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For decades, nanoindentation has been used for measuring mechanical properties of films with the 
widely used assumption that if the indentation depth does not exceed 10% of the film thickness, the 
substrate influence is negligible. The 10% rule was originally deduced for much thicker metallic films 
on steel substrates and involved only the hardness measurement. Thus, the boundaries of usability for 
measuring thin film elastic modulus may differ. Two known material systems of Mo and MoTa thin films 
on Si substrates are examined with nanoindentation and numerical modeling to show the limitations 
in measuring elastic moduli. An assessment of the hardness and elastic modulus as a function of 
contact depth and accurate modeling of the film/substrate deformation confirms the 10% rule for 
hardness measurements. For elastic modulus, the indentation depths should be much smaller. Results 
provide a recommended testing protocol for accurate assessment of thin film elastic modulus using 
nanoindentation.

Introduction
Since its introduction to the field of materials science, nanoin-
dentation became an integral technique to evaluate the mechani-
cal behavior of a variety of materials. One area, where nanoin-
dentation was found to be particularly useful, was with thin 
films [1]. Nanoindentation is the simplest method to measure 
hardness, and in some cases, elastic modulus. In order to work 
around the influence of the substrate, the 10% rule of thumb, 
first introduced by Bückle [2] in 1953, is applied. The gen-
eral definition of the 10% rule of thumb is that the mechani-
cal properties of a film, hardness and elastic modulus, can be 
measured when indents are made to 10% or less of the film 
thickness. In practice, however, only indenting 10% of the film 
thickness is not practical for ultra-thin films (< 10 nm) or even 
thin films (20 nm–1 µm) and the behavior would still be some-
what dependent on the substrate (hard, rigid substrate vs. soft, 
compliant substrate). Other problems could also arise from the 
well-known indentation size effect (ISE), tip area function cali-
brations, or even the sharpness of the used tip. It is important 
to be able to measure the hardness, which is often used as the 
basis for evaluation of the yield stress of many materials [3, 4], 
and a reliable value of the elastic modulus so that simulations, 

modeling and additional subsequent calculations have the cor-
rect material input.

The 10% rule of thumb has been accepted in the experi-
mental community and taught within the field without robust 
validation and very little theoretical understanding behind it. 
Thus, many authors have used the 10% rule of thumb to measure 
hardness and elastic modulus without understanding its origins. 
In the original paper by Bückle, the 10% rule of thumb comes 
from micro-indents performed on an 8 µm thick hard coating 
on a steel substrate (hard on soft system). Only hardness was 
discussed and elastic modulus is never measured. Bückle states 
[2], “It is found that for a hard coating on less hard substrates 
the intrinsic hardness of the coating is measured with indenta-
tion the depth of which are less than a tenth of the coat thick-
ness.” What is important about Bückle’s statement is that it is, 
(1) qualified for hard coatings on less hard substrates and (2) 
only for hardness. With time, the 10% rule of thumb has evolved 
to include elastic modulus, which was never discussed in the 
original paper. However, Xu and Rowcliffe [5] found that “…
there is no universal critical penetration depth for measuring the 
mechanical properties of films. The critical penetration depth 
depends on the combination of the mechanical properties of the 
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film/substrate system.” Newer insight from Bull [6] found that 
while hardness can be measured using 10% of the film thickness, 
the elastic modulus should only be considered at much lower 
indentation depths being less than 1% of the film thickness.

Over the years, new methods and models have been devel-
oped to measure film-only hardness [7–10] and elastic modu-
lus [6, 9–12]. For example, Saha and Nix [10, 13] introduced 
a constant modulus idea first employed by Joslin and Oliver 
(J–O) [14]. In this case, dynamic indentation is necessary and 
the P2/S, where P is the indentation load and S the stiffness, 
is proportional to hardness. One can then measure the hard-
ness, H, for a film on a stiffer substrate or the same substrate as 
the film and then use that H as feedback to calculate the elas-
tic modulus, E, of the film in question. This model can work 
because it also removes pile-up effects, but it assumes the same 
microstructure (grain size and texture) of the indented mate-
rial for comparable results, however, this may not be the case 
for the different substrates. Due to surface energy differences, a 
constant microstructure should not always be assumed for any 
film-substrate combination, thus the hardness measured may 
not be the same for the different substrates. Nix [15, 16] used 
the standard relation by Sneddon [17] for the elastic and plastic 
solution for thin film nanoindentation, however, this research 
is aimed more in the direction of hardness measurements and 
dislocation strengthening for use with film thicknesses in range 
of several micrometers. Furthermore, Saha et al. [18] investigates 
strain gradient hardening effects with use of soft film on hard 
substrate system, showing the dependence of the measured E 
and H on the indentation depth even though the used material 
combination favors the film deformation during the nanoin-
dentation. An additional model by Li and Vlassak [12] uses Yu’s 
solution [19] for the elastic contact of an indenter instead of 
Sneddon’s solution [17]. The model can be applied to thin films 
and ultra-thin films over a large indentation depth, but it is again 
best to use dynamic indentation or have many data points (100 
or more). The model is only ideal for single films and not multi-
layers. Still, a straightforward assessment of the thin film elastic 
modulus is to indent to various depths and plot the measured 
E as a function of contact depth, hc, or contact depth over film 
thickness (hc/t). The film modulus is then found by extrapolating 
the curve of the best fit data to zero [20]. While this approach 
can lead to a value for E, it may not be realistic or correct, and is 
quite subjective to what one considers to be the “best” fit.

It should be noted that not all nanoindenters are equipped 
with dynamic indentation (also known as the continuous stiff-
ness method), which many of the newer models utilize to extract 
H and E [10, 12, 13, 21]. The benefit of dynamic indentation 
(with an oscillation during loading) over quasi-static inden-
tation (no oscillation during loading) is minimal. Different 
groups have observed that in single crystals or large grained 
bulk materials dynamic indentation measured lower hardness 

values [22–24]. More recently it was determined that some of 
the dynamic softening effect of the measured hardness is caused 
by the material being strain rate sensitive [25]. For thin films, 
some softening effects have been observed for single crystal 
Ni films (20 and 100 nm thick) on MgO and the behavior was 
described with molecular dynamics simulations [26, 27]. In gen-
eral, one could say that the indentation method does not play 
a significant role unless the material is strain rate sensitive and 
other parameters, including tip radius need to be considered. 
For more extensive studies finite element (FE) modeling is often 
used as an efficient and effective way to study tip shape effects 
[28]. Finally, ISE could also influence the measurement of film-
only mechanical behavior, especially hardness. ISE is observed 
as an increase in the hardness as the contact depth of the indent 
decreases (reaches the surface). It has also been studied for bulk 
[29–34] and thin film indentation [26, 27, 35]. The effects from 
ISE can be easily removed from the real behavior when many 
indents are performed near the surface, approximately 1–5% of 
the film thickness.

A question that hopefully arises is, how can hardness and 
elastic modulus be measured for thin films accurately and inde-
pendent of the substrate? First, consider the elastic and plastic 
zones that are created under an indenter. Bull [6] has described 
these two regimes as short range and long range (Fig. 1), where 
hardness is a short range property and elastic modulus is a 
long range property. In order to measure film-only hardness, 
the plastic zone under the indent should remain in the film. A 
similar argument can be made for the elastic modulus of a thin 
film, however, the elastic zone can be at least three times larger 
than the plastic zone [3, 6]. With the elastic zone being so much 
larger than the plastic zone, indenting to acceptable depths while 
maintaining good tip characteristics (a well-calibrated tip at very 
low indentation depth) is a challenge. Applying the concept of 
short- and long range properties to a thin film system would 
provide some physical means to how film-only properties could 
be measured and to the validity of using the 10% rule of thumb.

The measured values of elastic moduli and hardness are 
the direct response of the elastic and plastic zones (volumes) 
in the indented material, in our case in a thin film. Besides 

Figure 1:  Schematic of the difference between plastic deformation 
(hardness measurement) and elastic deformation (Young’s modulus 
measurement) under the indenter according to Bull [6].
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some special methods, such as photo-elasticity [36–38] or digi-
tal image correlation (DIC) [39–41] which are not usable for 
direct measurement of the stress–strain fields inside the bulk of 
a material on the micro-scale level, there is no straightforward 
experimental way to obtain the extent of elastic and/or plastic 
zone under the nanoindenter. Advanced in situ nanodiffrac-
tion methods have been developed and used to measure the 
stresses occurring under the indenter of thick hard coatings 
[42]. This method is powerful, but inefficient as a method to 
simply measure hardness or elastic modulus due to the intri-
cate sample preparation, small microstructures, need for syn-
chrotron beam line to perform the experiment, and extensive 
data analysis. To understand how the deformation evolves with 
increasing indentation depth, numerical modeling, such as finite 
element (FE) analysis, represents an ideal tool to be used. While 
there are numerous works related to FE modeling of indenta-
tion processes (e.g. [11, 28, 43–49]), they are mainly aimed at 
the investigation and modeling of plasticity-related phenomena, 
surface roughness influences and hardness measurements. Only 
a few FE modeling studies have been performed with the aim 
to calculate the critical ratio of coating thickness to indenta-
tion depth (CRTD) [5, 50, 51] by the deviation of the load–dis-
placement curve from the bulk load–displacement curve. By 
defining the CRTDs over the elastic and plastic fields for the 
hardness and elastic modulus, respectively, the definition not 
only becomes more physically grounded, there is also no need 
to decide which amount of deviation of the curve is considered 
reasonable. A proper analysis of elastic field under the indenter 
tip has been vastly neglected, even though the FE modeling 
methods are well-suited for the evaluation of very small elastic 
deformations. Therefore, the knowledge of the size and shape 
of both elastic and plastic zones in the thin film during the 
indentation and their comparison (from the FE models) can be 
a significant advancement for understanding the elastic moduli 
measurements by nanoindentation and with it, the applicability 
of the 10% rule can be tested and verified under several different 
conditions, which is the main goal of this work.

It should be noted that an optional method for precise 
measurement of thin film mechanical properties can be cross-
sectional nanoindentation. This method can be performed 
similarly to characterization of the adhesion of thin films by 
cross-sectional nanoindentation (as reported in [52]), only with 
much smaller loading force or depth and with the indents pre-
cisely placed in the area of the film cross-section (CS). Such 
method would fully circumvent the 10% rule by indenting in 
the direction where there is no presence of the substrate. How-
ever, the positioning of such indents may be difficult and the 
lateral sample deformation may lead to distorted results. There-
fore, the cross-sectional nanoindentation was performed within 
this research next to standard nanoindentation to compare the 
obtained results.

Results and discussion
Experiments

As a direct result from nanoindentation the load–displacement 
(P–δ) curves were extracted. P–δ curves exhibit expected behav-
ior for all examined cases. The indentation with the lowest load 
shows linear, elastic material behavior, but with increasing load 
plastic deformation starts to play a significant role. The maxi-
mum depth of all indents remained in the films studied, namely 
1 and 2 µm thick Mo and MoTa films on Si, with none of the 
indents reaching the interface between the film and substrate.

The indentation P–δ curves were subjected to evaluation of 
hardness, H, and Young’s modulus, E, with Oliver–Pharr (O–P) 
[53] and Joslin-Oliver (J–O) [14] methods. The resulting H and 
E values are shown in Fig. 2 for both Mo and MoTa films as a 
function of contact depth over film thickness (hc/t) in %. All 
data points are shown to illustrate how indentation methods 
need many indents to bring about statistically relevant results. 
Relying on only 10 indents to measure the mechanical behavior 
would be an error. The indentation results for the Si substrate 
show consistent values of both H and E across the whole range 
of hc/t, resulting in ESi = 173 ± 5.4 GPa and HSi = 12.2 ± 0.45 GPa. 
For the evaluation of the mean value and the standard deviation 
for Si, the indentation results for hc/t > 0.05 were used, since the 
scattered data for lower contact depths are clearly influenced 
by numerous insignificant errors, which if combined together 
causes a large uncertainty of very shallow indents. These errors 
may be caused by small uncertainties in the tip calibration 
function, blunting of the tip during the indentation, the sample 
surface roughness and ISE in case of hardness measurement. 
Therefore, results for Si with hc/t < 0.05 do not represent correct 
values. Measured hardness and elastic modulus of the Si is in a 
good agreement with well-known Si material properties (see, e.g. 
[54–57]), the standard deviation is in acceptable range and the 
obtained data are independent of the contact depth, since the 
substrate is thick enough to behave like a bulk material. In the 
case of either Mo or MoTa alloy thin films a distinct dependence 
of the E and H on the contact depth is clearly visible. Since the 
influence is different for H and E, these material properties will 
be discussed separately.

Hardness Zones: Both film thicknesses and films show simi-
lar trends of the dependence of H on hc/t and as is clearly vis-
ible in Fig. 2(a) and (b), the datasets can be divided into three 
separate zones. Note that these results are only valid for this 
materials system and should not be (mis-)used as a new rule of 
thumb without precise characterization of the system:

H1—surface zone: for hc/t < 2.5% of the film thickness, 
the hardness values are scattered and they may be shifted to 
lower values. In this region there is no possibility to obtain 
a precise value of the H. This is caused mainly by three fac-
tors. First, hardness is related to the plastic deformation of the 
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indented material and since for low indentation depths the 
plastic zone under the indenter tip is virtually non-existent, 
the hardness cannot be defined. Secondly, the tip calibration 
function (tip area function) is usually difficult to properly 
define for small indentation depths, when measured with tra-
ditional methods. And the last influence is the roughness of 
the film surface, which is more pronounced for the Mo films 
(RMS-roughness is an order of magnitude larger for Mo film, 
compared to MoTa film, see “Methods” section). With large 
surface roughness the measured hardness values are lower. It 

should be noted that the decrease in hardness in this zone is 
not related to an ISE because the values would increase instead 
of decrease closer to the surface. However, this is the region 
where ISE would occur if all other factors would be in an 
ideal state.

H2—transition zone for hc/t in the range of 2.5% and 10% 
of the film thickness, the plastic zone under the indenter tip is 
starting to be more pronounced and the surface effects (related 
to roughness and the tip area function) are starting to be dimin-
ished. Therefore, there is a smooth transition to the third zone.

(a) (b)

(c) (d)

(e) (f)

Figure 2:  Experimentally measured Young’s modulus, E, and hardness, H, as a function of the contact depth, hc, normalized to film thickness, t (for the 
Si substrate indentation the normalization was performed according to the thickness of the deposited film on the measured Si samples), from open 
loop (OL) and displacement control (DC) indents; left column is for Mo films, right column for MoTa films: (a) and (b) is for H, (c) and (d) is for E and film 
thickness 1 μm, (e) and (f ) is for E and film thickness 2 μm; dash-dotted lines represents the boundaries between the specific zones H1, H2 and H3 for 
hardness measurements and E1, E2 and E3 for Young’s modulus measurement (for more detailed information see text).
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H3—plateau zone for hc/t > 10% of the film thickness, the 
indentation data has a uniform progression, not dependent on 
the contact depth. While the end of this trend was not observed 
during the performed experiments, it can be deduced that the 
indentation up to 17.5% of the film thickness is safe for the eval-
uation of the film hardness for these thin film systems.

From Zone H3, the hardness for both thin films was obtained 
resulting in HMo = 11.8 ± 1.33 GPa and HMoTa = 14.1 ± 0.17 GPa, 
which are reasonable for the materials and microstructures (seen 
in Fig. 8).

Elastic Modulus Zones: For the measurement of the E, both 
film materials and film thicknesses exhibit a strong dependence 
on the contact depth. This can be easily compared with the 
aforementioned “10% rule of thumb” and also with known value 
for Mo which should have the elastic modulus of 329 GPa [58] 
and estimation for MoTa (using the ratio between Mo and Ta 
in MoTa alloy) 255 GPa. Moreover, two methods of the results 
evaluation can be compared (O–P and J–O). Both methods 
show similar trends, leading to the division of the results into 
three zones. Again, note that these results are only valid for these 
thin film systems and should not be (mis-)used as a new rule of 
thumb without precise characterization the system:

E1—film-affected zone for hc/t < 2% of the film thickness, the 
resulting Young’s moduli seem to converge close to the theoreti-
cal (expected) values (when hc/t = 0), which is largely different 
than indents up to 10% of the film thickness. Therefore, only a 
very small portion of the film should be indented to obtain a 
more accurate value of the film E. As shown in Fig. 2(c), (d), 
(e) and (f), low indentation depths of 1–2% of the film thick-
ness (approx. 10–20 nm of studied films) are vastly influenced 
by other factors. In a similar way as for hardness, the film sur-
face roughness and the tip area function (tip calibration) play 
significant roles in the E measurement. The surface roughness 
influence is clearly visible in the results of the Mo films [Fig. 2(c) 
and (e)] where the roughness was significantly larger (approxi-
mately 20 nm for Mo films compared to 3 nm for the MoTa 
films) causing an underestimation of the E by indenting the 
rougher surface. On the other hand, a slight uncertainty of the 
tip calibration function for small indentation depths causes the 
scatter of the results which is clearly visible on both materials. 
The tip calibration issue can be partially resolved by the use of 
J–O method, leading to a smaller scatter of the results. However, 
while decreasing the scatter, the J–O results exhibit different 
behavior for the two film materials. This may be caused by the 
film surface roughness which was the only difference between 
the two films (topologically). The high roughness of the Mo thin 
film will introduce additional errors into the shallow indents 
(leading to errors in both O–P and J–O methods), therefore, 
the J–O method shows significant change of the E value for Mo 
film, but results comparable with O–P method for MoTa film 
(with low roughness).

E2—transition zone for hc/t between 2 and 15% of the film 
thickness, in this region, contrary to the widely used “10% 
rule of thumb”, the indents are strongly influenced by the sub-
strate. With increasing indentation depth, the measured values 
approach the substrate ESi. While the scatter is considerably 
smaller in this region (due to the improved tip calibration at 
these depths), only indenting in the area of hc/t = 10% would 
lead to severe underestimation of both EMo and EMoTa, meas-
uring literally a mean value between the film and substrate 
[Fig. 2(c), (d), (e) and (f)].

E3—substrate-dominated zone hc/t > 15% of the film thick-
ness, both film and substrate are fully elastically deformed (and 
the film may exhibit full plastic deformation), therefore only the 
substrate plays an effective role in the material response. While 
it is not visible from the presented results of 2 μm thick films, an 
extrapolation of obtained results can be used [Fig. 2(e) and (f)] 
indicated by a green dotted line), proving the substrate effect. 
Higher loads are required to reach and surpass the interface.

It is clear that for measurements of the elastic moduli of 
thin films, significantly smaller indentation depths should be 
used (being in the Zone E1). However, it is not an easy feat to 
achieve an accurate measurement for indentation depths below 
2% of the film thickness even for 1 and 2 µm thick films. In 
order to obtain the E-values for comparison with the known 
values, the extrapolation to hc/t = 0 with the use of a polyno-
mial fit [see Fig. 2(c), (d), (e) and (f)] was performed leading to 
values of elastic moduli EMo, O–P = 276 GPa, EMo,J–O = 316 GPa, 
EMoTa,O–P = 260 GPa and EMoTa,J–O = 246 GPa. While both meth-
ods for MoTa film and J–O method for Mo film are fairly close 
to the expected values (mainly due to the fact that J–O approach 
removes the roughness effect using the hardness value from 
larger indentation depths), the used approach and scatter in 
the data create large uncertainty of these results. Moreover, the 
depth controlled (DC) indents performed to a maximum inden-
tation depth equal to 0.1t (leading to hc/t ~ 0.08 at the region 
originally assumed by the “10% rule of thumb”), obtains the E 
value for Mo 257 ± 14.3 GPa and for MoTa 222 ± 16.8 GPa. While 
in a good agreement with the OL indents on the same level of hc, 
these DC values strongly underestimate the real Young’s moduli 
of involved materials (the same way as OL indents for simi-
lar hc). It should be mentioned that the observed behavior and 
defined zones for the Mo and MoTa films on Si could be far from 
the behavior of more ductile films on rigid substrates (soft on 
hard systems). Future investigations are planned to study ductile 
film systems and this paper focuses on the Mo and MoTa film 
systems (hard on soft systems).

Additionally, CS indents were preformed and evaluated to 
eliminate the film thickness factor. Figure 3 illustrates that even 
shallow indents in the CS of the thin film cannot obtain the real 
E and H values for the Mo and MoTa, while the Si and surround-
ing resin measurements show expected values for E and H (for 
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the Si substrate, similar values as from surface indentation were 
obtained and for the resin, low values of E = 4.56 ± 0.18 GPa and 
H = 0.31 ± 0.01 GPa). Obviously erroneous results for Mo and 
MoTa CS indents were measured even though the position of the 
indents in the film was confirmed by imaging after the indents 
were made [Fig. 3(e)], ruling out the possibility of indents in 
the wrong position.

The measured values E and H are significantly below the 
expected values (less than Si substrate) for Mo and MoTa dur-
ing the CS measurement illustrating an insufficient stiffness of 
the embedding resin. A large deformation of the resin leads to 
incorrect measurements. Moreover, the Mo thin film results 

show some dependency on the film thickness. This can be 
attributed to the high Mo surface roughness. Even when the 
CS indent is positioned at the center of the film thickness, the 
side related to the film surface will be less stiff with higher 
roughness. This is more pronounced for thinner film, since 
the central CS indent position is closer to the rough portion of 
the film, therefore, leading to lower H and E results. Because 
of these effects, the usual process of embedding samples in the 
compliant resin is not suitable for cross-sectional nanoinden-
tation of such thin films. These results are also important for 
any CS indentation of foils or thicker films to obtain mechani-
cal properties.

(a) (b)

(c) (d)

(e)

Figure 3:  Experimentally measured Young’s modulus, E, and hardness, H, as a function of the contact depth, hc, normalized to film thickness, t (for 
normalization was performed according to the thickness of the deposited film on the measured samples for a better comparison with standard 
indents), for the sample cross-sections; left column is for Mo thin film, right column for MoTa thin film (a) and (b) is for H, (c), (d) is for E and (e) example 
of the tip-scanned image (height) of the CS indents in 2 μm thick Mo film.
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Numerical Model

To explain such a large dependence of the E and small depend-
ence of the H on the hc/t for surface indentation and to visual-
ize the resin deformation during the CS indentation one has to 
know the exact elastically and plastically deformed volume of 
the material under the indenter. Since there is no easy option 
to measure such deformation directly, the numerical FE model 
was employed to estimate the influence of elastic and plastic 
deformation.

Several different results were extracted from the numerical 
simulation. At first, the basic load–displacement curves (of the 
indenter tip) were obtained to verify the correct model behav-
ior. As shown in Fig. 4, the load–displacement curves obtained 
with numerical models are in a very good agreement with the 
experimental data for both Mo and MoTa films, hence the used 
model (geometry, boundary conditions and material properties) 
can be deemed appropriate for modeling nanoindentation of Mo 
and MoTa thin films in the region of interest. The small dissimi-
larities (mainly in the low force region of the unloading curve) 
can be attributed to the material model simplification (use of 
elastic—ideally plastic material model) and the idealization of 
the geometry of both tip and film surface. Ideal plastic mate-
rial model can be considered reasonable, [5] showed that the 
critical penetration depth is more dependent on the difference 

in elastic than the plastic properties, even as the yield stress that 
was used as the most important parameter in [50, 51]. However, 
the whole unloading part of the P–δ curve from the FE model 
can be deemed only as a supportive sign of the correctness of the 
model, since the main objective of the numerical simulation is 
to assess the extent of elastically and plastically deformed zones 
during the indentation up to the maximal load. In that regard, 
the unloading parts of the P–δ curves from the FE model show 
expected behavior with an acceptable agreement with the experi-
mental measurements. On the other hand, the loading portion of 
the P–δ curves from the FE model are much more similar to the 
experimental data and in this region, the FE model reproduces 
the real data very well. It should be noted that further improve-
ment of the model would lead to time-consuming simulations 
of numerous iterations of small changes in the model geometry 
and material properties with no guaranteed improvements of the 
results. Therefore, the general agreement between presented FE 
model results and experimental measurement is deemed to be 
sufficient in the terms of this work.

To evaluate the extent of elastic and plastic deformation 
under the indenter tip, the elastically and plastically deformed 
volume of the material under the tip was extracted and its major 
dimension, d (in the direction of the indentation, see Fig. 5), 
was evaluated. A threshold value defining the boundary of the 
influenced area had to be selected. As a threshold for plastically 
deformed volume, the value of 0.002 of plastic strain was used 
(according to well-known offset yield point, where the yield limit 
is evaluated at the point with 0.2% of plastic strain) and for an 
elastically deformed volume, the value of elastic strain in the 
direction of indentation at 5 ×  10–5 was selected (representing 
approximately 16 MPa of stress in the Mo material and 13 MPa 
stress in the MoTa material with the approximate assumption 
that the stress above 10–15 MPa in any material is high enough 
to be noticeable) the elastic strain was used instead of the stress 
since it is not dependent on the elastic modulus and for the plas-
tically deformed volume the deformation was used as well. For 
each step of the simulation (different indentation depths), the 
maximal distance of each threshold boundary, d (stress/strain 
iso-surface), from the surface of the thin film (see Fig. 5) was 
obtained and plotted in a graph as a function of the indentation 
depth (both variables were normalized to the respective thick-
ness of the thin film). The results from the FE model can be 
complemented by the estimated plastic zone radius, rpl, evaluated 
from experimental measurements by formula [29, 30]:

where P is the indentation load and σy is the yield stress deter-
mined from the measured hardness and the well-known Tabor 
relation (σy = 2.8*H).

(1)rpl =

√

3P

2π · σy
,

(a)

(b)

Figure 4:  Comparison of P–δ curves obtained experimentally and from FE 
model: (a) Mo thin film, t = 1 μm, OL and (b) MoTa thin film, t = 1 μm, OL.
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From illustrative (but representative) Fig. 5 and from more 
detailed analysis in Fig. 6 one can clearly see that there is a 
significant difference between the sizes of elastic and plastic 
zones (in case of both film thicknesses and materials). Figure 5 
captures the indentation process with the indentation depth 
only slightly larger than 10% of the film thickness (leading to 
final contact depth at 10% of the film thickness), but even for 
such a shallow indentation, the difference between short and 
long range (see Fig. 1 and work of Bull [6]) are clear. While 
the plastic zone in Fig. 5(a) is localized in the thin film, the 
elastically deformed zone in Fig. 5(b) extents largely into the 
substrate (in fact more than 15 times deeper than the film 
thickness, notice the different length-scales in the figure). 
The color spectrum in Fig. 5(b) distinguishes the severe, sig-
nificant and non-negligible elastic deformation—the grey area 
represents negligible elastic deformation between ± 5 ×  10–5, 
the colored area highlighted in green–blue tones represents 
significant compressive elastic deformation and the red and 
black areas represent severe elastic deformation in tension and 
compression, respectively. One can easily see that the major-
ity of deformed area is under compressive strain, whereas 
high strain values are present in the substrate. The black area, 
representing strains larger than 5 ×  10–4, signifies large elas-
tic deformation of the substrate in a much greater volume, 
than one with the elastic deformation in the film. Therefore, 
the thin film only effectively bends into the deformed sub-
strate. Moreover, it can be argued that the estimation of the 
elastic zone radius in [3] (approximately three times larger 
than the plastic zone) is largely underestimated and can rep-
resent only severe elastic deformation zones, while the actual 
elastic deformation spans much deeper into the substrate. 

These findings are furthermore confirmed by more in-depth 
analysis in Fig. 6. When the ratio d/t reaches a value of 1 the 
respective strain field (its threshold value) meets the interface 
between the substrate and the film. The normalized plastic 
zone evolution under the indenter tip is similar for both film 
thicknesses. The plastic zone increases in both cases gradu-
ally (as expected) and it reaches the full thickness of the Mo 
thin film at the indentation depth of approximately 18% of 
the film thickness and the full thickness of the MoTa thin 
film at approximately 21.5% of the film thickness. A slightly 
higher value for MoTa film material can be expected due to 
its higher yield stress (or hardness). Moreover, the estimation 
of the plastic zone radius by Eq. (1) is in a very good agree-
ment with numerical results, proving the validity of the FE 
model and showing that for hardness measurements, experi-
ments performed with indentation depths below 20% of the 
film thickness can measure the actual film hardness and there 
is no substrate influence (for metallic thin films on a rigid 
substrate [5, 50, 51]). Therefore, the rule of 10% of film thick-
ness is actually rather conservative for hardness measurements 
(while the experimental data are subjected to thorough inves-
tigation to exclude, e.g. roughness effects, etc.). On the other 
hand, the elastic zone growth in the film is extremely fast, 
showing that the difference between the indentation depths 
when the elastic or plastic zone reaches the interface between 
film and substrate is larger than an order of magnitude. Con-
siderably shallow indents had to be modeled to capture the 
elastic zone volumetric increase in the film and the resulting 
data show that even indentation depths between 0.1 and 1% 
of the film thickness lead to noticeable elastic deformation 
at the film-substrate interface, illustrating the vast difference 

Figure 5:  Example of the method to obtain the elastically and plastically influenced volume of the material under the indenter tip; 2 μm Mo film with 
indentation depth of 250 nm: a) equivalent (von-Mises) plastic strain (PEEQ) with boundary at a level of 0.002 (logarithmic scale), b) elastic strain in the 
direction of indentation with boundaries set to ± 5 ×  10–5 to highlight area with assumed non-negligible elastic deformation (colored areas).
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between the short and long range zones (see Figs. 1 and 5). 
Subsequently, from the interface the elastic zone grows to the 
substrate and the deformed volume of the substrate is much 
larger than that of thin film [while at the same strain lev-
els, see Fig. 5(b)] resulting in severe substrate deformation 
and bending of the thin film. The actual extent and speed 
of the elastic zone growth in the film/substrate is not largely 
dependent on the film’s Young’s modulus, since the differ-
ence between Mo and MoTa films elastic properties is rather 
significant, but the elastic zone growth is similar. From the FE 
models, a general conclusion can be found that for metallic 
thin films, the elastic deformation reaches the substrate much 
faster than it was expected with the (inadequate) use of the 
“10% rule of thumb” for measuring E. It can be argued that a 

minimal film thickness of 5 μm will lead to usefulness of the 
10% rule. This argument is further solidified by the fact that 
for 2 μm films the elastic zone growth is (in relation to the film 
thickness) slightly slower than for 1 μm films.

For a visualization of the stress–strain fields when the cross-
sectional indentation is performed, the elastically and plasti-
cally deformed zones were extracted from the cross-sectional 
indentation FE simulation (for films on Si substrate embed-
ded in the resin). Results in Fig. 7 clearly shows an influence 
of the indents spanning through the substrate and embedding 
resin. Figure 7(a) illustrates that both substrate and resin are 
subjected to displacement between 5 and 13 nm in a significant 
volume whereas in Fig. 7(b) one can clearly see that the plastic 
zone starts to extend into the resin even for 100 nm indentation 

(a)

(b)

Figure 6:  Extent of the elastically and plastically deformed volume during nanoindentation as a function of the indentation depth (normalized to the 
film thickness), numerical results complemented by the plastic zone size estimated from the experiments by Eq. (1), (a) represents the results for Mo 
thin films and (b) represents the results for MoTa thin films.
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depth. This is in a good correlation with the obtained data 
(Fig. 3). According to previous measurements (see Fig. 6) and 
Eq. (1), the plastic zone radius is approximately 550 nm for the 
1 μm thick Mo film and an indentation depth of 100 nm. When 
the CS indentation assumes the indentation point exactly at the 
centerline of the film thickness, there is a distance of 500 nm 
on both sides between the indenter tip and Si-Mo or Mo-resin 
interface. This means that a plastic zone that reaches the inter-
face with the Si substrate and with the resin for the indentation 
depth of 10% of the film thickness is expected. While this phe-
nomenon is demonstrated on the 1 μm thick Mo film, it is valid 
for both modeled materials and film thicknesses and a strong 
reason why lower H values were measured.

While the largest strain values are located understand-
ably directly under the indenter, the elastic deformation spans 
outside of the thin film [see the detailed elastic strain plots in 
Fig. 7(c)]. The strain component εxx exhibits the compressive 
deformation in both the substrate and resin, where it reaches 
a value of 0.05 and the strain component εzz shows small (but 
not negligible) tensile deformation in the resin. The observed 
elastic deformation in the resin has a radius larger than one-half 
of the film thickness. The extent of elastic and plastic deforma-
tion into the substrate and embedding material during a shallow 
CS indentation is in a good agreement with experimental CS 
measurements (see Fig. 3) and strongly underestimated values 
of H and E were observed. It has to be noted that the simula-
tions of both thin film materials and both thicknesses show the 
same trends. Combined, the experimental CS indentation and 
simulations show that the CS indentation for very small sam-
ples embedded in soft materials is not usable, even if the exact 
centerline of the film is indented.

Recommended nanoindentation procedure

According to presented results, several key-points can be 
extracted and formulated into a set of recommendations to 
measure the mechanical behavior of thin films using nanoin-
dentation. These include sample preparation, suggested indenta-
tion procedure and results processing. If additional FE analysis 
is available, it could be used to validate experiments.

Thick films, generally greater than 2 µm, on rigid substrates 
(silicon, MgO, Alumina) are ideal film/substrate systems for 
nanoindentation. More compliant substrates will exaggerate 
the underestimation of the film’s mechanical behavior. Film 
surfaces should be as smooth as possible for used application or 
the surface roughness has to be known prior the nanoindenta-
tion. Cross-sectional indentation is not recommended, however, 
if there is a need for using it, it is recommended that the sam-
ple be embedded in stiff materials. In general, one should avoid 
compliant substrates, such as polymers.

For indentation experiments, dynamic or quasi-static inden-
tation can be used as long as many indents are performed to 
have enough statistics (approximately 50 to 100 indents, more 
is always better). The whole load range of the indenter should 
be used to identify indentation zones (see Fig. 2). If possible, 
very small indentation depths should be used, while keeping 
the machine and area function resolution in mind. It is impera-
tive that indents be performed in both the thin film and sub-
strate (and embedding material if used) to enable separation of 
substrate and film material properties. Without knowledge of 
the substrate, indented at the same time with the same tip and 
indenter conditions, proper comparisons cannot be made. Use 
as sharp an indentation tip as possible. A sharper tip contrib-
utes to the localization of elastic deformation; thus, it propagates 

Figure 7:  Example of the numerical results for CS indentation simulation, 
Mo thin film, t = 1 μm, δ = 100 nm: a) displacement in the direction of 
indentation, indicating the elastically deformed volume, b) equivalent 
(von-Mises) plastic strain (PEEQ), indicating the plastically deformed 
volume and c) elastic strain components along the line on the surface 
of the specimen lying perpendicular to film-substrate and film-resin 
interfaces (denoted by the black dashed lines in the figure).
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much slower towards the film–substrate interface [28]. This is in 
good agreement with the studies of [50, 51] where the tip radius 
was found to influence the CRTD. At a minimum, evaluate the 
tip radius before starting and ensure the tip is well calibrated.

The obtained P–δ curves can be analyzed with the O–P 
method, J–O method or any other suitable method to meas-
ure the hardness or elastic modulus of the film and substrate. 
Comparison between the film and substrate results is necessary 
as well as plotting the hardness and elastic values as a func-
tion of hc/t. From the appropriate plots, the indentation Zones 
(according to Fig. 2) can be identified. For hardness measure-
ments, it is best to use the Plateau Zone H3 to interpret film 
hardness. To estimate the elastic modulus, either a polynomial 
fit of sufficient amount of data points (hence, a large number of 
indents has to be made at the near surface of the film) can be 
used and extrapolated to δ/t = 0. If there is a large number of 
small-depth indents (less than 2–3% of the film thickness) with 
a small scatter and exhibiting a plateau region (different than the 
substrate) in the Film-affected Zone E1, the mean value can be 
used to estimate the elastic modulus. However, the take home 
message is that the “10% rule of thumb” can only be used for 
thin film hardness measurements while a sufficient amount of 
indents has to be performed in a wide range of contact depths 
hc. A different approach or a very thick film (approximately 5 µm 
thick) should be used to measure thin film elastic modulus with 
nanoindentation.

Conclusions
Nanoindentation to various contact depths was performed on 
known material systems (Mo and MoTa thin films on Si sub-
strate) and the resulting dependencies of film hardness and 
elastic modulus were compared with the known values and 
correlated with numerical simulations of the indentation pro-
cess. Using the plastic and elastic zone as a definition for the 
usability of the experimental data can be seen as an improve-
ment to the former criteria solely based on the deviations from 
bulk load–displacement curves. This allows not only the sepa-
ration of the critical depth for elastic modulus and hardness, 
but it is also expected to allow calibration of new rules for the 
CRTD in a more physical way. While the hardness measure-
ment of thin films systems with similar properties can be per-
formed for indentation depths around 10% or greater of the 
film thickness, the extent of the elastic zone under the tip into 
the substrate does not allow for the elastic modulus to be easily 
measured. Therefore, for any elastic modulus measurement of 
thin films using nanoindentation, a large set of indents should 
be generated for both the film and substrate ranging from small 
indentation depths (less than 1% of the film thickness) to more 
than 10% of the film thickness to get the actual dependence of 
the elastic modulus on the contact depth and the possibility to 

remove the substrate influence. Additionally, very thick films 
and sharp indenter tips are suggested to improve the measure-
ments further. The circumvention of the substrate effects (and, 
therefore, the whole 10% rule) by cross-sectional nanoinden-
tation is not recommended since presented results show large 
deviation of E and H when such method is used. With use of 
proper methodology, the presented indentations measured 
EMo = 316 GPa (with use of J-O method and approximation of 
hc/t = 0), HMo = 11.8 ± 1.33 GPa, EMoTa = 260 GPa and 246 GPa 
(with use of O–P and J-O methods, respectively, both with 
approximation of hc/t = 0) and HMoTa = 14.1 ± 0.17 GPa. These 
values are in a good agreement with the expected values for Mo 
and MoTa materials. An exception was found when using the 
O–P method for the Mo films measured where a much lower 
than expected elastic modulus value (EMo,O–P = 276 GPa) was 
measured. The lower modulus was most likely influenced by the 
very high surface roughness observed for the Mo films. Finally, 
the 10% rule of thumb is not an adequate way to measure the 
film-only mechanical properties and it should be avoided.

Methods
Materials

The Mo and MoTa films studied in the current work were 
deposited onto (100) silicon substrates (dimensions 6 × 20  mm2, 
thickness 325 μm) using a laboratory scale direct current (d.c.) 
magnetron sputter system. Three circular planar targets (Mo 
and Ta targets with a diameter of 50.8 mm and a thickness of 
6 mm each, provided by Kurt J. Lesker (Ta—purity 99.95%) 
and Plansee SE (Mo—purity 99.97%) were fixed to unbalanced 
AJAA320-XP magnetrons and focused onto the center of a 
rotatable sample holder at a distance of 40 mm. Prior to deposi-
tion, the substrates were ultrasonically cleaned in ethanol for 
300 s and dried in hot air. The substrates were mounted onto 
the rotatable substrate holder (kept on a floating potential) with 
Kapton tape. The base pressure of the sputter system was always 
less than 1 ×  10–3 Pa. The substrates were plasma cleaned at an 
Ar pressure of 1 Pa in an asymmetrically bipolar pulsed d.c. 
plasma using a substrate voltage of − 350 V and a frequency of 
50 kHz for 120 s. Two film thicknesses, namely 1 and 2 µm, Mo 
and MoTa alloy films were deposited without external heating 
with constant discharge powers of 188 W for the Mo and 130 W 
for the Ta magnetron at an Ar pressure of 0.25 Pa. With these 
discharge powers, deposition times of 1720 and 3440 s for 1 
and 2 µm thick Mo films were used. For MoTa alloys, deposi-
tion times of 866 and 1732s were used for the 1 and 2 µm film 
thicknesses, respectively. The same deposition conditions were 
used for MoTa alloy interlayers in [59]. As shown in an earlier 
work, the chosen composition Mo50Ta50 yields a solid solu-
tion [60], this is also backed-up by AFLOW-CHULL, a cloud-
oriented platform for autonomous phase stability analysis where 
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it is shown to be thermodynamic stable [61]. Since no external 
heating was applied, the substrate temperature did not rise above 
50 °C during deposition. Energy dispersive X-ray (EDX) spec-
troscopy, equipped on a scanning electron microscopy (SEM, 
Leo1525, Zeiss) with ZAF corrections yielded a 49.7 ± 3.8 at.% 
Mo composition of the MoTa alloy films. The ZAF correction 
corrects inter-element effects in a material, where Z is the cor-
rection of the atomic number, A for absorption effects and F for 
fluorescence.

Information on the film thicknesses was accessible via cross-
sectional cuts using a focused ion beam (FIB, Zeiss LEO1540) 
with Gallium ions for the milling. The thickness was then 
determined from inspection of the cross sections with SEM on 
the same instrument. The exact respective film thicknesses of 
the 1 µm and 2 µm thick Mo films are 1040 and 2130 nm. The 
exact respective film thicknesses of the 1 µm and 2 µm thick 
MoTa alloy films are 960 and 1900 nm [see Fig. 8(a) and (b)]. 
The surface roughness was determined with a Dimension Icon 
atomic force microscope (Bruker) in tapping mode. For the 
1 µm and 2 µm thick Mo films, RMS-roughness of 20 ± 1 nm 
and 37 ± 1 nm were respectively determined. For the 1 µm and 
2 µm thick MoTa alloy films, RMS-roughness of 2 ± 0.1 nm and 
3 ± 1 nm were respectively determined.

Experiments

Nanoindentation was performed on a TS77 Select from Bruker-
Hysitron using a well-calibrated Berkovich tip. Before indenting, 
the tip was imaged with confocal laser scanning microscopy 
(CLSM–Olympus 4100 OLS) and self-imaging (SI) over a TGT1 
silicon spike grid from NT-MDT. From these images the tip 
radius was approximated to 300 nm [62]. The area function and 
frame compliance calibrations were made using 100 OL indents 
into fused silica with a 10 s load–10 s unload loading profile and 
maximum loads between 100 µN and 10 mN, resulting in the 
calibrated area function in range between 7 to 180 nm of hc.

Quasi-static indents into the Mo and MoTa films as well 
as into the Si substrate were performed two ways: OL and 
DC. OL indents were made using the full load range (100 
µN to 10 mN) with constant loading time (10 s), leading to 
similar maximal absolute contact depth for both film thick-
nesses capped by the maximal load usable with the TS77 
setup. Therefore, two relative ranges of results were obtained 
whereas the effective relative contact depth (when divided 
by the film thickness) for the 2 μm film is half of the rela-
tive value for 1 μm film. DC indents were set to a maximum 
indentation depth of 10% of the film thickness (100 nm or 
200 nm for 1 μm and 2 μm thick films, respectively). A total 
of 25 DC and 100 OL indents were made into each film in 
several subsequent indentation runs. Additionally, CS speci-
mens were prepared where all films were indented parallel 
to the film surface to test if the CS indentation may solve the 
indentation depth issue. Films were embedded in a polymer 
resin, followed by grinding and polishing the surface to a 1 µm 
finish using colloidal silica. Nine DC indents were performed 
for each film type with the maximum indentation depth set to 
10% of the film thickness. The indents were positioned in the 
center of the film by first scanning a large area with tip (scan-
ning probe microscopy). In the Si substrate constant loading 
time (10 s) indents were performed (150 indents in total) on 
the top of its surface and nine indents in the CS. Additionally, 
nine indents in the embedding resin were performed.

All of the load–displacement curves were analyzed using 
the Oliver and Pharr (O–P) method [53] and the same area 
function. The elastic modulus, E, was evaluated from the 
reduced elastic modulus, Er, values (2):

where the tip Young’s modulus, Et, was 1170 GPa and its Pois-
son’s ratio, νt = 0.17, Poisson’s ratio of the film, ν, was different 

(2)
1

Er
=

1− ν
2
t

Et
+

1− ν
2

E
,

Figure 8:  FIB-SEM images of the thin films (surface and cross-section): (a) 1 µm thickness: MoTa (left)—Mo (right), (b) 2 µm thickness: MoTa (left)—Mo 
(right).
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for each material: Mo = 0.28, Si = 0.3, MoTa = 0.3. The area func-
tion was checked midway through the experiments and the tip 
was imaged again with the spikes (SI method) to check for any 
tip wear.

Moreover, the method by J–O [14] was used as an addi-
tional method for evaluation of the reduced Young’s modulus 
Er directly from measured hardness, H (obtained by stand-
ard, O–P procedure), indentation load, P, and slope of the 
unloading portion of the load–displacement curve, S, from 
relation (3):

This method allows one to avoid the introduction of 
errors due to change of the indenter tip shape when calculat-
ing the elastic modulus, because it does not use the indenter 
area (calibration) function. After finishing all indents, SI 
and CLSM images were made of the tip to determine if the 
tip shape changed due to indenting and to measure the tip 
radius. It was found that the tip radius changed from 300 to 
500 nm after performing the indents using the same routine 
[62].

(3)
H

E2r
=

4

π

·
P

S2
→ Er =

S

2

√

π · H

P
.

Numerical model

To create and compute the numerical model of the indentation, 
the Abaqus code was used. Since the geometry of the Berkovich 
tip is not fully axisymmetric, a 3D model was used [Fig. 9(a)]. 
However, some symmetry planes were utilized to simplify the 
model and reduce the evaluation time. Only one sixth of the 
geometrical model is needed to represent the indentation pro-
cess. The geometrical model itself consisted of the Berkovich tip 
with tip radius 300 nm (according to the real tip radius meas-
ured before and during the experiments, note that only the ini-
tial, sharp tip was considered to show the ideal experimental 
setup and the tip wear was not considered since it is not the aim 
of this study) and the specimen itself (thin Mo and MoTa film 
with 1 μm and 2 μm thicknesses for two different models, both 
on the thick Si substrate) as shown in Fig. 9(b).

The width of the specimen was 1  mm to have the 
boundaries of the model in a safe distance from the area of 
interest to avoid any unwanted interaction. The symmetri-
cal boundary conditions were applied on actual symmetry 
planes—the displacement in the direction perpendicular to 
each symmetry plane on respective boundaries were fixed. 
The displacement of the indenter tip in the z-axis (third 

Figure 9:  (a) Berkovich tip geometry (schema) with symmetry planes denoted by the red lines; (b) geometry and discretization of the FE model used for 
modeling the nanoindentation; (c) schematic view on the model of CS indentation with each layer denoted by its name and color, symmetry plane is 
parallel to global x–z plane and the indentation direction is in the global z-direction.
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axis) was set to ramp from 0  nm to indentation depths 
corresponding to the range of displacements obtained in 
the experiment (either OL or DC) and back to 0  nm to 
model the unloading part of the load–displacement curve. 
To mimic the experimental procedure, the displacement of 
the bottom face of the substrate in the global model in the 
perpendicular direction was fixed. The frictionless contact 
was applied between the indenter tip and the free surface 
of the thin films, this is considered reasonable, since the 
friction coefficient is known to only have a marginal influ-
ence on the indentation curve [63–65] mainly the pile up 
and sink in behavior are effected by the choice in parameter 
[65]. In the modeling procedure several different material 
models were used. All of them were defined by the param-
eters shown in Table 1.

The indenter tip and the substrate were assumed to be lin-
ear elastic, defined only by the Young’s modulus, E, and Pois-
son’s ratio, ν. Since the indentation can create a high increase 
in stress under the indenter tip, the elastic–plastic behavior of 
the Mo and MoTa films was assumed to cover the real mate-
rial deformation under high loads. This material model was 
defined with the addition of the yield stress value (according 
to hardness measurements). For the sake of simplicity, the 
response of the material was assumed to be elastic—ideally 
plastic with no hardening.

Additionally, the CS indents were modeled to obtain 
the stress–strain fields around the indenter tip in the sam-
ple and its surroundings embedded in the soft resin. Since 
the asymmetrical CS specimen layout does not allow the use 
of sixfold rotational symmetry (as in the case of the surface 
indentation), the CS FE model had to be more complex. With 
a proper indenter tip rotation in relation to the specimen, one 
symmetry plane could be used (see Fig. 9c). The indentation 
was modeled always in the center of the thin film CS (as an 
ideal case). The maximum indentation depth in the FE model 
was set (according to experimental CS measurements) to 10% 
of the respective film thickness. The material properties of 
the thin film and substrate were the same as for the surface 
indentation model, however, the CS model was extended by 
the material model of the resin, which consisted of a Young’s 

modulus of 4.5 GPa, a Poisson’s ratio of 0.35 and the yield 
stress of 115 MPa.
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TABLE 1:  Material constants used in the FE model.

E (GPa) ν σy (GPa)

Indenter tip 1170 0.17 –

Si substrate 170 0.3 –

Mo film 329 0.28 4

MoTa film 255 0.3 5.4
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