 16. Experiment and finite element simulation of loading-unloading indentation cycle 

for sample AG3.2. 
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FIG. 17. The effect of film thickness on the film modulus. Dashed lines indicate trends. 
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FIG. 18. The effect of film thickness on the film hardness. Dashed lines indicate trends. 
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FIG. 19. Difference between the “true” film modulus Ef and the effective modulus EOP measured 
at indentation depth of modulus minimum (Figs.12-14), at about 10% of the film thickness.  

 
 


