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Nanoindentation is a technique commonly used for measuring thin film mechanical
properties such as hardness and stiffness. In this study, we used the finite element
method to investigate the effect of substrate and pileup on hardness and stiffness
measurements of thin film systems. We define a substrate effect factor and construct a
map that may be useful in the interpretation of indentation measurements when it is
not possible to make indentations shallow enough to avoid the influence of the
substrate on the measurements. A new technique for measuring mechanical properties
of thin films by nanoindentation is suggested at the end of this article.

I. INTRODUCTION

One of the most important material configurations in
microelectronics, optoelectronics, and thermal barrier
coating technology consists of a coating material depos-
ited onto a substrate of another material. Proper meas-
urement of the mechanical properties of thin films is the
first step in analyzing the mechanics of thin films and
multilayers. Industry has long relied on indentation tech-
niques for measuring the hardness and stiffness of a wide
range of bulk materials. Recently, low-load and depth-
sensing indentation, commonly referred to as nanoinden-
tation, has been used to study the mechanical properties
of thin films on substrates.1–4 Nanoindentation experi-
ments can be performed quickly and do not require re-
moval of the film from its substrate. Nanoindentation has
been proven particularly useful in measuring the hard-
ness and stiffness of thin films. In general, indentations
with contact depths of less than 10% to 20% of the
film thickness are needed in order to obtain intrinsic film
properties and to avoid the so-called substrate effect.5

This is often not practical as the thickness of films used
in many applications continues to decrease. For example,
the thickness of barrier films currently used in semicon-
ductor devices is well below 50 nm and the film stack
thickness used for magnetic data storage is less than
100 nm.3 Due to experimental equipment limitations,
it is very difficult to perform indentation tests at such a
shallow indentation depth, and it seems that in these
cases it is inevitable for the substrate to affect the final
measurements.

Several analytical approaches have been developed for
measuring mechanical properties such as elastic modulus
and yield stress from indentation load-displacement data
of a bulk material.1,2 The equations used to extract the
hardnessH and indentation modulusM are

H 4 P/A 4 cbsy , (1)

and

S = b
2

=p
M=A , (2)

where we have neglected the finite compliance of the
measuring system and the indenter tip. The indentation
modulus is given by the plane-strain modulus,E/(1 − n2),
for isotropic materials and by a more complicated
weighted average of the elastic constants for anisotropic
materials.6,7 Here, the hardnessH is defined as the ratio
between indentation loadP and projected contact areaA,
and the contact stiffnessS4 dP/dd is obtained from the
elastic unloading curve. The yield stress and Poisson’s
ratio of the bulk material aresy andn, respectively. The
constantcb in Eq. (1) is a constraint factor8 that depends
on indenter shape and material properties andb is a
correction factor that depends on indenter shape, with
b 4 1 for axisymmetric indenters andb 4 1.03–1.05
for indenters with square or rectangular cross sections.7,9

These theories, however, cannot be applied directly to
thin film systems. Recently, many experimental and ana-
lytical efforts3,4,10–19 have been made to measure the
hardness and stiffness of a thin film in the presence of a
substrate. Most of these studies have focused on a limited
number of thin film systems and a complete examination

a)Address all correspondence to this author.
e-mail: vlassak@esag.harvard.edu

J. Mater. Res., Vol. 16, No. 10, Oct 2001 © 2001 Materials Research Society2974



of the substrate effect on hardness and stiffness meas-
urements of all possible thin film configurations remains
yet to be developed.

How deep can an indentation be in order to measure
substrate-independent hardness and stiffness? At a given
indentation depth, what does one really measure? How
do the stiffness and yield strength ratios between the film
and substrate affect nanoindentation measurement? In
this study, the finite element method (FEM) is used to
investigate the effect of the substrate on hardness and
stiffness measurements for a variety of thin film systems.
The FEM is useful for this purpose because it provides
a convenient way of measuring the projected contact area
between indenter and material needed for calculation of
hardness and stiffness. It is straightforward to vary ma-
terials properties over a wide range and the analysis also
provides direct information on pile-up height through
analysis of the surface contour during the indentation
process. The results of this study are useful when ana-
lyzing data from indentations that are not shallow enough
to avoid the influence of the substrate.

II. MODEL DESCRIPTION

For the purpose of this study, it is convenient to define
a bulk material as being soft if indentation causes pile-up
around the indenter, and hard when sink-in is present.
Whether a material is hard or soft according to this defi-
nition, depends of the yield strain,sy /E, and the strain-
hardening behavior of the material as well as on the
indenter geometry. A more quantitative distinction be-
tween soft and hard bulk materials will be made in

Sec. III. For thin film systems, the system produces pile-
up or sink-in depending on the hardness ratio between
film and substrate. Figure 1 shows a schematic depic-
tion of pile-up or sink-in for both bulk materials and
thin films.

The models for bulk material indentation and thin film
indentation are shown in Fig. 2 and Fig. 3, respectively.
The indenter is a rigid cone with a half apex angle of
a 4 70.3°, so that the ratio of cross-sectional area to
depth is the same as for a Berkovich or Vickers indenter.
A static indentation loadP is applied to drive the indenter
into the bulk material, which is modeled as an elastic–
plastic half-space. The bulk material is isotropic and
homogeneous, with Young’s modulusE, Poisson’s ratio
n, yield stresssy, and power-law hardening coefficientn
(where the uniaxial stress–strain relation ise 4 s/E
whens ø sy ande 4 Bsn whens > sy, andB is a ma-
terial constant). The contact radius isa and the indenta-
tion depth isd. We define the pile-up height asdp, so that
the projected contact area is given by

A = pa2 = p~tan a!2 dc
2 = 24.5dc

2 , (3)

where

dc 4 d + dp . (4)

The pile-up height as defined in Eq. (4) contains contri-
butions of both plastic pile-up around the indenter and
elastic sink-in, which is counted negative. It is obvious
from Eqs. (3) and (4) that the projected contact area
depends on the pile-up heightdp. Oliver and Pharr2

FIG. 1. Cartoons of nanoindentation on bulk materials and thin films.
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proposed a model for determining the contact area in
which plastic pileup is neglected. According to this
model, the amount of elastic sink-in is given by

?dp? = e
Pmax

Smax
, (5)

wheree 4 0.75 for a conical indenter. The hardness is
then obtained from Eq. (1) and the stiffness can be de-
rived from Eq. (2) and the load-displacement curve of the
unloading process.

Figure 3 shows our model for nanoindentation in thin
films. The film thickness ish and the substrate is infi-
nitely deep. The subscriptss andf are used to denote the
material properties of the substrate and film, respec-
tively. Both the film and substrate are homogeneous and
isotropic.

Since recent work by Mesarovic and Fleck20 has
shown that Poisson’s ratio is a minor factor for static
indentations, we letn 4 0.3 for bulk materials and
nf 4 ns 4 0.3 for thin film systems in this study. To
further simplify the model, we focus on elastic–perfectly
plastic materials by takingn → ` for the bulk material,
along withnf → ` andns → ` for thin films.

Finite element calculations were performed using the
commercial code ABAQUS21 on Sun workstations.
The rigid contact surface option was used to simulate the
rigid indenter and the option for finite deformation and

strain was employed. A typical mesh for the axisymmet-
ric indentation model comprises more than 5000 8-node
elements. As already mentioned, the substrate material is
taken to be elastic–perfectly plastic, with a von Mises
surface to specify yielding. The Coulomb’s friction law
is used between contact surfaces and the friction coeffi-
cient is taken to be 0.1, which is also a minor factor for
nanoindentation.20 The projected contact area is calcu-
lated directly from the numerical results by analyzing the
nodes in contact with the indenter.

III. INDENTATION ON BULK MATERIALS

In this section, the classical formulas for bulk materi-
als, Eqs. (2) and (5), are reexamined and compared to
the results obtained from finite element simulations. The
constraint factorc calculated from the FEM program is
plotted in Fig. 4 as a function ofE tan b0/sy (where
b0 4 90° −a) for a variety of materials ranging from
very hard to very soft and this functional dependence is
compared with the theoretical result by Johnson.8 It can
be seen that the FEM results are in good agreement with
the theoretical analysis. The constraint factorc is about 3
whenE tan b0/sy > 100 and it decreases when the bulk
material gets harder.

The height of the pile-up resulting from the indenta-
tion, dp, changes linearly with the indentation depthd, an
observation that agrees well with experimental evidence
for work-hardened copper.22 The ratio dp/d calculated
using finite elements is plotted againstE tan b0/sy and
compared with the Oliver–Pharr prediction [Eq. (5)] in

FIG. 2. Model description for indentation on a bulk material.

FIG. 3. Model description for indentation on a film/substrate
composite.

FIG. 4. The constraint factorc as a function of the normalized yield
strain of the bulk material.
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Fig. 5. The figure shows that the ratiodp/d has a lower
limit of −0.36 and an upper limit of 0.26. The lower limit
corresponds to the case where the indentation is purely
elastic. This is consistent with the theoretical solution by
Harding and Sneddon,23 who found the following rela-
tionship between contact radiusa and indentation depthd:

a =
2

p
d tan a , (6)

for the elastic contact of a cone on a half space. The
amount of sink-in for an elastic indentation in a bulk
is then

?dp?
d

= 1 −
a

d tan a
= 1 −

2

p
= 0.36 , (7)

independent of the indenter angle. It is now convenient to
define a soft or hard material as one for whichE tan
b0/dy > 36 (wheredp is positive), orE tan b0/sy < 36
(wheredp is negative), respectively. Figure 5 shows that
there is very good agreement between the Oliver–Pharr
model and the finite element results when the bulk ma-
terial is hard, but that the model cannot be applied to
indentations in soft materials. The discrepancy between
the Oliver–Pharr model and the FEM results for large
values ofE tan b0/sy is of course due to pile-up of ma-
terial around the indenter. The results in Fig. 5 also show
that neglecting plastic pile-up may result in an underes-
timation of the contact area by as much as 66%.

The elastic modulus of the bulk material is calculated
using Eq. (2) using the contact stiffness and the projected
contact area from a finite element simulation of the un-
loading process. We find that for both hard and soft
materials, Eq. (2) overestimates Young’s modulus by ap-
proximately 8%. In fact, this is consistent with recent

work by Hay et al.,24 where through a theoretical ap-
proach they suggested that a correction factorg should be
added to Eq. (2):

S = gb
2

=p

E

1 − n2 =A , (8)

where

g = p

p/4 + 0.155 cota ?
1 − 2n

4~1 − n!

Fp/2 − 0.831 cota ?
1 − 2n

4~1 − n!G2 , (9)

for a conical indenter. Equation (9) yieldsg ≈ 1.09 for
n 4 0.3, in good agreement with the FEM results.

IV. INDENTATION IN THIN FILMS

As shown in Sec. III, the Oliver–Pharr model2 can
only be used effectively when the indentation does not
produce plastic pile-up. For the case of a soft film on a
hard substrate, the hard substrate prevents the soft film
material from flowing downwards and thus increases the
degree of pile-up (c.f. Fig. 1). Therefore, the Oliver–
Pharr model may overestimate the hardness signifi-
cantly.14 The presence of the substrate in a hard film–soft
substrate composite, on the other hand, enhances the
sink-in effect (c.f. Fig. 1) since the plastic region in
the soft substrate is much larger than that in the hard film
and the substrate is unable to support the large indenta-
tion load.15 Consequently, the Oliver–Pharr model may
also be inadequate for this case. This necessitates an
extensive FEM study of the hardness and stiffness meas-
urements for a wide range of film-substrate properties.

We have analyzed a wide range of film and substrate
systems with materials varying from very hard and stiff
to very low and compliant. The hardness of a film on a
substrate is calculated from the finite element analysis as
a function of normalized indentation depthd/h, and for
different values ofsf /ss andEf /Es. This hardness value
is then normalized by the hardnessHb of a bulk material
with the same yield stress and stiffness as the film. Se-
lected numerical results are shown in Figs. 6(a) to 6(d).
When the yield stress of the film is smaller than that of
the substrate, it can be seen from Fig. 6(a) that the nor-
malized hardness is constant whend/h < 0.5. This im-
plies that for the case of a soft film on a hard substrate
one may obtain the intrinsic film hardness directly from
Eq. (1) as long as the indentation depth is less than 50%
of the film thickness. This is due to the fact that plastic
zone caused by the indentation is very localized: At in-
dentation depths less than one half of the film thickness,
the indenter has yet to feel the effect from the hard sub-
strate and this is equivalent to the indentation of a bulk
material. The substrate effect only comes into play when
the indentation depth is larger than one half of the film

FIG. 5. Plot of the normalized height of pile-up as a function of the
yield strain.
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thickness. In that case, the measured hardnessH is a
combination of film and substrate properties, and the
contribution of the substrate becomes more important
with increasing indentation depth. Since the substrate is
harder than the film, the normalized film hardness in-
creases as the indenter tip is pushed closer to the inter-
face, as shown in Fig. 6(a).

This picture changes dramatically if we consider the
results for hard films on soft substrates in Fig. 6(b),
where the yield stress mismatch is taken to be 0.4, 1,
and 2 with no elastic mismatch. As soon as the yield
stress of the film is higher than that of the substrate, the
normalized film hardness is no longer constant even for
relatively small indentation depths and it decreases
quickly with increasing indentation depth. This can be
seen even more clearly in Fig. 6(c). The substrate effect
is very large for the system of a hard film on a soft
substrate. Thus, even an indentation depth as small as 10
to 20% of the film thickness is insufficient to avoid the
substrate effect.

The normalized film hardness decreases with increas-
ingly softer substrates [Fig. 6(c)]. This trend reverses,
however, when the film is very hard compared to the
substrate (sf /ss > 40). This interesting behavior can be
seen in Fig. 6(d), where the normalized film hardness
increases with a continued increase of yield stress mis-
match. This is so because in the case where the substrate

is too soft to support the film, the indentation process is
more like a plate bending experiment and the plastic zone
size in the film is reduced.

The data in Fig. 6 also indicate that the elastic mis-
match Ef /Es plays a relatively minor role in hardness
measurements of thin films. Only for soft films on hard
substrates is there a small effect when the indenter ap-
proaches the substrate [c.f. Fig. 6(a)]. In most cases,
however, the elastic mismatch between film and sub-
strate can be neglected. This can be understood by noting
that the load during hardness measurements far exceeds
the load for Hertzian indentation and that the deforma-
tion is thus fully plastic and finite.16 Thus, it can be
concluded that the elastic mismatch has little importance
if one determines the film hardness by measuring the
contact area directly. The finite element analysis also
shows that the elastic mismatch between film and sub-
strate has similarly little or no effect on the degree
of pile-up.

It is also shown in the finite element analysis that the
presence of a hard substrate enhances the amount of pile-
up for a soft film, as plotted in Fig. 7 for the case where
there is no elastic mismatch between film and substrate.
Consider the instance ofsf /ss 4 0.5 in this figure. Ini-
tially, when the indentation depth is small, the plastic
pile-up heightdp in the film is the same as that for an
indentation in a bulk material anddp changes linearly

FIG. 6. Variation of the normalized film hardnessH/Hb with normalized indentation depthd/h, as a function ofsf /ss andEf /Es: (a) soft film on
hard substrate; (b) the transition fromsf < ss to sf > ss; (c) hard film on soft substrate; and (d) very hard film on soft substrate.
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with d. As the indentation depth increases, however, pile-
up for an indentation in a soft film on a hard substrate is
larger than for indentations in a bulk material. If the
substrate is sufficiently hard that plastic deformation is
confined to the film, the degree in pile-up does not
change with increasing substrate hardness. This is clearly
illustrated in the figure. Once the indenter penetrates the
interface, the hard substrate sinks down and slightly re-
duces the amount of pile-up.14

The substrate effect may be further understood by an-
swering the question posed earlier: What does one really
measure at a given indentation depth? A substrate effect
factor is defined as

e =
H − Hb

Hb
, (10)

whereHb is the hardness of a bulk material with the same
mechanical properties as the film. The substrate effect
factor is the correction factor one needs to take into ac-
count when using the relation in Eq. (1),H 4 cbsf , to
predict the yield stress of the film. The variation ofewith
sf /ss is plotted for four different indentation depths in
Fig. 8, where we have ignored any effects ofEf /Es. It is
convenient to define three distinct regimes in this nanoin-
dentation hardness map.

Region A is the case of a soft film on hard substrate
(sf /ss ø 1). In this regime, the plastic zone is confined
almost exclusively to the film and the hardness deter-
mined from Eq. (1) is accurate as long as the indentation
depth is less 50% of the film thickness. For deeper
indentations, corresponding adjustments should be made
to the final value of the film hardness by using Eq. (10)
and Fig. 8.

Region B is the case of a hard film on soft substrate
(1 < sf /ss ø 40). In this regime, plasticity is induced
mostly in the substrate with only a small plastic region in

the film beneath the indenter. Due to the large substrate
effect, very shallow indentations are required in order to
obtain the intrinsic film hardness. The substrate effect is
almost inevitable and the error increases with increasing
sf /ss and indentation depth. This error can be as much as
40% for an indentation depth that is just one quarter of
the film thickness. In the worst case, the error may reach
80% when the indentation depth is equal to the film
thickness. The transition between regions A and B is very
sudden and behaves almost like a step function. Typical
plastic zone shape for thin film systems in Regions A and
B may be found in Larsen and Simo12 and will not be
redrawn here.

Region C is the case of an ultra-hard film on soft
substrate (sf /ss > 40). The substrate is now fully plastic
and unable to support the film from underneath. The
plate bending effect becomes significant and further re-
duces the plastic zone in the film. The contour plot of the
von Mises stress field underneath the indenter is given in
Fig. 9 for a yield stress mismatch ofsf /ss 4 60. The
figure shows that the ultra-hard film indeed behaves like
a plate clamped around the edge and subjected to bend-
ing. As a result, the error of film hardness measurement
becomes smaller with increasing hardness mismatch
sf /ss. Note that thin film systems in this regime are quite
common when dealing with ceramic coating on soft
metal substrates: e.g., Al2O3 on Al or diamond on
Ti substrates.

Consequently, it is clear that any study of the me-
chanical properties of thin films using nanoindenta-
tion should take into account the fact that film/substrate
systems in these three regimes respond in very dif-
ferent ways.

FIG. 7. The normalized relationship betweend/h anddp/h: The plastic
pile-up in film is enhanced by the presence of the substrate. FIG. 8. The relation between the substrate effect factore and yield

stress mismatchsf /ss for four different indentation depths,
d/h 4 0.25, 0.5, 0.75, and 1.
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Most indentation techniques use Eq. (2), in one form
or another, to determine the indentation modulus of the
material under consideration. The indentation modulus of
a thin film on a substrate as measured experimentally is
of course affected by the elastic properties of the sub-
strate. An approximate analysis by Gaoet al.11 yields the
following expression for the indentation modulus of a
film on a substrate:

M =
2meff

1 − neff
, (11)

where

H neff = ns + ~nf − ns!I1~h/a! ,
meff = ms + ~mf − ms!I0~h/a! .

(12)

Here,mf and ms are the shear modulus of the film and
substrate, respectively. The two functions,I0 and I1, are
weight functions that reflect the substrate effect and take
the following form:

I1~j! =
2

p
arctanj +

j

p
ln

1 + j2

j2 ,

I0~j! =
2

p
arctanj +

1

2p~1 − n!

F~1 − 2n!j ln
1 + j2

j2 −
j

1 − j2G , (13)

wherej 4 h/a. Both of these functions approach unity
when h/a is very large and the measured indentation
modulus is equal to that of the film. On the other hand,
when the indentation is deep (h/a is small) bothI0 andI1
approach zero, indicating that one is indeed measuring
the stiffness of the substrate.

Two film systems were chosen for each of the three
regimes defined in Fig. 8. Instead of using the approxi-
mate formulas by Gaoet al.,11 we have used our finite
element model to calculate the stiffness weight function

I0(h/a) (with nf 4 ns 4 0.3) for each of the film–
substrate combinations considered. The weight functions
are plotted along with the theoretical result from Gao
et al.11 in Fig. 10. The comparison shows that the weight
function by Gaoet al.11 overestimates the substrate effect
when the film is stiffer than the substrate and that the
substrate influence is underestimated if the film is more
compliant. Figure 10 clearly shows that the weight func-
tion I0(h/a), and thus also the contact stiffnessS(h/a),
are independent ofsf /ss and that the three different re-
gions defined in the hardness study do not affect the
stiffness measurement. The factor that controls the sub-
strate effect in the stiffness measurement is the elastic
mismatchEf /Es. The stiffness mismatchEf /Es in Fig. 10
was taken to be 1.8 and 0.56. These are not extreme
values and one would expect the difference in weight
function between the stiff film/compliant substrate and
the compliant film/stiff substrate to further increase with
increasing elastic mismatch.

Since the unloading process is elastic, both film and
substrate can be taken as elastic materials without a yield
surface in order to investigate the effect of the substrate
on the indentation modulus of a thin film. The con-
tact stiffnessdP/dd thus calculated is equal to the contact
stiffness determined from elastic unloading and it can be
substituted into Eq. (2) to get the indentation modulus.
An analytical solution of this problem, where an elastic
bilayer is in contact with a rigid conical indenter, was
developed by Yuet al.10 using the integral equation
method. In order to examine their results, the normalized
indentation loadP/Pb is calculated from FEM and drawn
as a function ofh/ab in Fig. 11 for two values of elastic
mismatch:Ef /Es 4 0.5 andEf /Es 4 2. Here,P is the
load needed to penetrate to a depthd into the composite
andPb is the load required to indent to the same depthd
into a homogeneous half-space that is made from
the same material as the film. The contact radiusab of the

FIG. 9. The computed von Mises stress field beneath the indenter
for the case of an ultrahard film deposited on a soft substrate
(sf /ss 4 60).

FIG. 10. The comparison between the FEM result and theoretical
model by Gaoet al.11 of the stiffness weight functionI0(h/a) as a
variation of mechanical property mismatches.
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homogeneous half-space is also a function ofd. The nu-
merical results are compared with the theoretical results
of Yu et al.10 in this plot and show very good agreement.

The analysis by Yuet al.10 is elastic and therefore
cannot account for pile-up. Since the unloading process
is elastic, however, the contact stiffness must be the same
for both elastic and elastic–plastic composites, as long as
the contact area is the same.2 This is so regardless of the
fact that the projected contact area in elastic–plastic in-
dentations depends onsf /ss and that it is very different
from that of an elastic indentation to the same load. The
analysis by Yuet al.10 was used to calculate the weight
function I0(h/a) for two different values ofEf /Es. The
results are plotted together with the corresponding
FEM results in the stiffness map in Fig. 12. The agree-
ment between the theoretical and numerical results is

very good. Thus, the solution by Yuet al. can be used
to analyze data obtained from indentations in very
thin films.

As an illustration of how the result of this investiga-
tion can be applied to nanoindentation measurements, we
propose a new technique for determining the contact area
in a nanoindentation experiment. The analytical analysis
of Yu et al.10 or our finite element results give the in-
dentation modulus of a thin film on a substrate as a
function of the contact area between indenter and film:
M (a/h) 4 F(A). If the Young’s moduli of both film and
substrate are known, the contact area in an indentation
experiment can be determined by solving the following
equation for the contact areaA:

S = bg
2

=p
MSa

hD=A = bg
2

=p
F~A!=A . (14)

Once the contact area is known, the hardness can be
calculated from Eq. (1). The yield stress of the film can
be determined iteratively through use of the results in
Fig. 8. The advantage of this method of determining the
contact area is that unlike the Oliver–Pharr technique it is
insensitive to plastic pile-up. It should be noted that this
method requires knowledge of Young’s modulus of the
film. In many cases, the stiffness of a film can be taken
equal to that of the bulk material25–28 and this require-
ment represents no osbtacle. If the film material is an-
isotropic, the equivalent polycrystalline modulus can be
used to a good approximation.6,7 If the film is very po-
rous, however, or if the material cannot be obtained in
bulk form, its stiffness is generally not knowna priori
and an alternate method such as the Oliver–Pharr tech-
nique2 or direct inspection with a scanning electron mi-
croscope or atomic force microscope is required to
determine the contact area.

V. CONCLUSIONS

The finite element approach has been used to study the
effect of the substrate on the measurement of the me-
chanical properties of thin films by means of nanoinden-
tation. The following comments are offered in conclusion
and may be useful for extracting intrinsic film properties
from experimental results, when it is not possible to
avoid the substrate effect.

(1) The pile-up height in a bulk material scales lin-
early with the indentation depth and the ratiodp /d is a
function of E tan b0/sy with an upper limit of 0.26 and
a lower limit of −0.36. The standard expression for the
indentation modulus [Eq. (2)] overestimates the stiffness
of a bulk material by approximately 8% for a material
with Poisson’s ratio of 0.3.

(2) For a soft film on a hard substrate (sf /ss ø 1), the
influence of the substrate is not appreciable untild > h/2.
The yield stress of a film,sf , can be measured directly

FIG. 11. The variation of the normalized loadP/Pb with the normal-
ized contact radius of the homogeneous half-spaceh/ab: comparison
between the FEM result and theoretical model by Yuet al.10

FIG. 12. The comparison between the FEM result and theoretical
model by Yuet al.10 of the stiffness weight functionI0(h/a).
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from the relationH 4 P/A 4 cbsf , as long as the inden-
tation depth is less than 50% of the film thickness. Plastic
pileup in the film is enhanced by the presence of the hard
substrate.

(3) If the yield stress of the film is higher than that of
the substrate, plastic deformation of the substrate in-
creases sink-in of the film and the substrate effect is very
large. In this case, the substrate effect is inevitable even
for indentation depths less than 10 to 20% of film
thickness.

(4) When sf /ss > 40, the film is subjected to plate
bending since the film has little support from the yielding
substrate underneath. The plastic zone in the film is re-
duced and the normalized hardness increases with in-
creasingsf /ss.

(5) A substrate effect factor is defined, which is es-
sentially a correction factor that allows one to determine
the yield stress of a film from hardness measurements. A
nanoindentation hardness map characterized by the yield
stress mismatchsf /ss is given in Fig. 8. Three distinct
regimes are defined on this map, which should be taken
into account when measuring the mechanical properties
of thin films by nanoindentation.

(6) A stiffness map that quantifies the substrate effect
in nanoindentation stiffness measurements as a function
of elastic mismatchEf /Es was obtained from FEM analy-
sis (Fig. 10), and from an existing theoretical model by
Yu et al.10 (Fig. 12). By using the hardness and stiffness
maps, a new technique is proposed for measuring the
mechanical properties of thin films by nanoindentation if
the film stiffness is knowna priori. This technique is
especially useful when it is not possible to avoid sub-
strate effects or pileup.
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