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Substrate effects on the measurement of thin film mechanical properties by
nanoindentation methods have been studied experimentally using a model soft film on
hard substrate system: aluminum on glass. The hardness and elastic modulus of alumin
films with thicknesses of 240, 650, and 1700 nm sputter-deposited on glass were
systematically characterized as a function of indenter penetration depth using standard
nanoindentation methods. Scanning electron and atomic force microscopy of the hardne
impressions revealed that indentation pileup in the aluminum is significantly enhanced
by the substrate. The substrate also affects the form of the unloading curve in a manne
that has important implications for nanoindentation data analysis procedures. Because o
these effects, nanoindentation measurement techniques overestimate the film hardness
elastic modulus by as much as 100% and 50%, respectively, depending on the indenta
depth. The largest errors occur at depths approximately equal to the film thickness.
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I. INTRODUCTION

Nanoindentation is a widely used technique f
measuring mechanical properties at very small len
scales.1–12 With good equipment and experimental tec
nique, properties such as hardness and elastic mod
can be measured from indentation contacts as shal
as 20 nm.9,10,12 The lateral resolution of the techniqu
depends on the geometry of the indenter; for the f
quently used Berkovich triangular pyramid, the later
dimension of the contact impression is approximate
seven times the depth, so meaningful measurements
possible for contact impressions with lateral dimensio
of about 0.1mm. The ability to probe at such fine
scales has made nanoindentation one of the prem
tools for characterizing the mechanical properties of th
films. Another advantage of nanoindentation in thin fil
studies is that properties can often be measured with
having to remove the film from its substrate.

Standard methods for deriving properties from nan
indentation load-displacement data have been develo
primarily for monolithic materials.8,9,11 Nevertheless,
these same methods are frequently applied to thin fi
systems without explicit consideration of how the su
strate influences the measurements.10,13,14 One ap-
proach for dealing with substrate influences is to ma
the indentations small enough to avoid substrate
fects altogether, which is accomplished in practice
constraining the indentation depth to a small fracti
of the film thickness. A commonly used rule of thum
suggests that substrate independent measurements
be obtained if the indentation depth is kept to le
than one-tenth the film thickness. While experimenta
feasible for films that are greater than about a micr
J. Mater. Res., Vol. 14, No. 1, Jan 1999
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thick, this approach cannot be used for very thin films
For example, according to the rule, nanoindentatio
characterization of a 0.1mm film typical of current
semiconductor technology would have to be made a
a penetration depth of less than 10 nm. Since accura
measurements at this scale are difficult to obtain du
to vibration, uncertainties in indenter tip geometry, and
difficulties in precise determination of the location of
the specimen surface, other methods for dealing wit
substrate influences must be developed if nanoinde
tation techniques are to be useful in the mechanic
characterization of very thin films.

In this paper, the influences that a hard substra
exerts on the nanoindentation measurement of the har
ness, H, and elastic modulus,E, of a soft film are
examined for a model system: aluminum on glass. So
films on hard substrates are quite common in the sem
conductor industry, where aluminum, copper, and gol
are often deposited on silicon (H  12 GPa), germa-
nium (H  10 GPa), glass (H  5–8 GPa), and hard
ceramics (H  10–40 GPa). Since the hardness of thes
thin metal films is usually in the range 0.1–1 GPa
the films are at least an order of magnitude softe
than the materials on which they are deposited. On
important consequence is that when an indentation
made in the film, material piles up around the hardnes
impression to a much greater degree than it would in
monolithic material due to the severe constraint impose
on plasticity in the film by the relatively undeformable
substrate. Since current techniques for deriving mechan
cal properties from nanoindentation load-displacemen
data do not account for the extra contact area produc
by the pileup,15–18 substrate-induced enhancement o
 1999 Materials Research Society
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pileup has important consequences for film prope
measurement accuracy. Important insights gained fr
experimental observations of the model aluminum/gla
system and their implications for mechanical prope
measurement by nanoindentation methods are prese
and discussed.

II. EXPERIMENTAL

A. Specimen materials

The model system used in the investigation was h
purity aluminum sputter-deposited onto silicate gla
substrates. In addition to a large difference in hardn
(the film hardness is in the range 0.5–1.0 GPa wh
that for the substrate is about 7.0 GPa as determined
direct measurement), an equally important considerat
in the choice of this system was the similarity of th
elastic moduli of the two components. The modulus
bulk aluminum is 70 GPa while that for the glass used
the study was 57 GPa (as measured by nanoindenta
techniques). The fact that the moduli are similar min
mizes the role that a film/substrate modulus differen
would play in the indentation behavior, thus simplifyin
the interpretation of results. As a result, the curre
work focuses on differences in the plastic behavior
the film and substrate. Influences of differences of t
elastic properties of the film and substrate have be
addressed from a theoretical perspective in several o
studies.13,19,20

Three different films with thicknesses of 240 nm
650 nm, and 1700 nm were investigated. The thinn
film (240 nm) was used primarily to explore indenta
tion completely through the film into the substrate, th
thickest film (1700 nm) for indentation entirely within
the film, and the intermediate film (650 nm) for cas
in between.

B. Procedures

Nanoindentation tests were conducted using
Berkovich diamond indenter with a shape functio
calibrated using procedures described elsewhe9

Indentations were made to a variety of peak loa
using a five part indentation procedure. After surfa
contact was detected, the indenter was (1) loaded
constant loading rate at a rate chosen to reach the ta
peak load in 10 s; (2) held at the peak load for 10
(3) unloaded to 85% of the peak load at half the ra
used during loading (halving the rate was employ
to increase the number of data points in the unload
curve and better define the unloading behavior); (4) h
at 85% of the peak load for 100 s; and (5) complete
unloaded at the same rate used in step (3). Peak lo
were chosen so that penetration depths varied from
to 10 times the film thickness. Data obtained in the 100
J. Mater. Res., Vol. 1
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load hold period were used to correct the displacemen
data for thermal drift.

Following indentation, the hardness impressions
were imaged using high resolution scanning electro
microscopy (SEM) and atomic force microscopy (AFM)
to measure contact areas and carefully examine th
extent and nature of pileup. Two different contact area
were determined from the SEM images. As shown in
Fig. 1(a), the corner-to-corner area,Acc, was measured
from the area of the triangle defined by the corners o
the hardness impression. Provided that pileup is minima
at the impression corners, the corner-to-corner area
a direct measure of the contact area that would hav
occurred if the film did not pile up. No significant
pileup at indentation corners was observed for any o
the hardness impressions in this study, as is evident

FIG. 1. Scanning electron micrographs of an indentation in the
1700 nm aluminum film illustrating the difference between (a) the
corner-to-corner area,Acc; and (b) the actual area including the pile-
up, Aactual.
4, No. 1, Jan 1999 293
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the SEM micrographs in Fig. 1 and was verified by AF
measurements. The second measure of the contact
was the actual contact area,Aactual, which includes the
extra area contained in the pileup. In general, the ac
contact areas were considerably larger than the cor
to-corner areas due to the bowed-out indentation ed
caused by pileup. Actual contact areas were measu
by tracing a digital image of the indentation along th
contact edges and computing the area enclosed in
figure. The contact edge of the indentation in Fig. 1
is traced in Fig. 1(b). One reason for defining these t
separate measures of the contact area is that their r
AactualyAcc, provides a convenient measure of the amo
of pileup; pileup occurs when this area ratio is grea
than one, and the amount of pileup increases with
ratio. Values ofAactualyAcc less than one, which indicat
sink-in behavior, were not observed for any indentati
in this study.

C. Data analysis

The indentation load-displacement data obtained
each depth were analyzed to determine the hardnessH,
and elastic modulus,E, using the method of Oliver and
Pharr.9 In this method, the hardness and modulus
determined from the relations:

H 
Pmax

A
(1)

and

E  s1 2 n2d

"
2

p
p

b

p
A

S
2

1 2 n2
i

Ei

# 21

, (2)

wherePmax is the peak indentation load,A is the inden-
tation contact area,b is a constant which depends o
the indenter geometry,S is the experimentally measure
contact stiffness,n is Poisson’s ratio for the speci
men, andni and Ei are Poisson’s ratio and the elast
modulus of the indenter. For the Berkovich diamo
used in all experiments,b  1.034, ni  0.07, and
Ei  1141 GPa.9 It was assumed in all calculations tha
Poisson’s ratio for the specimen is 0.34.

Following procedures developed by Oliver an
Pharr,9 the contact stiffness in Eq. (2) was determin
by fitting the unloading data to the power-law relation

P  ash 2 hfdm, (3)

and numerically evaluating the derivative of the cur
fit at the maximum indentation depth. In Eq. (3),P is
the indentation load,h is the indenter displacement,hf

is the final indentation depth, anda and m are fitting
parameters. In most stiffness evaluations, the upper 9
of the first unloading segment was used to determine
curve fitting parameters. Recall that the first unloadi
extended from peak load to 15% of the peak load.
294 J. Mater. Res., Vol. 1
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The other quantity needed to evaluate the hardne
and elastic modulus by means of Eqs. (1) and (2)
the contact area,A. In the Oliver–Pharr method, the
contact area is determined by evaluating the inden
shape function at the contact depth,hc, where the
contact depth is estimated from the indentation loa
displacement data by a procedure based on a solut
for the indentation of an elastic half-space by a rigi
punch. Because the analysis is strictly elastic, this pr
cedure inherently ignores contributions to the conta
area due to plasticity and pileup, and thus leads to
underestimation of the contact area and a correspond
overestimation of the hardness and elastic modulus [s
Eqs. (1) and (2)].16 –18 For this reason,H and E were
evaluated in this work using two separate measur
of the contact area: (1)Anano, the area determined by
applying the Oliver–Pharr analysis procedure to th
experimental load-displacement data, and (2)Aactual, the
actual contact area measured from SEM micrographs li
that in Fig. 1(b). Comparison of these two areas provid
important insight as to when and why nanoindentatio
film property measurements may be inaccurate.

III. RESULTS AND DISCUSSION

Throughout this work, results will be presented a
a function of the maximum indentation depth,hmax,
normalized with respect to the film thickness,tf . This
normalization is chosen to allow for direct comparison o
data for films of different thickness. Since the pyramida
geometry of the Berkovich indenter is self-similar, th
only linear scaling factor in the indentation process is th
film thickness, and results for films of differing thicknes
must scale withhmaxytf . The parameterhmax is chosen in
preference to the contact depth,hc, since determination
of the contact depth from indentation load-displaceme
data is currently possible only for monolithic materials.9

Moreover, accurate measurement of the contact de
from load-displacement data can be achieved only
materials which do not pile up, as has recently bee
shown using finite element methods.18

Basic nanoindentation measurements are presen
in Figs. 2 and 3, where the elastic modulus and hardne
of the 1700 nm aluminum film are plotted as a functio
of hmaxytf . Each data point is an average from at lea
5 indentations, with error bars indicating one standa
deviation. Note that the error bars in many cases a
smaller than the size of the plotting symbol and thu
do not appear explicitly. All data in Figs. 2 and 3 wer
computed from stiffnesses derived by fitting the uppe
90% of the unloading curve.

The open circles in Fig. 2 are the elastic modu
determined by standard nanoindentation data analy
procedures, i.e., by using in Eq. (2) the contact area d
duced from the nanoindentation load-displacement da
4, No. 1, Jan 1999
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FIG. 2. Dependence of the elastic modulus of the 1700 nm film
the normalized indentation depth,hmaxytf . Contact stiffnesses were
determined by a power law curve fit of the upper 90% of the unloa
ing data.

FIG. 3. Dependence of the hardness of the 1700 nm film on
normalized indentation depth,hmaxytf .

Anano. At small depths, the nanoindentation modulus
close to the 70 GPa value for bulk aluminum. Howeve
at larger depths there is an unexpected increase
the modulus to a peak value of about 90–100 G
at indentation depths close to the film thickness. Th
increase in modulus cannot be attributed directly to t
substrate, since the substrate modulus, 57 GPa, is sm
J. Mater. Res., Vol. 1
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than that for bulk aluminum. As the indentation dept
increases beyond the film thickness, the nanoindentati
modulus drops sharply to about 65 GPa.

The nanoindentation hardness of the 1700 nm fil
is shown by the open circles in Fig. 3. The hardness
approximately 0.5 GPa at small depths, and increas
smoothly to about 1 GPa at depths close to the fil
thickness. This factor of two increase in hardness fo
indentations within the film is similar to nanoindentation
measurements of thin aluminum films on silicon sub
strates by Doerner, Gardener, and Nix7 and Stoneet al.21

As the depth increases beyond the film thickness, t
hardness increases rapidly toward the value of the gla
substrate, 7.0 GPa.

Careful examination of the contact impressions i
the films revealed that the higher than expected elas
moduli in Fig. 2 originate from substrate-induced en
hancement of pileup. Three SEM images illustrating th
nature of the pileup are shown in Fig. 4. Included wit
each image is an AFM trace of the surface profile alon
the line shown on the SEM image. Figure 4(a) is a
indentation in the 1700 nm film at a depth much less tha
the film thickness, i.e.,hmax ! tf . Figures 4(b) and 4(c)
show indentations in the 240 nm film for whichhmax ø
tf [Fig. 4(b)] andhmax @ tf [Fig. 4(c)]. Pileup of vari-

FIG. 4. Scanning electron micrographs and atomic force microsco
surface profile traces for three indentations: (a) 1700 nm film
hmax ! tf ; (b) 240 nm film,hmax ø tf ; (c) 240 nm film;hmax @ tf .
The AFM traces were made along the lines shown in the SE
micrographs.
4, No. 1, Jan 1999 295
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ous forms is clearly visible in all three SEM images. O
notable feature is the nonuniform distribution of pileu
around the contact periphery; pileup is most extens
near the centers of the edges of the indentation but vi
ally absent at the corners, as verified by the AFM surfa
profiles. The AFM traces also show that the height of t
pileup relative to the total penetration depth is great
for the indentation for whichhmax ø tf [Fig. 4(b)].
Another notable feature is the change in the shape of
contact geometry at the contact periphery from triangu
at small depths [Fig. 4(a)] to roughly circular at th
contact depths close to the film thickness [Fig. 4(b
and then to triangular again at larger depths [Fig. 4(c
These changes are due to differences in the form
distribution of the pileup in each of the three cases.

In order to further examine the structure of th
pileup, an indentation in the 1700 nm film was cros
sectioned using a focused-ion-beam technique and
aged in the SEM. Figures 5(a) and 5(b) show cro
sections in two different orientations indicated by th
insets. It is evident that the film remains fully adher
after indentation; i.e., there is no evidence of delamin
tion in the vicinity of the hardness impression. The gra
structure of the film is also visible, revealing flattenin
of grains beneath the contact impression.

From AFM profiles like those in Fig. 4, the pileu
heights at the centers of the faces of the indentatio
hpu, were determined to provide a quantitative meas
of the amount of pileup. The dependence ofhpuyhmax

on hmaxytf is shown in Fig. 6. The parameterAactualyAcc,
which also provides also a useful measure of the pile
(as discussed earlier), is plotted as a function ofhmaxytf

in Fig. 7. The data in Figs. 6 and 7 reveal that t
amount of pileup is relatively small at small indentatio
depths, in accordance with the behavior of bulk, annea
aluminum,22 but rises to a distinct maximum at depth
close to the film thickness before falling at large dept
At depths near the maximum pileup, the height of t
pileup is approximately 50% of the indentation dep
and the actual contact area is about 50% greater t
would be predicted based on the corner-to-corner a
measurements. Apparently, as the indenter approac

FIG. 5. (a, b) Indentation cross sections produced by focus
ion-beam techniques. Orientations of the cross sections are sh
in the insets.
296 J. Mater. Res., Vol. 1
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FIG. 6. Dependence of the normalized pileup height,hpuyhmax, on
the normalized indentation depth,hmaxytf .

FIG. 7. Dependence of the ratio of the actual contact area to
corner-to-corner area,AactualyAcc, on the normalized indentation depth
hmaxytf .

the substrate, plastic flow in the film is restricted b
the relatively nondeformable substrate in a manner t
causes soft film material to flow preferentially towar
the surface and enhances pileup. The relative amoun
pileup decreases when the indenter penetrates thro
the film because there is no pileup for indentations
glass.22 The absence of pileup at small depths sugge
that the as-deposited aluminum must work-harden, sin
4, No. 1, Jan 1999
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it is well documented, both experimentally23 and by
finite element simulation,18,24 that pileup in monolithic
materials is diminished by work-hardening. On the oth
hand, if the film were elastic-perfectly-plastic (i.e., n
work-hardening), pileup would be expected even
the smallest penetration depths, but presumably wo
increase with depth due to substrate constraint.

The fact that there is significant substrate-induc
pileup in the aluminum films means that the contact a
eas deduced from the nanoindentation load-displacem
data by the Oliver–Pharr method are in error, which
turn produces errors in the nanoindentation hardness
elastic modulus. To examine the extent to which this
related to the modulus observations in Fig. 2, Eq. (
has been used to recompute the elastic moduli ba
on Aactual, the actual contact areas measured from t
SEM micrographs. Results are plotted in Fig. 2 as fille
circles. Note that some of the very small indentatio
could not be imaged with sufficient resolution to mak
accurate area measurements and are therefore no
cluded in the plot. The data show that for indentatio
depths less than the film thickness, use of the act
contact areas reduces the measured moduli to relativ
constant values in the range 72–77 GPa and thus m
closer to what would be expected. On the other han
for indentation depths greater than the film thickness, t
modulus drops sharply to,47 GPa, a value much lower
than the modulus of either bulk aluminum (70 GPa)
bulk glass (57 GPa). The origin of this behavior will b
discussed shortly.

The hardnesses computed from the actual cont
areas are shown as filled circles in Fig. 3. Like the mod
lus, use of the actual contact area reduces the hardnes
as much as a factor of two depending on the indentat
depth. An interesting feature of this data is the relati
constancy of the actual hardness for indentation dep
within the film thickness. Thus, the factor of two increas
observed in the nanoindentation hardnesses is not
but an artifact related to pileup. Hardness data for the 2
and 650 nm films are presented in Fig. 8 and show h
even for penetration depths as large as 10 times the fi
thickness, the nanoindentation hardnesses overestim
the actual hardnesses by a measurable amount. N
also how the actual hardnesses increase steadily o
the entire range. Apparently, much greater depths m
be reached before the measured values are dominate
the substrate hardness (H  7.0 GPa), and the hardnes
levels off in a plateau.

In order to understand the abrupt drop in modul
at depths beyond the film thickness, it is useful to beg
by examining the AFM indentation contact profiles i
Fig. 4. Figure 4(a) is an indentation made entirely with
the film. Due to the small amount of elastic recovery
aluminum, the AFM profile has very straight edges, a
the contact impression closely resembles the shape
J. Mater. Res., Vol. 1
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FIG. 8. Dependence of the hardness of the 240 and 650 nm films
the normalized indentation depth,hmaxytf .

the indenter. Figure 4(b), on the other hand, shows
indentation for which the indenter has slightly penetrat
through the film (hmax ø tf). While the upper portion of
this impression resembles the indenter shape, near
bottom there is a distinct flattening and change in profi
relative to the impression in Fig. 4(a). Figure 4(c) show
a residual impression whose depth is about three tim
the film thickness (hmax @ tf). Again, the upper portion
of the impression resembles the indenter geometry, bu
the film-substrate interface, there is a transition in profi
from the straight edges characteristic of indentatio
in aluminum to the cusp-like shape characteristic
indentations in bulk glass.22

It is now useful to consider what physically occu
during the unloading of an indentation that penetra
through the soft aluminum film into the hard glass su
strate. First note that the elastic displacements recove
during the unloading of aluminum are much small
than for glass. This is because the greater hardn
of glass results in greater contact pressures, and s
the moduli of the two materials are similar, a great
fraction of the total displacement is elastic. As a resu
only about 5% of the displacement atPmax is elastically
recovered during the unloading of aluminum, while fo
glass the elastic recovery is nearly 40%.22 With this in
mind, Fig. 9 shows schematically the unloading of
aluminum film on a glass substrate and a hypothe
cal interpretation of the indentation load-displaceme
behavior. When the indenter is fully loaded, Fig. 9(a
both the film and substrate are in contact with the inde
ter. However, after only a small amount of unloadin
4, No. 1, Jan 1999 297
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FIG. 9. (a–c) Schematic representation of the unloading proces
an indentation that has penetrated through the film.

displacement, the indenter loses contact with the fi
due to the relatively small amount of elastic recovery
the aluminum [Fig. 9(b)], and further unloading occu
by elastic recovery in the substrate only [Fig. 9(c)]. A
important consequence is that most of the unload
curve is dominated by the elastic properties of t
substrate, which produces a change in the shape o
unloading curve near the point at which film contact
lost. In addition, since glass recovers to a greater deg
than aluminum, the residual contact impression ha
distinctly different shape at the bottom than at the t
The net result is a contact impression profile with
distinct change from straight-sided to cusp-like at t
film-substrate interface, similar to that observed in t
AFM profile of Fig. 4(c).

The change in shape of the unloading curve
indentations made through the film into the substrate
important consequences for the measurement of con
stiffness from the load-displacement data. To illustr
this, Figs. 10 and 11 present unloading curves for t
different indentations in the 1700 nm film along wi
curve fits obtained by applying the power-law relati
of Eq. (3) to 90% of the first unloading data. The prima
difference in the two sets of data is the depth of pene
tion; in Fig. 10, the indentation resides entirely with
the film (hmax  590 nm; hf  560 nm), whereas in
Fig. 11, the indenter penetrated through the film (hmax 
298 J. Mater. Res., Vol. 1
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FIG. 10. Load-displacement data during unloading for an indentatio
with a depth less than the film thickness (1700 nm film).

FIG. 11. Load-displacement data during unloading for an indentatio
with a depth greater than the film thickness (1700 nm film).

2430 nm; hf  1940 nm). With the exception of the
small “hook” at the top of the data, the 90% power
law fit provides a reasonable approximation of the dat
in Fig. 10. Implications of the “hook,” which is due to
creep in the aluminum, will be discussed shortly. On the
other hand, the power law fit is not nearly so good for
the data in Fig. 11 due to the bend in the lower part o
the data caused by elastic recovery of the substrate.
particular, the fit noticeably underestimates the slope o
the upper portion of the data and therefore the contac
4, No. 1, Jan 1999
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stiffness from which the elastic modulus is derived b
means of Eq. (2).

To explore what effect this has on nanoindentati
elastic modulus measurement, the data in Fig. 2 w
recomputed using only the upper 50% of the unloadi
curve for the power law curve fitting. Results are plotte
in Fig. 12. For monolithic materials, there is usually le
than a 2% difference in the elastic moduli determin
using 90% and 50% curve fits.22 However, comparison
of results in Figs. 2 and 11 shows that this is not t
case for aluminum films on glass. As expected, reduc
the portion of the data used in the curve fit increas
the measured moduli. At depths greater than the fi
thickness, the moduli computed from the actual cont
areas increase from 47–50 GPa (Fig. 2) to 60–70 G
(Fig. 12) and are thus in reasonable agreement with w
would be expected based on the known moduli of t
glass (57 GPa) and aluminum (70 GPa). Curiously, ho
ever, the moduli for indentation depths less than the fi
thickness are also increased, some to as high as 92 G

A complete understanding as to why the elastic mo
uli at indentation depths less than the film thickness a
higher than expected for the 50% curve fits has not
been established. One possibility is that Eq. (2) does
rigorously apply to film-on-substrate systems, even wh
the elastic moduli of the two materials are approximate
the same, since the equation is derived from an analy
that assumes monolithic material behavior and igno
plasticity. Another possibility is that the high moduli ar
an experimental artifact due to creep deformation in t

FIG. 12. Dependence of the elastic modulus of the 1700 nm film
the normalized indentation depth,hmaxytf . Contact stiffnesses were
determined by a power law curve fit of the upper 50% of the unloa
ing data.
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aluminum film. Indentations in aluminum may exhibit
time-dependent creep deformation, which manifests i
self as a “hook” in the upper portion of the unloading
data like that shown in Fig. 9. In the current experiments
creep displacement rates large enough to measurab
affect the unloading stiffnesses were observed in th
10-s peak load constant load hold period just prior t
unloading. Creep has the effect of artificially increasing
the apparent contact stiffness, with the artifact bein
more pronounced when smaller portions of the unloadin
data are used in curve-fitting procedures. Thus, if th
amount of creep in the aluminum films is large, the dat
in Fig. 2 (90% fit) rather than that in Fig. 10 (50% fit)
would provide a better estimate of the elastic modulus fo
indentations made within the film. Unfortunately, exactly
how much of the difference in the moduli in Figs. 2 and
12 is due to creep cannot be unambiguously assessed d
to uncertainties in removing the time-dependent portio
of the indenter displacement from the unloading data
However, recent finite element simulations of conica
indentation of aluminum films on glass, in which creep
effects can be avoided through the choice of constitu
tive behavior, have shown that Eq. (2) works well for
film/substrate systems in which the moduli are matche
thus suggesting that the overestimation of the modulu
in the present work is more likely due to creep.25

Lastly, it is instructive to examine how the hardnes
measurements are influenced by the relative amount
the unloading data used in curve fitting procedures
Figure 13, which shows hardnesses determined fro
both 90% and 50% curve fits, demonstrates that th
nanoindentation hardness is not nearly so strongly a

FIG. 13. Dependence of the hardness of the 1700 nm film on the no
malized indentation depth,hmaxytf , illustrating the small differences
obtained using 50 and 90% curve fits of the unloading data.
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fected as the modulus results in Figs. 2 and 12. Th
relative insensitivity of the hardness to the fitting pro
cedures results from the fact that, unlike the modulu
the hardness does not depend explicitly on the conta
stiffness [see Eq. (1)], and is influenced by the conta
stiffness only through a relatively mild effect on the
experimentally measured contact depth,hc.

IV. REMARKS

Results presented in this work show that the po
tential for error in the measurement of the hardne
and elastic modulus of soft films on hard substrates b
nanoindentation methods is significant. Errors are caus
by two different effects: (1) substrate-induced enhanc
ment of pileup, and (2) uncertainties in experimentall
measured contact stiffnesses due to substrate effe
on the shape of the unloading curve and creep in t
film. The latter problem can be diminished and possib
eliminated by careful experimental technique and da
analysis procedures. For example, the incorporation
very long peak load hold periods prior to unloading coul
be used to reduce the creep displacements to small lev
in which case the curve fit can be applied to smalle
portions of the unloading data to obtain more accura
contact stiffnesses. Determination of the contact stiffne
by continuous stiffness measurement techniques cou
also prove useful.9 On the other hand, the errors cause
by substrate-enhanced pileup are not so easily overcom
An effective methodology for dealing with pileup has
not yet been developed, even for monolithic material
and until one has, nanoindentation hardness and elas
modulus measurements of soft films on hard substra
must be interpreted with caution.

The data in Figs. 2, 3, 8, 12, and 13 provide som
insight into how great the measurement errors may
and under what conditions the errors are large and sma
In general, nanoindentation techniques can be expec
to overestimate both the hardness and the elastic modu
of soft films on hard substrates, with the errors bein
greatest at indentation depths close to the film thicknes
The overestimation can be as large as 50% for th
modulus, and as large as 100% for the hardness.
the other hand, it appears that reasonable film propert
can be obtained at small penetration depths. Curious
the data in the figures show that whenhmaxytf > 0.1, the
nanoindentation hardness and modulus are within abo
10% of the actual values, thus suggesting that there m
indeed be some merit to the rule of thumb that substra
independent measurements can be obtained when
indentation depth is less than 10% of the film thicknes

Lastly, although the results presented here are sp
cific to one material system—aluminum on glass—
many of the phenomena observed in this system u
doubtedly occur in other systems in which the substra
300 J. Mater. Res., Vol. 1
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is considerably harder than the film. Systems that beha
in a similar manner can possibly be identified by the
ratio of the substrate to film hardness. Since this ratio
about 10 for the aluminum/glass system, a conservativ
estimate is that significant substrate-induced pileup in
fluences on nanoindentation mechanical property mea
urement can be expected when the substrate is at le
ten times harder than the film. This observation i
corroborated by recent finite element simulations of th
aluminum/glass system.25

V. CONCLUSIONS

Indentation pileup in soft aluminum films is signifi-
cantly enhanced when the films are deposited on ha
substrates. Substrate-induced enhancement of pileup
creases the indentation contact area by as much as 5
above what is observed in monolithic aluminum, and i
greatest at indentation penetration depths close to t
film thickness. Because standard methods for measuri
mechanical properties by nanoindentation methods d
not account for pileup, the contact area is underest
mated; this produces errors in the measured hardne
and elastic modulus. Additional errors are produced b
inaccuracies in the measurement of contact stiffnes
caused by substrate effects on the shape of the unload
curve and creep in the film. Collectively, the errors resu
in an overestimation of the hardness by as much a
100%, and the elastic modulus by as much as 50%
When the indentation depth is about one tenth the film
thickness, substrate induced enhancement of pileup
negligible, and the hardness and modulus measur
by nanoindentation techniques are within 10% of th
expected values.
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