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Experiments and finite element simulations have been performed to examine errors in ﬁ
measurement of hardness and elastic modulus caused by pile-up when soft films deposited S T ‘
hard substrates are tested by nanoindentation methods. Pile-up is exacerbated in soft-film/hard-
substrate systems by the constraint imposed on plastic deformation in the film by the relatively
non-deformable substrate. To experimentally examine pile-up effects, soft aluminum films with
thicknesses of 240, 650, and 1700 nm were deposited on hard soda-lime glass substrates and
tested by nanoindentation techniques. This system is attractive because the elastic modulus of the
film and the substrate are approximately the same, but the substrate is harder than the film by a
factor of about ten. Consequently, substrate influences on the indentation load-displacement
behavior are manifested primarily by differences in the plastic flow characteristics alone. The
elastic modulus-of the film/substrate system, as measured by nanoindentation techniques,
exhibits an increase with indenter penetration depth which peaks at a value approximately 30%
greater than the true film modulus at a penetration depth close to the film thickness. Finite
element simulation shows that this unusual behavior is caused by substrate-induced enhancement
of pile-up. Finite element simulation also shows that the amount of pile-up increases with
increasing penetration depth, and that the pile-up geometry depends on the work-hardening
characteristics of the film. Because of these effects, nanoindentation techniques overestimate the
true film hardness and elastic modulus by as much as 68% and 35%, respectively, depending on
the work-hardening behavior of the film and the indenter penetration depth. The largest errors

occur in non-work-hardening materials at penetration depths close to the film thickness, for
which substrate-induced enhancement of pile-up is greatest.

ABSTRACT

INTRODUCTION

Nanoindentation is a widely used technique for characterizing mechanical properties at the
micron and sub-micron scales [1;5]. Nanoindentation techniques have proven particularly useful
in measuring the hardness, H, and elastic modulus, E, of thin films [6-11]. However, when the
film is very thin, e.g., less than about a micron, accurate measurements are sometimes difficult to -
achieve because of substrate influences on the indentation deformation behavior. As a result,
numerous experimental and theoretical investigations have addressed the issue of substrate
effects and what can be done to obtain substrate-independent measurements of thin film
mechanical properties [10-15]. .

Many thin film systems are comprised of soft films on hard substrates. This is particularly
common, for instance, in the semiconductor industry, where films of aluminum, gold and copper
are often deposited on silicon (H = 12 GPa), germanium (H = 10 GPa), glass (H = 5-8 GPa)
and ceramic substrates (H = 10-40 GPa). The hardness of these films is usually in the range 0.1-
1 GPa, making them at least an order of magnitude softer than the materials on which they are
deposited. One important consequence is that when an indentation is made, there is a tendency
for material to pile-up around the hardness impression to a much greater degree than it would in a
monolithic material, due to the constraint imposed on plastic deformation in the film by the
relatively non-deformable substrate [6,16,17]. Since techniques for analyzing nanoindentation
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data do not account for the extra contact area produced by the pile-up [18-21], the enhancement
of pile-up in soft films on hard substrates has important consequences for film property

measurement accuracy. In particular, the hardness and the elastic modulus are determined from
nanoindentation load-displacement data using the relations {2]:

H = Pmax

1
A (M

and |
E=(1_v2) _2_ \/’g 2T
S E;

(2)

where, Ppax is the peak indentation load, A is the projected indentation contact area, f3 is a
constant depending on the indenter geometry, S is the experimentally measured contact stiffness,
v is Poisson's ratio of the specimen, and vj and E; are Poisson's ratio and the elastic modulus of
the indenter. Thus, the accuracy with which the hardness and modulus can be measured depends
on how well the contact area is known, since the area appears explicitly in both equations. In
most nanoindentation methods [2,3], the contact area is measured by evaluating an empirically-
determined indenter shape function at the contact depth, hc, where the contact depth has been
estimated from the indentation load-displacement data using a procedure based on a solution for
the indentation of an elastic half-space by a rigid punch [22]. However. since the solution is only
elastic, contritpltions due to plasticity and pile-up are inherently ignored, and this leads to an
underestimation of the contact area and thus an overestimation of the hardness and modulus in
materials which pile-up [20,21].

In order to gain a better understanding of the importance of pile-up in nanoindentation
mechanical property measurement of soft films on hard substrates. an experimental investigation
was undertaken to explore the pile-up behavior of a model material system. Finite element
simulations were also performed to gain physical insight into the pile-up behavior as well as to
explore the importance of the work-hardening characteristics of the film. In this paper, important

observations and their implications for nanoindentation mechanical property measurement
accuracy are presented and discussed.

EXPERIMENTAL PROCEDURE

The model system used in the investigation was high purity aluminum deposited on glass.
In addition to a large difference in hardness (the hardness of the film is in the range 0.5-1.0 GPa
while that for the substrate is 7.0 GPa), an equally important consideration in the choice of the
system was the similarity of the elastic moduli of the two components. The modulus of
aluminum is 70 GPa, while that for the glass used in the study is 57 GPa. as measured by
nanoindentation methods. The fact that the moduli are similar minimizes the role that a
film/substrate modulus difference would play in determining the indentation load-displacement
behavior, thus simplifying the interpretation of results. The films were sputter-deposited to three
different thicknesses, tr = 240 nm, 650 nm, and 1700 nm, and indented to various penetration
depths. h, with a sharp Berkovich diamond indenter. The load-displacement data obtained at each
depth were analyzed by the method of Oliver and Pharr (2] using B = 1.034, v; = 0.07, E; =
1141 GPa, and v = 0.34 to determine the apparent contact area. hardness, and elastic modulus.
The quantities measured in this way, which do not account for pile-up influences, wiil be
reterred to as Apano» Hpano» and Epape-

The larger hardness impressions were also imaged in a high resolution scanning electron
microscope (SEM) to determine the actual contact areas, A .yq, taking care to include the pile-up
in the contact area determination. The actual areas were measured by tracing a digital image of
each indentation along the contact edge and computing the area enclosed inside the figure. Values
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Fig. 1. Hardness and elastic modulus of the 1700 nm aluminum film on a glass substrate.

of Ajcrual meas}lred in this way were used in Eqns. 1 and 2 to provide a second measure of the
hardness and moGulus, Hy.o; and E, ... Note that by definition, Hycuyal 18 the true hardness.
Thus, any deviations of Hy,no from Hyey,) must be attributed to inaccuracies in the procedure by
which contact areas are deduced from the indentation load-displacement data. Quantitative

measures of the characteristics of the pile-up such as the pile-up height, hpy, were determined by
atomic force microscopy (AFM).

EXPERIMENTAL RESULTS

Fig. 1 summarizes the results of hardness and modulus measurements for the 1700 nm
film. The thickness of this film makes it convenient for measurements at penetration depths less
than the film thickness (h < t¢). The filled symbols show the dependencies of Hy,po and E;,, on
the penetration depth normalized with respect to the film thickness, h/te. Each data point is an
average from at least five indentations, with scatter bars indicating one standard deviation. The
behavior of the composite hardness of the film/substrate system in Fig. 1a is reasonable. At small
depths, the hardness tends towards a limiting value of about 0.5 GPa, presumably the hardness
of the film, but at large depths, the hardness increases markedly, consistent with a substrate
hardness of 7.0 GPa. Most of the increase occurs at penetration depths close to the film
thickness. The behavior of the elastic modulus, on the other hand, is quite different. At small
depths, Ean0 1S close to the expected film modulus, 70 GPa, but at larger depths, E ;o shows
an unexpected increase to a peak value of about 90 GPa at a depth close to the film thickness.
Following the peak, there is an sharp decrease in the modulus. The increase in modulus to values
above 70 GPa is especially surprising given that modulus of the substrate, 57 GPa, is smaller
. that of the film.

Careful examination of the contact impressions in the films revealed that the higher than
expected elastic modulus in Fig. 1b originates from substrate-induced enhancement of pile-up.
Three SEM images illustrating the nature of the pile-up are shown in Fig. 2. The first two
indentations were made in the 1700 nm film at h/te=0.18 and 1.43, and the third in the 240 nm
film at h/t; = 9.96. Pile-up of various forms is visible in all three SEM images. One notable
feature of the pile-up is the non-uniform distribution around the contact periphery; pile-up is most
extensive near the centers of the edges of the indentation but virtually absent at the corners, as
verified by AFM surface profiles. Another notable feature is the change in the shape of the




Fig. 2. SEM images of indentations: (a) h/ty=0.18; ty= 1700 nm: (b) h/te=1.43: tr = [700 nm:
and (¢) h/ty = 9.96; tp = 240 nm.

contact geometry at the contact periphery from triangular at small depths (Fig. 2a) to roughly
circular at the contact depths close to the film thickness (Fig. 2b) and then to triangular again at
larger depths (Fig. 2c). The change is due to differences in the form and distribution of pile-up.

To provide a quantitative measure of the pile-up, the pile-up heights. hpy, were determined
by AFM examination. The pile-up height is defined as the vertical distance between the
undeformed surface and the peak of the pile-up at the center of a face of the hardness impression.
The dependence of hpy/h on h/ts is shown in Fig. 3. It is evident that the amount of pile-up is
small at small fndentation depths, in accordance with the behavior of monolithic, annealed
aluminum {23], but rises to a distinct maximum at depths close the film thickness before falling at
large depths. At the peak. the height of the pile-up is approximately 50% of the indentation
depth. Apparently, as the indenter approaches the substrate, plastic flow in the film is restricted
by the relatively non-deformable substrate in a manner which causes the soft film material to flow
preferentially toward the surface and enhance pile-up. The amount of pile-up decreases when the
indenter penetrates through the film because the glass substrate sinks in during indentation rather
than piling up [23].

The fact that there is significant substrate-induced pile-up in the aluminum film means that
the contact areas deduced from the nanoindentation load-displacement data are in error. which in
turn produces errors in the nanoindentation hardness and elastic modulus. To quantify the
magnitude of the errors. the actual contact areas of indentations in the 1700 nm film measured
from SEM images are plotted in Fig. 4 as A, .//Ajano VS D/tg. The results show that there is
indeed an increase in contact area due to pile-up and that the true contact area is as much as 80%
greater than that derived from the nanoindentation data analysis procedures. Clearly, this must be
accounted for if accurate measurements of E and H are to be obtained; otherwise, errors as large
as 80% in the hardness and 34%"in the elastic modulus could result (see Eqns. | and 2). For
purposes of comparison, the hardnesses and elastic moduli computed from Eqns. | and 2 using
the actual contact areas are plotted as open circles in Fig. 1. Some of the very small indentations
could not be imaged with sufficient resolution to make accurate area measurements and are not
included in the plot. The data show that for indentation depths less than the film thickness, use of
the actual contact area reduces the measured moduli to relatively constant values in the range 72-
77 GPa, i.e.. much closer to what would be expected. In addition. the hardness is reduced by as
much as a factor of 1.8, depending on the indentation depth. An interesting teature of the data in
Fig. 1a is the relative constancy of Hycpa for indentation depths less the film thickness. Thus,
the approximately factor of two increase observed in Hyano at depths less than the film thickness
is not real but an artifact related to pile-up.

As detailed elsewhere [6.24], the abrupt decrease in elastic modulus at penetration depths
greater than the film thickness observed in Fig. 1b has two separate origins. First. the modulus
of the substrate. 57 GPa. 1s approximately 20% smaller than the film, so a small decrease is
naturally expected. However. this by itself can explain neither the abruptness of the decrease nor

.
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the reduction i#f E; 4 to values less than 57 GPa. Rather, the lower than expected modulus is an
artifact caused by the curve fitting procedures used to estimate the unloading stiffness.
Specifically, glass recovers elastically during unloading to a much greater degree than aluminum
[23]. As a result, during the unloading of an indentation which has penetrated through the film
into the glass, indenter contact with the aluminum is lost in the early stages of unloading, and the
displacements recovered during the lower portion of the unloading curve are determined by
elastic recovery of the glass only. This changes the shape of the unloading curve in a way that
makes it not fit well by a power-law fitting relation. The net effect is that unloading stiffness
derived from a power-law fit of the unloading curve is underestimated. which translates via Egn.
2 to an underestimation of the elastic modulus. One might suspect that this problem could be
avoided by using a smaller portion of the unloading data to determine the contact stiffness.
However, aluminum films exhibit significant creep during indentation. and the creep
displacements produce other errors in the contact stiffness when only small portions of unloading
data are used in curve fitting [24].

A more effective way to avoid the underestimation of the contact stiffness when the
indenter penetrates through the film into the substrate is through the use of continuous stiffness
measurement techniques [2]. In these techniques, a small force oscillation is imposed on the load
signal, and the stiffness is measured continuously during loading by analyzing the displacement
signal with a phase sensitive amplifier. With this technique, the indenter never loses contact with
the film, and because the stiffness measurement can be made on a relatively short time scale,
problems caused by creep are minimized. Nanoindentation modulus measurements for the 650
nm film made using continuous stiffness measurement techniques are shown in Fig. 5. As in
Fig. 1b, the pile-up induced increase in E_,,, with increasing penetration depth is evident
(although the magnitude of the peak is smaller than that in Fig. 1b), but the abrupt drop in
modulus at depths greater than the film thickness is completely absent. Continuous stiffness
measurement thus offers distinct advantages when the properties of soft-film-on-hard-substrate
systems are to be explored at indentation depths greater than the film thickness.

FINITE ELEMENT SIMULATION PROCEDURE

Finite element simulations were conducted to gain insight into the experimental results and
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develop a better understanding of the role played by work hardening on the indentation behavior.
Elastic/plastic indentation was simulated using the axisymmetric capabilities of the ABAQUS
finite element code. The indenter was modeled as a rigid cone with semi-vertical angle ¢ = 70.3°,
which gives thersame area-to-depth ratio as the Berkovich indenter used in the experiments. The
specimen was‘nlodeled as a cylinder 100,000 nm high and 100,000 nm in radius with a 240 nm
thin film on its surface. The finite element mesh was similar to one employed in previous studies
[20,21]. Near the contact, very fine elements were used to achieve precise measurements of
contact radii and contact areas. Away from the contact, a progressively coarser mesh was
employed both at the surface and in the interior of the specimen. The interface between the
indenter and the specimen was assumed to be frictioniess.

To simplify the interpretation of results, the film and substrate were assigned the same
elastic properties given by Young's modulus E = 70 GPa and Poisson's ratio v = 0.34. The
substrate was modeled as an elastic-perfectly-plastic solid with yield stress o, = 3.105 GPa. This
yield stress is associated with a substrate hardness of 6.41 GPa, similar to glass. Two different
film materials were simulated characterized by different linear work-hardening rates 1 = do/de.
In one, elastic perfectly-plastic behavior was assumed (1 = 0), and in the other, a moderate rate
of work hardening, 1 = 106,,, which increases the flow stress by a factor of two at 10% plastic
strain, was employed. The yield stresses of the films, oy = 0.265 GPa for the elastic-perfectly-
plastic material (n = 0) and o, = 0.120 GPa for the work-hardening-plastic material (n = 10 )
were chosen to give the two filmematerials the same inherent hardness, H = 0.69 GPa, whlch is
similar to that of aluminum.

Simulations were conducted to a variety of penetration depths, but concentrating on depths
less than the thickness of the film. The output of the finite element simulations included
indentation load-displacement curves, the shapes of contact impressions, and the geometries of
plastic zones. As in the data obtained in experiments, the finite element load-displacement curves
were analyzed to determine the hardness and elastic modulus using the Oliver-Pharr data analysis
procedures [2]. To implement the analysis, the upper 10% of the unloading curve was fit to a
power law relation, and the curve fitting parameters were used to determine the unloading
stiffness S=(dP/dh) at the maximum depth. The Oliver-Pharr method was then applied to
determine the contact depth and contact area using € = 0.75 and the indenter shape function for a
perfect cone, A = nd’tan ¢ (¢ = 70.3°). Using values of Apano derived in this way, Hpano and
Enano were computed using Eqns. 1 and 2. In addition, the actual contact areas Ajcyal Were
determined by direct examination of the finite element mesh and used to determine Hacrya) and
Eactual, again by means of Eqns. 1 and 2. Unless otherwise noted, the contact areas used in this
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Fig. 6. Hardness and elastic modulus determined by finite element simulation for non-work-
hardening (n = 0) and wbrk-hardening (n = 100y) aluminum films.

work are those obtained after the indenter was withdrawn from the material.

FINITE ELEMENT RESULTS

The depth dependence of the hardness and elastic modulus observed in the finite element
simulations is shown in Fig. 6. Only penetration depths up to approximately the film thickness
are included since numerical difficulties caused by large strains in some of the elements were
encountered at larger depths. The resulits show that when there in no work hardening in the film
(Figs. 6a and 6c), all of the hardnesses and elastic moduli are essentially independent of the
penetration depth. Moreover, the value of Huca) 15 in good agreement with the monolithic
material (H = 0.69 GPa), and the value E,cqy is in good accord with the elastic modulus used as
input in the simulations (E = 70 GPa). However, as in the case of the experimental data, Hpape
and Epano are larger than Hycpya) and Eacual, presumably due to pile-up influences not accounted




0.3, 0.3 — ,
. No work hardening ! "~ | Work hardening

/<\ hit =
0.2 - 0.2

[« 7 A —— — :
15%(2’/:° b=
20% | - 50%

= < : - 100%
N 0.1 N 0.1 - 20% "
0%
0 (monolithic 0
material) — 0%
: (monolithic :
material)
-0.1 ! ! -0.1 ; i
2.5 3.5 4.5 5.5 2.5 3.5 4.5 5.5
r/h r/h
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for in the nanoindetation data analysis procedures. The hardness is overestimated by as much as
68% and the mogulus by 35%. The relative constancy of the actual hardness, even at large
penetration depths, is somewhat surprising given that the substrate is much harder than the film.
This behavior was also observed in the experimental data.

The behavior of the work-hardening material, Figs. 6b and 6d, is distinctly different.
Rather than being constant, Hycryai and Hpapg both increase with increasing penetration depth,
starting from a value close to the hardness of the monolithic material (H = 0.69 GPa). The rate of
increase is greater for Hpano, for which the hardness increases by more than a factor of 5 at h/tg =
1.4. While Epano also shows an increase, values of E,cqiap are relatively constant near 70 GPa.
The constancy of Egcnai for both the work-hardening and non-work-hardening materials at a
value close to that used as input in the finite element simulations attests to the validity of Eqn. 2
in the measurement of elastic modulus of soft-film-on-hard-substrate systems.

Many of the observations in Fig. 6 can be understood by examining the indentation pile-
up behavior and how it varies with indenter penetration into the film. To illustrate this, Fig. 7
presents cross-sectional indentation pile-up profiles showing the geometry of the contact under
load, and in Fig. 8, the pile-up heights after the indenter has been unloaded are summarized. In
order to facilitate comparison, the r and z coordinates in the plots of Fig. 7 have been normalized
with respect to the depth of penefration, and in Fig. 8, values of hpy/h obtained from monolithic
material simulations are used for h/tg =0 (i.e., tf = =0).

Examination of Figs. 7 and 8 shows that the pile-up behavior of the work-hardening and
non-work-hardening materials is very different. In general, pile-up is much more extensive when
the material does not work harden, consistent with observations for monolithic materials {20,21].
For both types of materials, the amount of pile-up increases with increasing depth, presumably
due to substrate constraint on plastic flow in the film. The finite element simulations thus show
that the hard substrate does indeed enhance pile-up in the film, with the relative amount of pile-up
increasing with penetration depth, at least at depths up to the film thickness, consistent with the
experimental observations shown in Fig. 3. It is notable, however, that the relative increases in
pile-up are much greater for the work-hardening film because the pile-up heights are much
smaller at small penetration depths.

The degree to which the enhancement of pile-up leads to an underestimation of the actual
contact area in nanoindentation measurement procedures is shown in Fig. 9, where values of
Ajcrual/Anano from the finite element simulation data are plotted as a function of normalized
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penetration depth. When there is no work hardening in the film, the actual contact area is 50-70%
greater than that predicted by the nanoindetation data analysis. Work hardening reduces the
difference in Aacwal and Apano to as little as 10% at small depths, but the difference increases to a
value of about 45% at a penetration depth slightly greater than the film thickness. Of course, the
difference in the two areas is what leads to the overestimation of Hpano and Enane.

Physical insight into the differences in the pile-up behavior of the work-hardening and
non-work-hardening materials can be gained by examining the plastic zones formed at the
hardness impressions. The development of the plastic zones is illustrated in Fig. 10, which
shows the plastic zone shapes at penetration depths of 10, 20, 50, 90. and 100% of the film
thickness. The behavior of the non-work-hardening material is shown on the left side of the
figure. For the non-work-hardening film, the plastic zone at shallow penetration depths (h/tf =
10%) extends a little more than half way through the film and has a surface dimension of
approximately twice the contact radius. As penetration proceeds. the zone grows both vertically
and horizontally, but before the penetration depth has reached 20% of the film thickness, the
zone extends vertically all the way through the film, terminating at the film substrate interface.
Further penetration results in horizontal spreading of the zone in the film, but plastic deformation
never commences in the substrate. Apparently, substrate constraint causes film material to flow
preferentially to the surface and enhance pile-up.

The work-hardening material, shown on the right-hand side of Fig. 10, exhibits
essentially the same characteristics with two notable exceptions. First, as in the case of
monolithic materials [21,25], work hardening produces a plastic zone which penetrates much
deeper into the material at a given indenter penetration depth. Consequently, the interaction of the
plastic zone with the substrate occurs much earlier in the indentation process, so that substrate-
induced effects on pile-up are greater at small depths (see Fig. 8). Second, because of the
hardening in the film, the stress in the substrate grows to values at which it can yield. For the
material examined in this study, substrate yielding occurs after the film is penetrated to a depth of
about 90%. Further penetration expands the plastic zones in both the film and the substrate.
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COMPARISON OF FINITE ELEMENT AND EXPERIMENTAL RESULTS

Before concluding, it is instructive to compare certain aspects of the behavior observed in
the finite element simulations with the experimental results. A direct quantitative comparison is
not particularly meaningful, since different indenters were used (conical for the FEM simulations
and Berkovich for the experiments) and the elastic modulus of the film and substrate in the
experimental system were not perfectly matched (70 GPa for the film vs. 57 GPa for the
substrate). Nevertheless, certain general trends in the experimental and finite element results are
worthy of examination and can be used to comment on the influences of the work-hardening
characteristics of the film on the experimental results.

The data in Fig. 3 show that the amount of pile-up in the experimental system, as
characterized by the pile-up height, is relatively small at small penetration depths and increases to
a value which peaks at a penetration depth in the range of one to two film thicknesses. The
increase in pile-up height is also observed in the FEM simulations for both the work-hardening
and non-work-hardening materials (Fig. 8), and the associated increase in Aactual/Anano (Fig. 9)
is directly responsible for the experimental increases of Epane to values greater than 70 GPa in
Fig. 1b. It is notable, however, that only for the work-hardening material is the amount of pile-
up in Fig. 8 small at small depths and thus consistent with the experimental observations. Based
on this, one might conclude that there is at least a moderate amount of work hardening in the
film, as is often observed for sputtered aluminum. However, the issue becomes clouded when
one compares the actual experimental hardnesses in Fig. la with the actual finite element
hardnesses of Fig. 6a and 6b. Specifically, for the experimental system, values of Hacrual at
penetration depths less than the film thickness are relatively constant. while in the finite element
simulations, depth independent values of Hycpa) are observed only if the material does not work
harden. Thus, comparison of the experimental and finite element results reveals a discrepancy
concerning the work-hardening behavior of the film. The source of this discrepancy has not yet
been identified, but it is conceivably related to details of the work-hardening behavior which
cannot be accounted for by the assumption of simple linear work hardening.

CONCLUSIONS

Experimental studies and finite element simulations show that indentation pile-up in soft
aluminum films is significantly enhanced when the films are deposited on hard glass substrates.
Substrate-induced enhancement of pile-up increases the indentation contact area above what is
observed in monolithic aluminum, and is greatest at indentation penetration depths ciose to the
film thickness. Because methods for measuring mechanical properties by nanoindentation do not
account for pile-up, the contact area is underestimated, and this produces errors in the measured
hardness and elastic modulus. Ohe consequence is that the elastic modulus of the film/substrate
system appears to increase with indenter penetration depth to a vaiue which peaks at a depth close
to the film thickness. Finite element simulations show that nanoindentation techniques
overestimate the true film hardness and elastic modulus by as much as 68% and 35%,
respectively, depending on the penetration depth and the work-hardening behavior of the film.
The largest errors occur in non-work-hardening materials at penetration depths close to the film
thickness, for which substrate-induced enhancement of pile-up is greatest.
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