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Abstract 
Two approaches for determining 
the elastic modulus of thin fi lms are 
compared by means of fi nite-element 
modeling. The fi rst approach, termed 
“substrate accounting,” applies an 
analytic model to substrate-affected 
modulus in order to determine and 
extract the infl uence of the substrate, 
thus isolating the elastic modulus of 
the fi lm. The second approach, termed 
“back extrapolation,” extrapolates 
substrate-affected modulus to zero 
penetration depth in order to determine 
fi lm modulus at a position that is 
theoretically free of substrate infl uence. 
If the fi lm is mechanically uniform, then 
both approaches return fi lm modulus 
with similar accuracy—within 2% 
for 0.2 < Ef/Es < 5. However, if the 
fi lm has a “skin”—a thin superfi cial 
layer which is mechanically different 
from the rest of the fi lm—then the 
substrate-accounting approach adds 
value, because it more clearly reveals 
the presence of the skin, and because it 
returns the modulus of the “bulk” of the 
fi lm with better accuracy than the back-
extrapolation approach. 

Introduction
The problem of determining intrinsic 
fi lm properties from indentation data 
that are infl uenced by both fi lm and 
substrate is an old one. If the fi lm is 
thick enough to be treated as a bulk 
material, then the analysis of Oliver and 
Pharr is typically used [1]. But with the 

decreasing scale of materials, especially 
in the semiconductor industry, it is often 
the case that results at all practical 
indentation depths are substantially 
affected by the substrate. In 2011, Hay 
and Crawford introduced an analytic 
model for accounting for substrate 
infl uence on the elastic modulus 
measured by instrumented indentation 
[2, 3]. Because the model is simple and 
works well whether the fi lm is stiffer or 
more compliant than the substrate, it 
has been widely adopted. 

The Hay-Crawford model is used in the 
following way. First, the elastic modulus 
is measured according to the method of 
Oliver and Pharr; this “apparent elastic 
modulus” is assumed to be substantially 
infl uenced by BOTH fi lm and substrate. 
The Hay-Crawford model is used to 
predict the magnitude of the substrate 
infl uence and then extract the intrinsic 
(substrate-independent) elastic modulus 
of the fi lm. Hereafter, the term substrate 
accounting shall refer to the approach 
of determining the fi lm modulus by 
accounting for substrate infl uence using 
the Hay-Crawford model. 

However, an alternate approach to the 
Hay-Crawford model is described in ISO 
14577-4. ISO 14577 is an international 
standard which governs thin-fi lm 
testing; Part 4 states that substrate-
independent elastic modulus should be 
determined by measuring the elastic 
modulus according to the method 
of Oliver and Pharr over a range of 
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penetration depths and then linearly 
extrapolating these results back to 
zero displacement, where substrate 
infl uence is theoretically nil [4]. 
Specifi cally, ISO 14577-4 requires that 
at least 15 measurements to at least 
three different depths be included in 
the extrapolation. The range for these 
measurements is specifi ed in terms 
of the ratio of contact radius to fi lm 
thickness (a/t). For soft/ductile fi lms, 
the measurements must all be within 
the range of a/t < 1.5. For hard/brittle 
fi lms, the measurements must all be 
within the range of a/t < 2. Hereafter, 
the term back extrapolation shall 
refer to the approach of determining 
fi lm modulus by linearly extrapolating 
apparent modulus, measured over 
a range of displacements, back to 
zero displacement according to the 
prescription of ISO 14577-4. 

The purpose of the present work is 
to compare these two approaches 
with respect to their effectiveness in 
returning the elastic modulus of the 
fi lm. Finite-element analysis (FEA) is 
the ideal tool for critically comparing 
these two approaches, because the 
true fi lm modulus is known—it is an 
input to the simulation. For example, 
an elastic fi nite-element model 
may be constructed with a fi lm of 
thickness t on a substrate, with the 
input properties being the Young’s 
modulus and Poisson’s ratio of the fi lm 
(Ef , νf ), and the Young’s modulus 
and Poisson’s ratio of the substrate 



(Es, νs). Then, indentation into the 
material is simulated, and the resultant 
force-displacement data are analyzed 
according to both of the approaches we 
wish to compare: substrate accounting 
and back extrapolation. Each of these 
two approaches will yield a value for 
the Young’s modulus of the fi lm. Which 
approach yields an output value which 
is closer to the known input value? 
Finite-element analysis allows this 
question to be answered systematically 
over the domain of situations that might 
be encountered experimentally. 

At the outset, fundamental differences 
between these two approaches 
should be highlighted, because these 
differences guided the design of the 
present investigation:
 1. The aims of the two approaches are 

fundamentally different. The aim of 
the substrate-accounting approach 
is to account for the infl uence of 
the substrate in order to know the 
modulus of what remains, which 
is the fi lm. The aim of the back-
extrapolation approach is to achieve 
a single value for fi lm modulus. If 
the fi lm is mechanically uniform, 
then these two aims converge. 
But if the fi lm is not mechanically 
uniform, the aims diverge. The 
substrate-accounting approach 
aims to determine fi lm modulus 
apart from substrate infl uence, even 
if this fi lm modulus is not uniform. 
The back-extrapolation approach 
aims to determine a single value of 
modulus that is most representative 
of the fi lm. 

 2. The substrate-accounting approach 
yields a value for fi lm modulus for 
every single test. That is, every 
measurement of apparent modulus 
yields a corresponding measure 
of fi lm modulus. With the back-
extrapolation approach, multiple 
measurements of apparent modulus 
are required to achieve a single 
value of fi lm modulus. 

At fi rst glance, the fi rst difference 
identifi ed above may seem unimportant. 
But experimentally, it is quite common 
to encounter situations in which 
the surface of a fi lm is mechanically 
different from the rest of the fi lm. 

Reasons for such differences include 
sample preparation (polishing), 
environmental exposure (oxidation, 
water absorption), graded curing, 
surface tension, etc. Rarely does the 
experimenter have a priori information 
about such superfi cial differences. 
Thus, three sets of fi nite-element 
simulations were performed in this 
work. In the fi rst set of simulations, both 
fi lm and substrate were mechanically 
uniform. In the second and third sets 
of simulations, the fi lm was given a 
“skin”—a superfi cial layer which had 
a modulus of either half or double that 
of the rest of the fi lm. The thickness of 
the skin was 1% of the fi lm thickness, 
and the smallest indentation depth (h) 
was at least three times greater than 
the skin thickness. The purpose of the 
“skin” simulations was to critically 
evaluate the two approaches when, 
unbeknownst to the experimenter, 
the surface of the fi lm is mechanically 
different from the rest of the fi lm.

Finite-element Modeling
Three sets of 56 axisymmetric fi nite-
element simulations were performed 
using Cosmos 2.8. All simulations 
are summarized in Table 1. All 168 
simulations had these inputs in 
common:
• All materials in the fi nite-element 

model were linearly elastic, requiring 
only an elastic modulus and Poisson’s 
ratio for complete specifi cation.

• The indenter tip was a cone having 
an included angle of 140.6° and a tip 
radius of 50nm. The elastic modulus 
and Poisson’s ratio of the indenter tip 
were 1140GPa and 0.07, respectively.

• All fi lms had a total thickness of 
t = 500nm. If the fi lm included a skin, 
then the thickness of the skin was 
5nm, and the thickness of the rest of 
the fi lm was 495nm. 

• The elastic modulus and Poisson’s 
ratio of the fi lm were 10GPa and 0.25, 
respectively. 

The following inputs were 
systematically varied:
• In the fi rst set of 56 simulations, the 

fi lm was uniform. In the second set of 
56 simulations, the fi lm was given a 
5nm skin having a modulus of 5GPa 
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(half that of the fi lm). In the third set 
of 56 simulations, the fi lm was given 
a 5nm skin having an elastic modulus 
of 20GPa (double that of the fi lm). 

• To achieve the desired variation in 
Ef/Es, the substrate modulus varied 
between 100GPa (Ef/Es = 0.1) and 
1GPa (Ef/Es = 10). 

• To achieve the desired range of a/t, 
the indentation depth varied from 
15nm to 50nm in increments of 5nm.

The purpose of simulations 25–32 was 
to vet the fi nite-element model. For 
these simulations, the fi nite-element 
model had the mesh of a fi lm-substrate 
system, but with fi lm and substrate 
having the same modulus (i.e. Ef = Es 
=10GPa), and so behaving as a bulk 
sample. Thus, the intention was to 
verify the general fi nite-element model 
by showing that for simulations 25–32, 
standard analysis of simulated data 
yields an output modulus that is very 
close to the input value. 

For all simulations, both the indenter 
and the sample were meshed with 
four-node axisymmetric plane-strain 
elements. The mesh was appropriately 
scaled according to the specifi ed 
indentation depth. For the sample, the 
extent of the mesh was 90a’ in both 
the radial and axial directions, where 
a’, the anticipated contact radius, was 
calculated as the radius of the indenter 
at a distance from the apex that is equal 
to the specifi ed indentation depth. The 
radial extent of the fi ne mesh near the 
contact was 1.2a’. The radial extent of 
the indenter mesh was 45a’, and the 
axial extent was 90a’. 

For all simulations, the boundary 
conditions were specifi ed as follows. 
Along the right-hand side and bottom 
of the sample, all nodes were rigidly 
fi xed. Along the axis of symmetry (the 
left hand side of both the indenter and 
sample), nodes were constrained to 
move along the axis of symmetry only 
(ux = 0). Nodes along the top of the 
indenter were displaced downward by 
the total prescribed displacement which 
took place in discrete time steps. Nodes 
along the right-hand side of the indenter 
were unconstrained, thus allowing the 
indenter to move as a free body into 
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the sample surface. The interaction 
between the indenter and the sample 
was handled as follows. The nodes 
along the indenter form a curve. Surface 
nodes on the sample were not allowed 
to pass to the other side of this curve 
(line-contact formulation). The contact 
was frictionless. Finally, no slip was 
allowed between fi lm and substrate. 
These prescriptions are typical for 
fi nite-element models of indentation 
experiments. 

Figure 1.  Deformed mesh for simulation 57. Indenter is blue, skin is aqua, 
and fi lm is red. Substrate is not visible. 

An updated Lagrangian formulation was 
used to handle potentially large strains. 
The solution was achieved in discrete 
time steps. At each time step, the 
solution was found by force control with 
Newton-Raphson iteration. 

Figures 1 and 2 show the fi nite-element 
mesh at maximum deformation for runs 
57 and 64, respectively. The indenter 
mesh is shown in blue, the skin mesh 
is shown in aqua, and the fi lm is shown 

Figure 2.  Deformed mesh for simulation 64. Tip radius and skin appear 
smaller relative to indentation depth. 

in red. (The substrate is not visible in 
these fi gures.) These fi gures illustrate 
how the mesh is scaled according to 
the indentation depth. Although the tip 
radius was 50nm for both simulations, 
the tip radius appears smaller in 
Figure 2, because it is smaller, relative 
to indentation depth. Also, although the 
skin was 5nm in both simulations, it 
appears smaller in Figure 2, because it 
is smaller, relative to indentation depth. 
Thus, appropriate scaling of the 
fi nite-element model reveals what we 
know to be true in reality: imperfections, 
such as tip rounding and skins, 
become less infl uential with increasing 
indentation depth.

Analysis of Simulated 
Force-displacement Curves
Each simulation identifi ed in Table 1 
yielded a force-displacement curve 
which had to be further analyzed in 
order to achieve values of elastic 
modulus by either approach. The two 
approaches share a common analysis 
up to a point. This common analysis is 
explained fi rst, followed by the analysis 
that is unique to each approach. 

Common Analysis
The analysis described in this section 
was applied to each simulation 
identifi ed in Table 1. The fi rst step 
in the analysis was to determine the 
contact stiffness (S) at the maximum 

Table 1.  Summary of fi nite-element simulations. Reference numbers for each simulation are 
shown in cells with shaded backgrounds. For example, the reference number 57 identifi es the 
simulation of a 15nm indent into a fi lm having a skin of modulus ESL = 5GPa and a substrate of 
modulus ES = 100GPa (Ef/Es = 0.1).

               Maximum indenter displacement (h), nm
  ESL, GPa ES, GPa 15 20 25 30 35 40 45 50
 N/A 100 1 2 3 4 5 6 7 8
 N/A 50 9 10 11 12 13 14 15 16
 N/A 20 17 18 19 20 21 22 23 24
 N/A 10 25 26 27 28 29 30 31 32
 N/A 5 33 34 35 36 37 38 39 40
 N/A 2 41 42 43 44 45 46 47 48
 N/A 1 49 50 51 52 53 54 55 56
 5 100 57 58 59 60 61 62 63 64
 5 50 65 66 67 68 69 70 71 72
 5 20 73 74 75 76 77 78 79 80
 5 10 81 82 83 84 85 86 87 88
 5 5 89 90 91 92 93 94 95 96
 5 2 97 98 99 100 101 102 103 104
 5 1 105 106 107 108 109 110 111 112
 20 100 113 114 115 116 117 118 119 120
 20 50 121 122 123 124 125 126 127 128
 20 20 129 130 131 132 133 134 135 136
 20 10 137 138 139 140 141 142 143 144
 20 5 145 146 147 148 149 150 151 152
 20 2 153 154 155 156 157 158 159 160
 20 1 161 162 163 164 165 166 167 168
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where υ represents the Poisson’s ratio 
of the sample (υ = 0.25). The value of 
gamma resulting from this expression 
was between 1.056 and 1.060 for all 
simulations, the slight variation being 
due to the value of f ’(a) resulting from 
the prescribed indentation depth. 

Next, the apparent modulus (Ea) was 
calculated from the apparent reduced 
modulus (Er–a) as 

   Er–a        Ei
Ea = (1– υ2)   1     –  1–υi

2    –1     
 
 
,       (3)

where Ei and υi represent the 
properties of the indenter material 
(Ei = 1140GPa and υi = 0.07).  By 
this analysis, every simulation yielded 
exactly one value for apparent elastic 
modulus. 

Subsequent Analysis for the 
Substrate-accounting Approach
The apparent modulus, Ea, was 
converted to an apparent shear 
modulus, µa:

              2(1+υ)
µa =     Ea     .

         
(4)

Then the shear modulus of the fi lm, µ f, 
was calculated from the apparent shear 
modulus according to the Hay-Crawford 
model as [2]

      2A
µ f =  –B + √B2–4AC   , 

 
where    (5)

     A = 0.0626(I0)
     B = µs – [0.0626(I02) – I0 + 1]µa
     C = – I0 µaµs , 

Finally, the Young’s modulus of the 
fi lm, Ef, was calculated from the shear 
modulus and Poisson’s ratio as 

      Ef = 2µ f (1+υ).         (6)

By this analysis, every simulation 
yielded exactly one value of (substrate-
accounted) fi lm modulus. However, 
in order to compare this approach to 
the back-extrapolation approach, a 
single value of fi lm modulus had to be 
obtained for each set of simulations on 
a particular “sample”. Thus, the value 
of fi lm modulus obtained by Equation 6 
at the largest indentation depth for a 
particular “sample” was selected for 
comparison with the value obtained 
by the back-extrapolation approach.  
For example, simulations 17–24 are 
a set of simulations on a particular 
“sample.” Although each of these 
simulations yielded a value of fi lm 
modulus, the value obtained from the 
simulation to the largest indentation 
depth (simulation 24) was selected for 
comparison with the value obtained by 
the back-extrapolation approach.      

displacement. (It should be recalled 
that these simulations were elastic, so 
only loading was simulated, and elastic 
analysis was applied to the loading 
process.) Logistically, contact stiffness 
was determined by fi tting the force-
displacement data to an analytic form 
and then differentiating and evaluating 
at the maximum displacement. (Note: 
only force-displacement pairs for 
which the force was greater than 50% 
of the peak force were included in the 
determination of the fi t.) 

The next step in the analysis was to 
determine the contact radius (a). The 
contact radius was determined as the 
radial position of the intersection of 
two lines: one defi ned by the last two 
nodes in contact (radially) and one 
defi ned by the fi rst two nodes out of 
contact (radially). This method provided 
a smooth increase in contact radius, as 
opposed to discrete increments with 
each new contact node.

The apparent reduced modulus (Er–a) 
was calculated from the stiffness and 
contact radius as:

       Er–a = S/(2γ a).          (1)
 
Without the correction factor (γ ), 
Equation 1 is a derivative form of 
Sneddon’s general equation relating 
force and displacement for contacting 
bodies [5, 6]. Use of the correction 
factor gamma (γ ) is not prescribed by 
ISO 14577, but it is necessary due to 
the fact that the boundary conditions 
used to derive the Sneddon stiffness 
equation are not quite appropriate for 
physical indentation experiments (or 
fi nite-element models of the same) [7]. 
Expressions for γ  have been proposed 
for both conical and paraboloid 
indenters [7, 8]; the proposed forms are 
so similar that they can be consolidated 
to a single form, expressed in terms of 
the tangent to the indenter profi le at 
the edge of contact, f ’(a) [8]. (Note: 
f(r) is the functional description of the 
profi le of the indenter in terms of the 
radial coordinate, r.) The expression for 
γ used in this work was: 

     4(1–υ)
γ  = 1+ f ’(a) (1–2υ)    ,

           
(2)

Figure 3.  Results for simulations 1–8 (no skin, Ef/Es = 0.1). Red symbols 
are obtained by applying the Hay-Crawford model to the blue symbols. 
Substrate-accounting approach yields a fi lm modulus of 10.27GPa 
(2.7% greater than input value of 10GPa). Back-extrapolation approach 
yields a fi lm modulus of 9.92GPa (0.8% less than the input value of 10GPa).
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Subsequent Analysis for the 
Back-extrapolation Approach
For each set of simulations for a 
particular “sample” (say, for example, 
simulations 17–24), those values of 
apparent modulus determined by 
Equation 3 for which a/t was within the 
prescribed range were fi t to the form 
of a line. The intercept of this line was 
taken to be the modulus of the fi lm, Ef.  
For fi lms which were more compliant 
than the substrate (Ef/Es ≤ 1), the 
range was a/t < 1.5.  For fi lms which 
were stiffer than the substrate 
(Ef/Es > 1), the range was a/t < 2.0. 
In this way, each set of 8 simulations 
for a particular “sample” yielded one 
value for the modulus of the fi lm, Ef.

Results and Discussion
Figure 3 shows the results for 
simulations 1–8. In this set of 
simulations, there was no skin; the 
fi lm was mechanically uniform with an 
input modulus of 10GPa. The substrate 
was ten times stiffer with an input 
modulus of 100GPa. The blue diamonds 
represent the apparent modulus derived 
from each of the eight simulations. The 
left-most blue diamond represents the 
result for simulation 1 and the right-
most blue diamond represents the 
result for simulation 8. As a function of 
normalized contact radius, the apparent 
modulus gradually increases due to 

the increasing infl uence of the stiff 
substrate. Five of these simulations 
had values for a/t which were within 
the prescribed range (a/t < 1.5); the 
linear fi t to these fi ve points is shown 
on the plot, with the intercept shown 
in bold font. The intercept of 9.92GPa 
is the value of fi lm modulus achieved 
by the back-extrapolation approach. 
This output value compares extremely 
well with the input value of 10GPa. 
As explained in the analysis section, 
the substrate-accounting approach 
further interprets the apparent modulus 
in order to obtain the fi lm modulus. 
Thus, each red square represents a 
further interpretation of the value 
represented by the blue diamond at 
the same a/t. That is, each red square 
is a “substrate-accounted” version 
of the corresponding blue diamond. 
The left-most red square represents 
the result for simulation 1 and the 
right-most red square represents the 
result for simulation 8. Because the red 
squares represent values that have been 
substrate-accounted, they manifest a 
nearly constant value with increasing 
a/t. A very slight upward trend exists 
because the Hay-Crawford model is 
conservative—it always under-predicts 
the infl uence of the substrate and thus 
never over-corrects the results. The 
value of 10.27GPa—the value obtained 
from the last simulation in this set—is 
the value of fi lm modulus achieved by 

the substrate-accounting approach. 
Thus, for this set of simulations, the 
back-extrapolation approach yields a 
value for fi lm modulus that is closer 
to the input value of 10GPa than the 
substrate-accounting approach. 

Figure 4, which shows the results 
from simulations 41–48, should be 
interpreted in the same way as Figure 3. 
For these simulations, the fi lm was fi ve 
times stiffer than the substrate, and 
the apparent moduli (blue diamonds) 
manifest the infl uence of the substrate 
with increasing a/t. Again, the slight 
downward trend in the substrate-
accounted moduli (red squares) is 
due to the conservative nature of the 
Hay-Crawford model. For this set of 
simulations, the two approaches 
return virtually equivalent values for 
fi lm modulus.

Figure 5 summarizes all results for 
simulations 1–56. Each bar represents 
the relative difference between the 
output and input fi lm modulus for a 
particular approach. The two values of 
fi lm modulus identifi ed in Figure 3 are 
represented by the fi rst two bars (for 
Ef/Es = 0.1) of Figure 5. The two values 
of fi lm modulus identifi ed in Figure 4 are 
represented by the sixth set of bars (for 
Ef/Es = 5). When the fi lm is uniform, 
both approaches return the input value 
with about the same degree of accuracy. 

Figure 4.  Results for simulations 41–48 (no skin, Ef/Es = 5). Substrate-
accounting approach yields a fi lm modulus of 9.86GPa (1.4% less than 
input value of 10GPa). Back-extrapolation approach yields a fi lm modulus 
of 9.83GPa (1.7% less than the input value of 10GPa).

Figure 5.  Summary of results for simulations 1–56 (no skin). Substrate-
accounting approach (red bars) and back-extrapolation approach (blue 
bars) return the input modulus with similar accuracy. For 0.2 ≤ Ef/Es ≤ 5,
both approaches return the input modulus to within 2%, which is 
outstanding.
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However, the substrate-accounting 
approach does have a practical 
advantage in that a value for fi lm 
modulus can be achieved with a single 
test. Of course in the experimental 
realm, repetition is needed to achieve 
and quantify reliability, but the 
necessary repetition for the substrate-
accounting approach will be less 
than the necessary repetition for the 
back-extrapolation approach under the 
same circumstances. (Note: Although 
ISO 14577-4 requires 15 measurements 
at three different values of a/t for this 
analysis, it recommends using at least 
50 measurements at 5 or more different 
values of a/t.) 

Figure 6, which shows the results 
from simulations 57–64, should be 
interpreted in the same way as Figure 3. 
Indeed, Figure 6 should be compared 
closely with Figure 3, because the 
only difference between the two sets 
of simulations is the presence of a 
5nm-thick compliant skin. In Figure 6, 
the apparent moduli (blue diamonds) 
manifest the infl uence of both the 
skin and the substrate. Because the 
skin has the most signifi cant effect at 
small a/t, the value of fi lm modulus 
achieved by extrapolating to a/t = 0 is 
low relative to the input modulus of the 
fi lm. Because the red squares represent 
substrate-accounted values, they 
“level-off” near the input value with 

Figure 7.  Results for simulations 97–104 (5GPa skin, Ef/Es = 5). 
Substrate-accounting approach yields a fi lm modulus of 9.38GPa (6.2% 
less than the input value of 10GPa). Back-extrapolation approach yields a 
fi lm modulus of 8.90GPa (11.0% less than the input value of 10GPa). 
 

Figure 8.  Results for simulations 113–120 (20GPa skin, Ef/Es = 0.1).  
Substrate-accounting approach yields a fi lm modulus of 10.63GPa (6.3% 
greater than the input value of 10GPa). Back-extrapolation approach yields 
a fi lm modulus of 11.027GPa (10.0% greater than the input value of 10GPa). 

Figure 6.  Results for simulations 57–64 (5GPa skin, Ef/Es = 0.1). 
Substrate-accounting approach yields a fi lm modulus of 9.78GPa (2.2% 
less than the input value of 10GPa). Back-extrapolation approach yields 
a fi lm modulus of 8.61GPa (13.9% less than the input value of 10GPa). 
Mechanical non-uniformity of the fi lm is clearly evident in the substrate-
accounted results. 

increasing a/t. In this case, substrate-
accounting has two benefi ts. First, the 
fi lm modulus can be accurately obtained 
simply by indenting to a depth that is 
signifi cantly greater than the thickness 
of the skin. Indentation depth is not 
critically important, but it should be 
noted that the Hay-Crawford model has 
not been verifi ed for indentation depths 
greater than 40% of the fi lm thickness. 
Second, the presence of the skin is more 
obvious in the substrate-accounted 
values than in the apparent values. The 
increase in the substrate-accounted 
values with increasing a/t notifi es the 

experimenter that something is different 
at the surface of the fi lm. It would be 
diffi cult to draw such a conclusion from 
the apparent modulus alone, because 
the eye tends to attribute the entirety of 
the increase to substrate infl uence. 

In the same way, Figure 7 should be 
compared to Figure 4, because the 
only difference between the two sets 
of simulations is the presence of a 
compliant skin. Figures 8 and 9 should 
also be compared to Figures 3 and 4, 
respectively, in order to see the effect of 
a stiff skin. 
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It should be noted that when the skin is 
stiffer than the fi lm and the substrate 
is more compliant (or vice versa), the 
results for either approach tend to be 
fortuitously good, because the two 
sources of difference cancel each other 
out to some degree. That is, the stiff 
skin compensates for the compliant 
substrate, making the output fi lm 
modulus fortuitously close to the input. 
This phenomenon is clearly evident in 
Figure 9. However, when the skin and 
the substrate are both more stiff (or 
more compliant) than the fi lm, the two 
sources of difference compound—the 
results in Figure 8 are exemplary in 
this respect.

Figure 9.  Results for simulations 153–160 (20GPa skin, Ef/Es = 5).  
Substrate-accounting approach yields a fi lm modulus of 10.30GPa (3.0% 
greater than the input value of 10GPa). Back-extrapolation approach yields 
a fi lm modulus of 10.72GPa (7.2% greater than the input value of 10GPa).

Figure 10.  Summary of results for simulations 57–168. Plotted values may 
be found in Table 2. In the presence of a skin that is mechanically different 
from the rest of the fi lm, the substrate-accounting approach (blue bars) 
returns the input modulus of the fi lm with superior accuracy. 

Table 2.  Summary of results for fi lms with skins (simulations 57–168). Relative differences from 
input value of fi lm modulus are plotted in Figure 10.

Table 2 and Figure 10 summarize all 
results for simulations which included 
a skin. From Figure 10, it is clear that 
if the fi lm has a skin, the substrate-
accounting approach is much better 
for obtaining the elastic modulus of the 
“bulk” of the fi lm. 

Conclusions
It should be remembered that although 
the two approaches considered in this 
work have fundamental differences, 
they are not mutually exclusive. The two 
approaches are extensions of the same 
underlying analysis. One is not forced 
to choose between them, because both 

approaches can be followed for the 
same data set. However, the substrate-
accounting approach adds signifi cant 
value. First, in situations where the 
fi lm is mechanically uniform, a value 
of fi lm modulus is achieved with every 
test, and the indentation depth is not 
critically important. Second, if the fi lm 
has a skin, its presence is more easily 
discerned if the moduli are substrate-
accounted. Moreover, the substrate-
accounting approach returns a value for 
fi lm modulus that is closer to the value 
for the bulk of the fi lm. For best results, 
the indentation depth should be large 
relative to the thickness of the skin, but 
still less than 40% of the fi lm thickness. 

 5GPa skin (5nm) 20GPa skin (5nm) 
 on 10GPa film (495nm) on 10GPa film (495nm)
 Extrapolated to a/t=0  Substrate accounted  Extrapolated to a/t=0 Substrate accounted 
 per ISO 14577-4 at h/t=10% per ISO 14577-4 at h/t=10% 
 Es Ef/Es Value (E-Ef)/Ef Value (E-Ef)/Ef Value (E-Ef)/Ef Value (E-Ef)/Ef

 GPa   N/m % N/m % N/m % N/m %
 100 0.1 8.606 -13.94% 9.782 -2.18% 11.027 10.27% 10.626 6.26%
 50 0.2 8.702 -12.98% 9.755 -2.45% 11.089 10.89% 10.580 5.80%
 20 0.5 8.719 -12.81% 9.612 -3.88% 11.049 10.49% 10.409 4.09%
 10 1.0 8.932 -10.68% 9.513 -4.87% 11.107 11.07% 10.429 4.29%
 5 2.0 9.044 -9.56% 9.491 -5.09% 10.952 9.52% 10.346 3.46%
 2 5.0 8.904 -10.96% 9.375 -6.25% 10.717 7.17% 10.300 3.00%
 1 10.0 8.537 -14.63% 9.169 -8.31% 10.261 2.61% 9.975 -0.25%
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