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T.Y. Tsui and G. M. Pharr
Department of Materials Science, Rice University, 6100 Main Street; MS 321, Houston, Texas 77251-1892

(Received 20 October 1997; accepted 15 March 1998)

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 aluminum
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 hardness
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 manner
that has important implications for nanoindentation data analysis procedures. Because of
these effects, nanoindentation measurement techniques overestimate the film hardness and
elastic modulus by as much as 100% and 50%, respectively, depending on the indentation
depth. The largest errors occur at depths approximately equal to the film thickness.

. INTRODUCTION thick, this approach cannot be used for very thin films.
Nanoindentation is a widely used technique forFor example, according to the rule, nanoindentation
measuring mechanical properties at very small lengtltharacterization of a 0.m film typical of current
scales: 2 With good equipment and experimental tech-semiconductor technology would have to be made at
nigue, properties such as hardness and elastic modulaspenetration depth of less than 10 nm. Since accurate
can be measured from indentation contacts as shallomeasurements at this scale are difficult to obtain due
as 20 nn1%12 The lateral resolution of the technique to vibration, uncertainties in indenter tip geometry, and
depends on the geometry of the indenter; for the fredifficulties in precise determination of the location of
qguently used Berkovich triangular pyramid, the lateralthe specimen surface, other methods for dealing with
dimension of the contact impression is approximatelysubstrate influences must be developed if nanoinden-
seven times the depth, so meaningful measurements at&ion techniques are to be useful in the mechanical
possible for contact impressions with lateral dimensiongharacterization of very thin films.
of about 0.1xum. The ability to probe at such fine In this paper, the influences that a hard substrate
scales has made nanoindentation one of the premi@xerts on the nanoindentation measurement of the hard-
tools for characterizing the mechanical properties of thimess, H, and elastic modulusg, of a soft film are
films. Another advantage of nanoindentation in thin filmexamined for a model system: aluminum on glass. Soft
studies is that properties can often be measured withodiims on hard substrates are quite common in the semi-
having to remove the film from its substrate. conductor industry, where aluminum, copper, and gold
Standard methods for deriving properties from nano-are often deposited on silicorH(= 12 GPa), germa-
indentation load-displacement data have been developadum (H = 10 GPa), glass § = 5-8 GPa), and hard
primarily for monolithic material§®'! Nevertheless, ceramics = 10—40 GPa). Since the hardness of these
these same methods are frequently applied to thin filnthin metal films is usually in the range 0.1-1 GPa,
systems without explicit consideration of how the sub-the films are at least an order of magnitude softer
strate influences the measureméefifs:* One ap- than the materials on which they are deposited. One
proach for dealing with substrate influences is to makeémportant consequence is that when an indentation is
the indentations small enough to avoid substrate efmade in the film, material piles up around the hardness
fects altogether, which is accomplished in practice byimpression to a much greater degree than it would in a
constraining the indentation depth to a small fractionmonolithic material due to the severe constraint imposed
of the film thickness. A commonly used rule of thumb on plasticity in the film by the relatively undeformable
suggests that substrate independent measurements carbstrate. Since current techniques for deriving mechani-
be obtained if the indentation depth is kept to lesscal properties from nanoindentation load-displacement
than one-tenth the film thickness. While experimentallydata do not account for the extra contact area produced
feasible for films that are greater than about a microrby the pileupt®~® substrate-induced enhancement of
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pileup has important consequences for film propertyjoad hold period were used to correct the displacement
measurement accuracy. Important insights gained frordata for thermal drift.

experimental observations of the model aluminum/glass Following indentation, the hardness impressions
system and their implications for mechanical propertywere imaged using high resolution scanning electron
measurement by nanoindentation methods are presentedcroscopy (SEM) and atomic force microscopy (AFM)
and discussed. to measure contact areas and carefully examine the
extent and nature of pileup. Two different contact areas
Il EXPERIMENTAL were determined from the SEM images. As shown in

Fig. 1(a), the corner-to-corner ared,, was measured
A. Specimen materials from the area of the triangle defined by the corners of

The model system used in the investigation was higithe hardness impression. Provided that pileup is minimal
purity aluminum sputter-deposited onto silicate glasit the impression corners, the corner-to-corner area is
substrates. In addition to a large difference in hardnesa direct measure of the contact area that would have
(the film hardness is in the range 0.5-1.0 GPa whileoccurred if the film did not pile up. No significant
that for the substrate is about 7.0 GPa as determined Hgjileup at indentation corners was observed for any of
direct measurement), an equally important consideratiofhe hardness impressions in this study, as is evident in
in the choice of this system was the similarity of the
elastic moduli of the two components. The modulus of
bulk aluminum is 70 GPa while that for the glass used in
the study was 57 GPa (as measured by nanoindentation
techniques). The fact that the moduli are similar mini-
mizes the role that a film/substrate modulus difference
would play in the indentation behavior, thus simplifying
the interpretation of results. As a result, the current
work focuses on differences in the plastic behavior of
the film and substrate. Influences of differences of the
elastic properties of the film and substrate have been
addressed from a theoretical perspective in several other
studiest319:20

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

(a) Corner to Corner Area (A, )

B. Procedures

Nanoindentation tests were conducted using a
Berkovich diamond indenter with a shape function
calibrated using procedures described elsewhere.
Indentations were made to a variety of peak loads
using a five part indentation procedure. After surface
contact was detected, the indenter was (1) loaded at
constant loading rate at a rate chosen to reach the target
peak load in 10 s; (2) held at the peak load for 10 s;
(3) unloaded to 85% of the peak load at half the rate
used during loading (halving the rate was employed
to increase the number of data points in the unloading
curve and better define the unloading behavior); (4) held

o .
at 85% of the peak load for 100 s; and (5) CorT]plete'yFlG. 1. Scanning electron micrographs of an indentation in the

unloaded at the same rate us,ed in step (3) Peak |0aq§00 nm aluminum film illustrating the difference between (a) the
were Qhosen so that _penetratlon depth§ Var!ed from O.domer-to-corner areat.; and (b) the actual area including the pile-
to 10 times the film thickness. Data obtained in the 100 sip, Aactua
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the SEM micrographs in Fig. 1 and was verified by AFM The other quantity needed to evaluate the hardness
measurements. The second measure of the contact ar@ad elastic modulus by means of Egs. (1) and (2) is
was the actual contact ared,cwa Which includes the the contact aread. In the Oliver—Pharr method, the
extra area contained in the pileup. In general, the actualontact area is determined by evaluating the indenter
contact areas were considerably larger than the corneshape function at the contact depth,, where the
to-corner areas due to the bowed-out indentation edgesntact depth is estimated from the indentation load-
caused by pileup. Actual contact areas were measuratisplacement data by a procedure based on a solution
by tracing a digital image of the indentation along thefor the indentation of an elastic half-space by a rigid
contact edges and computing the area enclosed in thmunch. Because the analysis is strictly elastic, this pro-
figure. The contact edge of the indentation in Fig. 1(a)cedure inherently ignores contributions to the contact
is traced in Fig. 1(b). One reason for defining these twaarea due to plasticity and pileup, and thus leads to an
separate measures of the contact area is that their rationderestimation of the contact area and a corresponding
Aacual Ace, Provides a convenient measure of the amounbverestimation of the hardness and elastic modulus [see
of pileup; pileup occurs when this area ratio is greateiEgs. (1) and (2)}°*® For this reasonH and E were
than one, and the amount of pileup increases with thevaluated in this work using two separate measures
ratio. Values ofA,cuafAcc l€Ss than one, which indicate of the contact area: (Linano the area determined by
sink-in behavior, were not observed for any indentatiorapplying the Oliver—Pharr analysis procedure to the

in this study. experimental load-displacement data, andAZ).. the
actual contact area measured from SEM micrographs like
C. Data analysis that in Fig. 1(b). Comparison of these two areas provides

important insight as to when and why nanoindentation

The indentation load-displacement data obtained ;
ilm property measurements may be inaccurate.

each depth were analyzed to determine the hardiigss,
and elastic modulug, using the method of Oliver and
Pharr?® In this method, the hardness and modulus arg RESULTS AND DISCUSSION

determined from the relations: . :
Throughout this work, results will be presented as

H = Prnax (1) a function of the maximum indentation depthuax
A normalized with respect to the film thicknesg, This
and normalization is chosen to allow for direct comparison of
R data for films of different thickness. Since the pyramidal
E=(- v2)|:i ﬁ 1y :| ) geometry of the Berkovich indenter is self-similar, the
NZ E; ’ only linear scaling factor in the indentation process is the

) ) ) ) . film thickness, and results for films of differing thickness
Wh_ererax is the peal_< indentation Ioa@, is the inden- st scale Withimay/t ;. The parameteliay is chosen in
tation contact aregg is a constant which depends on preference to the contact depth, since determination
the indenter geometry;, is the e>’<per|njentally measured of the contact depth from indentation load-displacement
contact stiffnessv is P0|s_sons' ratio for the speci- gata is currently possible only for monolithic materidls.
men, andy; and E; are Poisson’s ratio and the elastic \jqreover, accurate measurement of the contact depth
modul_us of the m_denter. For the Berkovich dlamondfrom load-displacement data can be achieved only in
used in all experimentsp = 1.034, »; = 0.07, and  5erials which do not pile up, as has recently been
E; = 1141 GPa? It was assumed in all calculations that shown using finite element metholfs.

Poisson’s ratio for the specimen is 0.34. Basic nanoindentation measurements are presented

ch)llowing procedures developed by Oliver and;, Figs. 2 and 3, where the elastic modulus and hardness
Pharr, the contact stiffness in Eq. (2) was determinedyt the 1700 nm aluminum film are plotted as a function
by fitting the unloading data to the power-law relation ¢ hmax/t;. Each data point is an average from at least

P =alh — h))", 3 5 indentations, with error bars indicating one standard
‘ deviation. Note that the error bars in many cases are
and numerically evaluating the derivative of the curvesmaller than the size of the plotting symbol and thus
fit at the maximum indentation depth. In Eq. (3,is  do not appear explicitly. All data in Figs. 2 and 3 were
the indentation load} is the indenter displacement,  computed from stiffnesses derived by fitting the upper
is the final indentation depth, anel and m are fitting 90% of the unloading curve.
parameters. In most stiffness evaluations, the upper 90% The open circles in Fig. 2 are the elastic moduli
of the first unloading segment was used to determine thdetermined by standard nanoindentation data analysis
curve fitting parameters. Recall that the first unloadingorocedures, i.e., by using in Eqg. (2) the contact area de-
extended from peak load to 15% of the peak load. duced from the nanoindentation load-displacement data,
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than that for bulk aluminum. As the indentation depth
increases beyond the film thickness, the nanoindentation
modulus drops sharply to about 65 GPa.

The nanoindentation hardness of the 1700 nm film
is shown by the open circles in Fig. 3. The hardness is
approximately 0.5 GPa at small depths, and increases
smoothly to about 1 GPa at depths close to the film
thickness. This factor of two increase in hardness for
indentations within the film is similar to nanoindentation
measurements of thin aluminum films on silicon sub-
strates by Doerner, Gardener, and N\ixd Stonest al*

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

Careful examination of the contact impressions in
the films revealed that the higher than expected elastic
moduli in Fig. 2 originate from substrate-induced en-
hancement of pileup. Three SEM images illustrating the
nature of the pileup are shown in Fig. 4. Included with
each image is an AFM trace of the surface profile along
the line shown on the SEM image. Figure 4(a) is an

the normalized indentation depthyay/t;. Contact stiffnesses were
determined by a power law curve fit of the upper 90% of the unload-

ing data.
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FIG. 3. Dependence of the hardness of the 1700 nm film on the

normalized indentation depthmay/zs.

the film thickness, i.e ..« < ;. Figures 4(b) and 4(c)
show indentations in the 240 nm film for whiéh,,, =
tr [Fig. 4(b)] andhn. > t; [Fig. 4(c)]. Pileup of vari-

Corner N /\:—a:i;“

0 5 10 15 20

Anano At small depths, the nanoindentation modulus is
close to the 70 GPa value for bulk aluminum. However,
at larger depths there is an unexpected increase in
the modulus to a peak value of about 90-100 GP

5IG. 4. Scanning electron micrographs and atomic force microscope

at indentation depths close to the film thickness. This,

surface profile traces for three indentations: (a) 1700 nm film,
max < t7; (0) 240 nm film, by, = tf; (€) 240 nm film; iy, > 5.

increase in _modulus cannot be attributed directl_y to therhe AFM traces were made along the lines shown in the SEM
substrate, since the substrate modulus, 57 GPa, is small@fcrographs.
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ous forms is clearly visible in all three SEM images. One 0.6 — T T — T
notable feature is the nonuniform distribution of pileup O t=240nm
around the contact periphery; pileup is most extensive t=1700nm _ O
f u] E@é
o)
O

Df"‘

near the centers of the edges of the indentation but virtu 0.5

ally absent at the corners, as verified by the AFM surfact
profiles. The AFM traces also show that the height of the 0.4
pileup relative to the total penetration depth is greates
for the indentation for whichin., = t; [Fig. 4(b)]. &
Another notable feature is the change in the shape of th=5 0.3
contact geometry at the contact periphery from triangula .=~

at small depths [Fig. 4(a)] to roughly circular at the 0.2
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 an 0.1
distribution of the pileup in each of the three cases.

In order to further examine the structure of the
pileup, an indentation in the 1700 nm film was cross-
sectioned using a focused-ion-beam technique and i
aged in the SEM. Figures 5(a) and 5(b) show cros: hrm:m/’tf
sections in two different orientations indicated by the
insets. It is evident that the film remains fully adheredFIG. 6. Dependence of the normalized pileup height,/2max on
after indentation; i.e., there is no evidence of delaminathe normalized indentation depthma/;-
tion in the vicinity of the hardness impression. The grain
structure of the film is also visible, revealing flattening 1.6 — T —— T
of grains beneath the contact impression.
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From AFM profiles like those in Fig. 4, the pileup O t=1700nm
heights at the centers of the faces of the indentation:s 1.5 0 t=650nm
hpy, Were determined to provide a quantitative measur A t=240nm 4}
of the amount of pileup. The dependence/gf/hmax 1.4

ON hmay/t, is shown in Fig. 6. The parametagca/Acc, 3
which also provides also a useful measure of the pileu|<C

(as discussed earlier), is plotted as a functiompf/1,

in Fig. 7. The data in Figs. 6 and 7 reveal that the
amount of pileup is relatively small at small indentation <
depths, in accordance with the behavior of bulk, anneale 2
aluminum?? but rises to a distinct maximum at depths
close to the film thickness before falling at large depths 1.1
At depths near the maximum pileup, the height of the )
pileup is approximately 50% of the indentation depth,
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and the actual contact area is about 50% greater the 1 il L]
would be predicted based on the corner-to-corner are 0.1 1 10
measurements. Apparently, as the indenter approach h &t

max f

FIG. 7. Dependence of the ratio of the actual contact area to the
corner-to-corner are@ciual Ace, ON the normalized indentation depth,
]’lmax/lf.

the substrate, plastic flow in the film is restricted by
the relatively nondeformable substrate in a manner that
& causes soft film material to flow preferentially toward
Glass Substrate & (;hm w_}_\“_m'c 2 um the surface and enhances pi[eup. The relative amount of
i illaded = pileup decreases when the indenter penetrates through
FIG. 5. (a,b) Indentation cross sections produced by focusedIhe film because there is no pileup for indentations in

ion-beam techniques. Orientations of the cross sections are showdlass? The abser_‘ce of pil_eup at small depths suggests
in the insets. that the as-deposited aluminum must work-harden, since
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it is well documented, both experimentgflyand by 10 1 —T—T T
finite element simulatiof®2* that pileup in monolithic © Hbasedon A :1=240nm T
materials is diminished by work-hardening. On the othel " ® HbasedonA - t=240nm

hand, if the film were elastic-perfectly-plastic (i.e., no 8 [ O Hbasedon A .. t=650nm
work-hardening), pileup would be expected even ai L m  Hbasedon A
the smallest penetration depths, but presumably woul
increase with depth due to substrate constraint.

The fact that there is significant substrate-inducec
pileup in the aluminum films means that the contact ar-
eas deduced from the nanoindentation load-displaceme ¢ DE{}
data by the Oliver—Pharr method are in error, whiching 4 |- @D
turn produces errors in the nanoindentation hardness ar - ] .
elastic modulus. To examine the extent to which this isT - ® .
related to the modulus observations in Fig. 2, Eq. (2 o
has been used to recompute the elastic moduli base 2 I~ - ]
on A.cua the actual contact areas measured from the
SEM micrographs. Results are plotted in Fig. 2 as filled 5 i
circles. Note that some of the very small indentations 0 . .
could not be imaged with sufficient resolution to make 1 10
accurate area measurements and are therefore not i /t
cluded in the plot. The data show that for indentation max
depths less than the film thickness, use of the actudIG. 8. Dependence of the hardness of the 240 and 650 nm films on
contact areas reduces the measured moduli to relativetye normalized indentation depthmax/t-
constant values in the range 72—-77 GPa and thus much
closer to what would be expected. On the other handhe indenter. Figure 4(b), on the other hand, shows an
for indentation depths greater than the film thickness, théndentation for which the indenter has slightly penetrated
modulus drops sharply te47 GPa, a value much lower through the film f..x = ;). While the upper portion of
than the modulus of either bulk aluminum (70 GPa) orthis impression resembles the indenter shape, near the
bulk glass (57 GPa). The origin of this behavior will be bottom there is a distinct flattening and change in profile
discussed shortly. relative to the impression in Fig. 4(a). Figure 4(c) shows

The hardnesses computed from the actual conta& residual impression whose depth is about three times
areas are shown as filled circles in Fig. 3. Like the moduthe film thickness A..x > t/). Again, the upper portion
lus, use of the actual contact area reduces the hardness &the impression resembles the indenter geometry, but at
as much as a factor of two depending on the indentatiothe film-substrate interface, there is a transition in profile
depth. An interesting feature of this data is the relativefrom the straight edges characteristic of indentations
constancy of the actual hardness for indentation depthis aluminum to the cusp-like shape characteristic of
within the film thickness. Thus, the factor of two increaseindentations in bulk glas¥.
observed in the nanoindentation hardnesses is not real It is now useful to consider what physically occurs
but an artifact related to pileup. Hardness data for the 24@uring the unloading of an indentation that penetrates
and 650 nm films are presented in Fig. 8 and show hovthrough the soft aluminum film into the hard glass sub-
even for penetration depths as large as 10 times the filmstrate. First note that the elastic displacements recovered
thickness, the nanoindentation hardnesses overestimadaring the unloading of aluminum are much smaller
the actual hardnesses by a measurable amount. Notiean for glass. This is because the greater hardness
also how the actual hardnesses increase steadily ovef glass results in greater contact pressures, and since
the entire range. Apparently, much greater depths mughe moduli of the two materials are similar, a greater
be reached before the measured values are dominated fygction of the total displacement is elastic. As a result,
the substrate hardnesd (= 7.0 GPa), and the hardness only about 5% of the displacement B, is elastically
levels off in a plateau. recovered during the unloading of aluminum, while for

In order to understand the abrupt drop in modulusglass the elastic recovery is nearly 48%aVith this in
at depths beyond the film thickness, it is useful to begimmind, Fig. 9 shows schematically the unloading of an
by examining the AFM indentation contact profiles in aluminum film on a glass substrate and a hypotheti-
Fig. 4. Figure 4(a) is an indentation made entirely withincal interpretation of the indentation load-displacement
the film. Due to the small amount of elastic recovery inbehavior. When the indenter is fully loaded, Fig. 9(a),
aluminum, the AFM profile has very straight edges, andboth the film and substrate are in contact with the inden-
the contact impression closely resembles the shape ¢ér. However, after only a small amount of unloading

; 1=650nm -
actual’ f

ess, H (GPa)
u
I
N
o
o
S
@]
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Bulk Aluminum FIG. 10. Load-displacement data during unloading for an indentation

Unloading curve

(c) P
AN\ — i

N Displacement 200

with a depth less than the film thickness (1700 nm film).

Load

t, =1700nm

FIG. 9. (a—c) Schematic representation of the unloading process fc
an indentation that has penetrated through the film.

150

displacement, the indenter loses contact with the film=

due to the relatively small amount of elastic recovery in‘g

the aluminum [Fig. 9(b)], and further unloading occurs%’ 100
by elastic recovery in the substrate only [Fig. 9(c)]. An B
important consequence is that most of the unloadin(—
curve is dominated by the elastic properties of the
substrate, which produces a change in the shape of tt 50
unloading curve near the point at which film contact is

lost. In addition, since glass recovers to a greater degre

than aluminum, the residual contact impression has . oLty I T
distinctly different shape at the bottom than at the top.

The net result is a contact impression profile with a 2050 2150 2250 2350 2450
distinct change from straight-sided to cusp-like at the Displacement (nm)

film-substrate interface, similar to that observed in the _ . . . .
. . FIG. 11. Load-displacement data during unloading for an indentation
AFM profile of Fig. 4(c).

: . with a depth greater than the film thickness (1700 nm film).
The change in shape of the unloading curve for

indentations made through the film into the substrate has

important consequences for the measurement of conta2#30 nm; i, = 1940 nm). With the exception of the
stiffness from the load-displacement data. To illustratesmall “hook” at the top of the data, the 90% power
this, Figs. 10 and 11 present unloading curves for twdaw fit provides a reasonable approximation of the data
different indentations in the 1700 nm film along with in Fig. 10. Implications of the “hook,” which is due to
curve fits obtained by applying the power-law relationcreep in the aluminum, will be discussed shortly. On the
of Eq. (3) to 90% of the first unloading data. The primaryother hand, the power law fit is not nearly so good for
difference in the two sets of data is the depth of penetrathe data in Fig. 11 due to the bend in the lower part of
tion; in Fig. 10, the indentation resides entirely within the data caused by elastic recovery of the substrate. In
the film (imx = 590 nm; hy = 560 nm), whereas in particular, the fit noticeably underestimates the slope of
Fig. 11, the indenter penetrated through the fitlm,{ =  the upper portion of the data and therefore the contact

I Ll 1 1 l L1 1 1 I 10 1 1

—— 90% curve fit

LI I LI L I LI L | LI L I
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stiffness from which the elastic modulus is derived byaluminum film. Indentations in aluminum may exhibit
means of Eq. (2). time-dependent creep deformation, which manifests it-
To explore what effect this has on nanoindentationself as a “hook” in the upper portion of the unloading
elastic modulus measurement, the data in Fig. 2 werdata like that shown in Fig. 9. In the current experiments,
recomputed using only the upper 50% of the unloadingreep displacement rates large enough to measurably
curve for the power law curve fitting. Results are plottedaffect the unloading stiffnesses were observed in the
in Fig. 12. For monolithic materials, there is usually less10-s peak load constant load hold period just prior to
than a 2% difference in the elastic moduli determinedunloading. Creep has the effect of artificially increasing
using 90% and 50% curve fitd.However, comparison the apparent contact stiffness, with the artifact being
of results in Figs. 2 and 11 shows that this is not themore pronounced when smaller portions of the unloading
case for aluminum films on glass. As expected, reducinglata are used in curve-fitting procedures. Thus, if the
the portion of the data used in the curve fit increaseamount of creep in the aluminum films is large, the data
the measured moduli. At depths greater than the filmn Fig. 2 (90% fit) rather than that in Fig. 10 (50% fit)
thickness, the moduli computed from the actual contactvould provide a better estimate of the elastic modulus for
areas increase from 47-50 GPa (Fig. 2) to 60—70 GPmdentations made within the film. Unfortunately, exactly
(Fig. 12) and are thus in reasonable agreement with whadtow much of the difference in the moduli in Figs. 2 and
would be expected based on the known moduli of thel2 is due to creep cannot be unambiguously assessed due
glass (57 GPa) and aluminum (70 GPa). Curiously, howto uncertainties in removing the time-dependent portion
ever, the moduli for indentation depths less than the filnof the indenter displacement from the unloading data.
thickness are also increased, some to as high as 92 GR4owever, recent finite element simulations of conical
A complete understanding as to why the elastic modindentation of aluminum films on glass, in which creep
uli at indentation depths less than the film thickness areffects can be avoided through the choice of constitu-
higher than expected for the 50% curve fits has not yetive behavior, have shown that Eq. (2) works well for
been established. One possibility is that Eq. (2) does ndilm/substrate systems in which the moduli are matched,
rigorously apply to film-on-substrate systems, even whetthus suggesting that the overestimation of the modulus
the elastic moduli of the two materials are approximatelyin the present work is more likely due to cregp.
the same, since the equation is derived from an analysis Lastly, it is instructive to examine how the hardness
that assumes monolithic material behavior and ignoremeasurements are influenced by the relative amount of
plasticity. Another possibility is that the high moduli are the unloading data used in curve fitting procedures.
an experimental artifact due to creep deformation in thd=igure 13, which shows hardnesses determined from
both 90% and 50% curve fits, demonstrates that the

110 ] nanoindentation hardness is not nearly so strongly af-
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FIG. 12. Dependence of the elastic modulus of the 1700 nm film on

the normalized indentation depthmay/t;. Contact stiffnesses were FIG. 13. Dependence of the hardness of the 1700 nm film on the nor-
determined by a power law curve fit of the upper 50% of the unload-malized indentation deptthmax/t¢, illustrating the small differences
ing data. 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. Thés considerably harder than the film. Systems that behave

relative insensitivity of the hardness to the fitting pro-in a similar manner can possibly be identified by the

cedures results from the fact that, unlike the modulusratio of the substrate to film hardness. Since this ratio is

the hardness does not depend explicitly on the conta@bout 10 for the aluminum/glass system, a conservative

stiffness [see Eq. (1)], and is influenced by the contacestimate is that significant substrate-induced pileup in-

stiffness only through a relatively mild effect on the fluences on nanoindentation mechanical property meas-

experimentally measured contact depih, urement can be expected when the substrate is at least
ten times harder than the film. This observation is
corroborated by recent finite element simulations of the

IV. REMARKS aluminum/glass systemi.

Results presented in this work show that the po-

tential for error in the measurement of the hardness; concCLUSIONS

and elastic modulus of soft films on hard substrates by . . . . ) L

nanoindentation methods is significant. Errors are caused Indentation pileup in soft aluminum films is signifi-

by two different effects: (1) substrate-induced enhanceS@nty enhanced when the films are deposited on hard

ment of pileup, and (2) uncertainties in experimentallySUbStrateS' Substrate-induced enhancement of pileup in-

measured contact stiffnesses due to substrate effecté®aSes the _indentation cpntact area by as_much as 5.0%
on the shape of the unloading curve and creep in th@bove what is observed in monolithic aluminum, and is

film. The latter problem can be diminished and possiblygreatest at indentation penetration depths close to the

eliminated by careful experimental technique and datallm thickness. Because standard methods for measuring

analysis procedures. For example, the incorporation of'€chanical properties by nanoindentation methods do
very long peak load hold periods prior to unloading could©t account for pileup, the contact area is underesti-

be used to reduce the creep displacements to small levef@ated; this produces errors in the measured hardness
;and elastic modulus. Additional errors are produced by

in which case the curve fit can be applied to smaller: o ;

portions of the unloading data to obtain more accuraté3ccuracies in the measurement of contact stlffne_ss
contact stiffnesses. Determination of the contact stiffnes§2used by substr.ate eﬁgcts on the_shape of the unloading
by continuous stiffness measurement techniques coulV® and creep m_the film. Collectively, the errors result
also prove usefid.On the other hand, the errors causedll &N overestimation of the hardness by as much as
by substrate-enhanced pileup are not so easily overcome20%: and the elastic modulus by as much as 50%.

An effective methodology for dealing with pileup has '_hen the indentation. depth is about one tenth the film
not yet been developed, even for monolithic materials,th'Ck.nQSS' substrate induced enhancement of pileup is
gligible, and the hardness and modulus measured

and until one has, nanoindentation hardness and elast] ; . . o 0
modulus measurements of soft films on hard substratd/ Nanoindentation techniques are within 10% of the
must be interpreted with caution. expected values.

The data in Figs. 2, 3, 8, 12, and 13 provide some
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