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Abstract-A study has been m"dc of the elastic and pl'lstic deformation associated with sub­
micrometer indentation of thin films on substratl.'S using the finite clement method. The efTl.'Cts of
the elastic and pl<lstic properties of both the film and subst,,,te on the hardness of the film/substrate
composite are studied by determining the 'lVerage pressure under the indenter as a function of the
indent.llion depth. Cillculations h.lVl: bt.-cn milde for filrn/suhstntte combin<ltions for which the
substrate is either harder or softer than the film and for combinations for which the substrate is
either stifTer or more compliant than the lilm. It is found. as ClIpc..-ctc.'d. th"t the ImrdneSll incrC;lscs
with indent.ttion depth when either the yield strength or the clastic modulus of the liubstr;\te is
hit:ther than th"t of the IiIm. Correspondingly. thc hardnc.'Ss dc.'Crcasc.'S with indentation ut:pth when
the yield strength or clastic modulus (If lhe substrale is lower tlmn lhat of the tilm. Functional
t:'1uations have bc.-cn do:vclopc..'d to predict lhe h.mlness variatinn with depth under th~'SC difTerent
l;onditiolls. Finite c1elllent silllul<llion of the lInl(lilding porI inn of the IU<ld-displacel\1ent l;urve
permits a dcterminiltion ut' tho: ela~til; cOnlplianl;e of the liht1/~ub~tratc composite "s a function of
ilulentatiun dq>th. The el:lstit: properties of tht: fillll C<ln he sep;lr:Il~'t1 from those Ill' the: sub~lr:tte

using lhis inlOrmatioll. The fc.'Sults <Ire in gllHtl agrc.'CIt1Cllt with King's .m:dytical trealmt:nl of this
problem.

INTRODUCTION

Knowledge of the strengths of metilllic thin films bonded to substrates is becoming more
and more important due to the increased usc of various metallization techniques in inte~

grated circuit devices. This is important ~'Cause an understanding of the mechanics of
deformation permits one to better predict the conditions leuding to failure in these thin film
structures. This knowledge also permits better design from a structural point of view. The
sub~micrometerindentation technique is emerging as one of the popular ways to study the
clastic and plastic deformation of thin films on substrates (Pethica el al.• 1983; Doerner
and Nix, 1986; Doerner eJ til•• 1986). This tl."Chnique is particularly attractive because it
provides information ~lbout clastic and plastic deformation on a highly localized scale and
because it is simple to use. In the present study we describe the clastic and plastic deformation
associated with the indenhllion of thin films on substrutes from a continuum point of view.
We have used the finite elemt.:nt simulation tt.:chnique to study the elfl."Cts of the yield strength
and elastic modulus of the film and substrate on the hardness and clastic compliance of the
film/substrate composite.

Although indentation tests h~lve bt..-cn US4.-'d for a long time, It-'W theoretic-.tl treatments of
indentation deformation arc available. Such treatments ure required to obtain fundamental
information about the clastic and plastic properties of the film from an indentation exper~

iment. For an introduction to some of the published Ii terature on this subject. the interested
reader may refer to a recent paper (Bhattacharya and Nix, 1988). In this work we con­
centrate on small indentations of the kind produced in typical sub-micrometer indentation
tests used for thin films on substrates. The hardnesses of several thin film materials using
sub-micrometer indentation tests have been measured (Doerner and Nix. 1986). The elastic
properties of these films were also determined as a function of film thickness and an

121H



1188 A. K. BHAITACHARYA and W. D. NLX

empirical equation to describe the effect of the substrate on the compliance of the film/sub­
strate composite was suggested. This problem was later examined analytically by King
(1987). who developed a theoretical analysis for determining the compliance. While it is
possible to study elastic indentation of thin films using analytical methods. elastic-plastic
indentations are sufficiently complex that finite element techniques are required. A finite
element study of indentation of bulk materials has been conducted recently by the present
authors (Bhattacharya and Nix, 1988). We showed that the basic features of the indentation
experiment can be described using the finite element technique in conjunction with relatively
simple material behavior. In this paper we extend the analysis to the problem of thin films
on substrates. Here we analyze the effect of the properties of both the film and the substrate
on the hardness and the elastic compliance of the film/substrate composite.

THE FINITE ELEMENT MODEL

Sub-micrometer indentation testing permits the measurement of force-<listance
relations on a very small scale: a detailed description ofthis can be found elsewhere (Pethica
<,I al., 1983: Doerner and Nix, 1986). Simulations of these force-<listance relations for the
indentation of thin films on substrates using"l rigid indenter were performed using the large
stmin e1asto-pli.lstie feature of the ABAQUS (1985) finite element code, with tensile stress­
strain data as input. Film and substrate materials with various yield strengths and Young's
moduli were studied. The quasi-static nature of the process pcnnits us to usc the static
analysis performed by the program. Underlying the upproach in this code is the dis­
cretization of the continuum involved (the layer to be indented here); the indenter wus
considered to be perl"cctly rigid. Also, an important feature of this program involves the
capability to model contact between the indenter and the si.lmple as a sliding interface. The
initial nodi.11 gaps between the indenter i.lIld thl.: surface of the spt.'Cimen were prescribed:
the program automatically keeps track of their change and indicates any gap closure or
opening in a pi.lrticular specilied direction. These interfi.lce elements thus simulate contact
between the indenter i.ltld the specimen surface. Whenever the closure distance bctwecn the
indenter and the specimen bl.:comes zero, contact is assumed i.lnd an external reaction forcc
is exerted on that particular material point to keep it moving i.dong with the indenter.
Because the program calls for incremental loading and also makcs usc of interface clements,
the expanding conti.lct area associated with indcntation occurs naturally whenever new
interfacc elements come into contact.

In this analysis, the indenter and specimen arc treated as bodies of revolution to uvoid
the inherent three-dimensional nuture of the problem of indentation with u pyramid shaped
indenter (Pethica el al., 1910: Doerner and Nix, 1986). This approximation is considered
to be acceptable for the case of continuum plasticity: a three-dimensional analysis would
be needed to treat crystul plasticity. In the present treatment the pyramid indenter was
approximated by an axisymmetric cone (having a perfectly sharp tip) of equal volume for
a given indenter depth. In actual test conditions, the indenter tip has a finite radius, thus
giving rise to a somewhat dil1"crent response. The specimen consists of a thin film (I Jtm

thick) on a semi-infinite substrate approximated as a plate two orders of magnitude thicker
than the film. Perl"cct contact between the film and the substrate is assumed and both film
i.lOd substrate wl.:re considered to be initially stress free. The indenter and specimen are
shown schematically in Fig. I, ulong with the uppropriate boundary conditions for the
problem. Symmetry properties have been IIsed to simplify the boundary conditions. During
preliminury simuli.ltions the boundary condition on the surface on the right-hand side of
the spt.'Cimen was changed from fixed radial displacements to traction free: this change had
no effect on the indentution parameters, thus showing that this boundary was indeed remote.
Because very small indentations were being simulated, the meshes ncar the indenter needed
to be very line to be i.lble to describe the deformation and stress gradients associated with
indentation with sufficient accuracy. Thus. extremely fine mesh sizes were used under the
indenter; they became progressively coarser at distances further away from the indenter.
Axisymmetric four noded clements were used for the continuum. In order to obtain an
accurate estimate of the radius of the contact area. an extremely fine mesh thickness of the
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Fig. I. Schematic diagram of the sp'-"\:imen under the indenler showing the boundary conditions of
the indentation problem.

order of 0.02 Jim had to be used along most of the indenter contact surface. To keep the
required computer time within limits. a total of461 elements including the interface elements
were uscd to represent the dclimned material. Figurc 2 ShOWS'l magnified view of the elements
ncar the indenter and the staircase arrangement for the other elements at points further
away from the indenter.

To simulate a typical indentation process. a downward displacement (negative ;­
direction in Fig. I) was imposed on the indenter; this cuuses the indenter to push into the
surfuce of the material. At the end of the indentation experiment the indenter was given un
upward displacement until it was fn.:e of contuct with the s~'Cimen. For a given indenter
displacement. the corresponding load was determined by summing the reuction forces at
the contact node points on the indenter. The interl~tcebetween the specimen und the indenter
wus assumed to be frictionless since no noticeuble change in the loud-displucement response
wus observed by using a friction coeflkient of I. The mesh thickness of 0.02 Jim along the
indenter contact surface was determined to be acceptable by finding the mesh size below
which no further signilicunt changes in the indentation load-displacement response were
obserwd.
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Fig. 1. Detailed pattern of the mesh distribution ncar the indenter showing the interfiu:e clements.
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Table: I. Yield strengths and Young's moduli used for the finite element simulation of indentation
of thin films on substrates (vr = v. =0.278)

Yield strength (MPa)
ar 485 485 2070 4410 2070 4410
a. 4410 2070 4410 485 485 2070

a/a, 0.11 0.233 0.47 9.13 4.29 2.13
Young's modulus (GPa)

Er 46.5 76 127 207 345
E, 127 1237 1,~ 127 127_I

EriE, 0.367 0.6 1.0 1.67 2.73

Table: 2. Elastic and plastic properties of aluminum and silicon used in the
finite element analysi:;

Young's modulus Yield strength
Material (GPa) Poisson's ratio (MPa)

Aluminum 75.9 0.33 485
Silicon 127 0.278 4410

The constitutive model for the specimen material (both film and substrate) was that
of an clastic-plastic von Mises material. Only the case of no strain hardening (Le. both
materials assumed to be clastic-fully plastic) was considered. The elastic and plastic prop­
erties of the t1Ims and suhstrates used in the various calculations are given in Tables I and
2, The finite clement calculations were performed using an IBM 4341 mainframe computer
with run times of I~2 days and also using a Vax II Workstation with run times of 5-6 days
for average indentation depths.

RESUl.TS A!'D DISCUSS[ON

In our previous work (Bhattacharya and Nix, 1988), we showed that the finite clement
.tnalysis C'1I1 adequately describe the load displacement response observed in a typical sub­
micrometer indentation test. We also showed how the hardness and Young's modulus can
be evaluated from such a simulated result. Figure 3 shows a simulation result for indentation
of silicon together with an experimcntal result reported by Pethica et al. (1983). There are
some diffcrences in the two results that can be attributed to differences in the actual and
assumed material properties and to the discontinuous nature of the simulation procedure.

When an indentation test is performed on a single homogeneous material, the hardness
remains essentially constant, irrespective of the depth of indentation. This result is expected

20
IndC:Dli'ljnn slf Silicon Film

(J = 4-110 :1<11'"Y 0
16 E = 127 GPa

v =O,27M
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Fig. 3. Compari:;on of the FEM results of a previous paper (Bhattacharya and Nix. [988) with the
experimental results of Pethica t't al. (1983) for indentation of silicon.
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Fig. 4. EfT~'Clof relative yield strengths on the load-depth response for thin films on substrates.

in a continuum tre'ltment. Johnson (1970) developed a theoretical expression for hardness
using an expanding spherical cavity model of the indentation process. He found that the
hardness depends only on the elastic and plastic properties of the material in question and
not on the depth of indentation. This result W.IS also found in our finite clement study of
indentation. In contrast to this bch'lvior, if an indentation is made on a thin film attached
to a substrate h'lving dilTerent elastic and plastic properties, the hardness associated with
the indentation process is ex(X.'Cted to continually change due to the gradually increasing
innuence of the substrate. We next present v'lrious results for the indentation of thin liIms
on substrates.

Ilardlless
One of the goals of this work has been to understand how the hardness of a thin film

changes with depth of penetration of the indenter. The most important quantities to be
considered in this analysis are the thickness of the film and the yield strength, Young's
modulus and Poisson's ratio of both the film and the substrate. Strain hardening in the liIm
and substrate could also be considered but it has not bt..en included in the present analysis.
In our previous work on the indentation of semi-infinite solids we found that including
strain hardening in the analysis does not produce qualitatively significant effects. The
response of a material with a high rate of strain hardening is essentially the same as the
response of a material with a higher yield strength. In a typical indentation experiment, the
elastic-plastic response is characterized by a growing volume of material subjected to a
fixed strain rather than by a fixed volume of material subjected to an increasing strain. For
this reason it is not especially important to include strain hardening in the analysis.

We consider first the hypothetical cases in which the film and substrate have either
dilTerent clastic properties (Young's moduli) or different yield strengths. As mentioned
above, all simulations have been performed on I Jlm thick films that arc perfectly bonded
to a comparatively thick substrate. It is shown below that even though we have used only
one film thickness, the formulation developed from these results will also predict the general
trends observed for films with dilTerent thicknesses. Figure 4 shows the calculated load­
displacement response in cases for which the yield strengths of the film and substrate are
dilTerent but for which both Young's moduli and Poisson's ratio for the film and the
substrate are the same. Similarly, Fig. 5 shows the response in cases for which the Young's
moduli of the film and substrate are different but for which the yield strengths and Poisson's
ratios are the same. From these results, the hardness is calculated as the load divided by
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Fig. 5. Eff~"I:t of relative Young's mouuli on the loauuepth response for thin films on substrates.

the projected <trea ofcont<tct. These hardness results are shown in Figs 6 and 7. The calculated
h<trdness and the depth of indentation h.lVe been non-dimensionalized with the h<trdness of
the substmte <tnd the tilm thickness. respectively. As intuitively expected. for the case of a
softer liIm on <t h<trder substrate (Fig. 6). the hardness incre<tses with the indent<ttion depth.
As seen for this c<tse. the hardness is independent of the substrate for indent<ttion depths
less th<tn about 0.3 of the liIm thickness. after which the hardness slowly incre<tses bcc<tusc
of the presence of the substrate. For the case of a harder liIm on a softer substmte (Fig. 7).
the h<trdness decreases as the depth of indentation increases. In this case. the hardness is
constant for indentation depths It:ss than about 0.2 of the lilm thickness. The regime of
constant hardness appears to get smaller as the yield strength of the film increases relative
to that for the substmte.

In Figs 8 and 9, we show the hardness results for cases in which the 111m and substrate
have different Young's moduli. It is observed that the variation of hardness with depth of
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Fig. 6. Effect of relative yield strengths on the hardness of soft films on hard substrates.
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indent~ltion in these eases is qualitatively similar to cases in which the film and substrate
have different yield s'trengths. although the hardness changes more gradually than in the
previous cases.

The results presented in Figs 6--9 can be used to develop general relations for the
hardness variation with indentation depth. It is believed that the hardness results will
depend only weakly on Poisson's ratio. For this reason. the effect of Poisson's ratio has not
been considered in our analysis. After analyzing these results and fitting with various forms
of equations. we have developed two empirical equations which satisfactorily describe the
variation of hardness with depth. f'or the case of a soft film on a harder substrate, the effect
of the substrate on film hardness can be described as

II = I+(/(!'-I)exr [- 5!!.rI(1.~{~}2J
/I, fI, (EriE,) Ir

(I)

where. E.., E, are the Young's moduli. (1.., (1, the yield strengths and H... H, the hardnesses
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Fig. 8. Effect of relative Young's moduli on the hardness of soft films on hard substrates.
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of the film and substrate. respectively, Simil;.\rly for the case of a hard film on a softer
substmte. the hardness can be expressl.'d as

1/ (lie) [ (lIr/fI,) {t}]
ii, = I+ Il~ -I exp - (ar!a,)J<Er/E.) t~ .

(2)

Thcsc two cquations arc fully nondimcnsionali1.cd and thus can be used for nny film
thickncss involving nny material comhination of the film nnd substratc.

We next discuss the prcdictive capabilities of these functionnl equations to describe the
hardness of nn aluminum liIlll on a silicon suhstmte and a silicon film on an aluminum
substrate. Figure 10 comparcs the load-displacement response for the indentation of an
aluminum film on a silicon substr.ue with th..t for a silicon film on an aluminum substrate.
The clastic and plastic properties for these materi<tls used in the FEM calculation arc given
in Table 2. In Fig. 10. we also show the indentation curves for bulk aluminum and
silicon. At very small depths of indentation. the load-depth response for the film/substrate

400

( o'ul Depth Resnonse

300

z
!
... 200

3

100

o 400 800 1200 1400 2000

Depth or lndentlillon (om)

Fig. 10. Load-depth responses for the indentation of an aluminum film on a silicon substrate and
a silicon film on an aluminum substrate.
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Fig. II. Comparison of h'lrdness values predicled byeqn (I) with FEM calculalions for the case of
an aluminum film on a silicon substrate.

composite is the same as the response for the thin film material in bulk form. This result is
as expected since for very small indentations only the properties of the thin film are involved.
Figure II shows the h'lrdness values obt;lined from Fig. 10 plotted as a function of
indentation depth for the case ofan aluminum film on a silicon substrate. Similarly. hardness
values for a silicon film on an aluminum substrate arc plotted in Fig. 12. We '1lso show
predictions of eqns (I) and (2). respectively. in these figures. We find that the empirical
rehltions developed for hypothetical films and substrates give ;1 good description for the
specific cases of films and substrates composed of aluminum and silicon.

For the case of a soft film on a harder substrate. eqn (I) indicates that as the film is
made thinner. it becomes progressively harder. On the other hand. in the case of a harder
film on a softer substrate. eqn (2) predicts th'lt as the film thickness is reduced. the hardness
of the film decreases. These results suggest that the substrate can playa dominating role in
increasing or decreasing the hardness of a film.

7
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Fig. 12. Comparison of hardness values predicted by eqn (2) with FEM calculations for the case of
a silicon film on an aluminum substrate.
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Elastic response
Recent experimental studies (Pethica et al., 1983: Doerner and Nix, 1986), have shown

that in an indentation experiment, the process of unloading is elastic. This is indicated by
the linearity of the initial portion of the unloading curve. This has been confirmed by the
present authors (Bhattacharya and Nix, 1988). through an FEM analysis of the indentation
of silicon and aluminum. We also observed that during the earliest stage of unloading, the
contact area under the indenter remains constant. When these conditions of unloading exist,
Young's modulus of the material being indented can be determined from the compliance of
the film and the plastic depth (Pethica et al., 1983: Doerner and Nix, 1986). As demonstrated
previously (Doerner and Nix. 1986), the plot of compliance vs reciprocal plastic depth is
linear for a bulk material. However, in the case of thin films on substrates, this linear
relationship no longer holds due to the varying contribution of the film and substrate to
the measured compliance. There are two limiting cases. For indentation depths that are
very small compared to the film thickness. the compliance approaches the value expected
for the thin film materi'll whereas for large depths of indentation, it approaches the value
expected for the substrate material. The variation of overall compliance of a thin film/sub­
strate composite was studied previously (Doerner and Nix, 1986). Later King (1987) used
basis functions and an integral equation technique to perform elastic analyses for punches
of different shapes and derived more accur'lte equations for the compliance in terms of the
projected area of contact under the indenter. King's equation, when simplified for an
inlinitely rigid indenter, becomes

where A is the projected area of contact under the indenter, II a numerical factor rel'lted to
the shape of the indenter and !x' a parameter dependent on the depth and is obtainable from
a set of curves given by King (ll)g7).

In eqn (3), the value of II is related to the plastic depth through the indenter geometry
and hence. A = k!II;, where k! = 24.5 is a constant related to the geometry of the indenter.
With this transformation and normalizing in terms of trllll" we can rewrite eqn (3) as

where !x" = !X'/k.
This equation is expected to be valid for any liIm thickness tr. Compliances dll/dP were

directly obtained from the unloading part of the FEM calculations based on a curve
litting procedure described in our earlier analysis (Bhattacharya and Nix. 1988). These
compliances were determined for different combinations of indentation depths and film
thickness. In Fig. 13, we have plotted trdll/dP values for film/substrate composites having
various Young's moduli ratios and compared them with the predictions of eqn (4). In this
treatment the lilm and the substrate arc considered to have the same Poisson's ratio.
Calculated values from eqn (4) are seen to be in reasonable agreement with the FEM results
for large depths of indentation. Rut, for smaller depths of indentation, it appe'lrs that the
values predicted by this equation asymptotically approach the compliance of the film too
slowly.

We next consider the clastic response of two specific film/substrate composites, e.g. an
aluminum film on a silicon substrate and a silicon film on an aluminum substrate. These
results, based on the material properties given in Table 2, are presented in Figs 14 and 15.
In these plots, comparison has been made between the FEM calculations and the predictions
of eqn (4). The two results are in reasonably good agreement.
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CONCLUSIONS

The results obtained in this study indicate that the finite clement technique can be used
to simuklte the clastic .and pl'lstic response ofa sub-micrometer indentation test for thin films
on substrates. Based on culculations for two different classes of liIm/substrate composites,
namely sort films on harder substrates and hurd films on softer substrates, functional
equations h.IVC been developed to describe the variation of hardness with depth of inden­
tation. Thesc equations correctly indicate that the film strength increases or decreases as
the film thickness is reduced depending on whether the film is softer or hurder, respectively,
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an aluminum substrate.

than the suhstmte. The clli:ct of changing lilm thickness is found to be I..rger for the c..se
of a soft film on a harder substrate. It is .. Iso shown th..t the clastic compliam,:c of the
film/substrate composite c..n be detcrmin\.-d as ~l function of indentation depth from the
unloading part of the lo..d displacement curves obtain\.-d from the FEM analyses. The
results .. re in close agrecmcnt with King's ..nalytic<tl treatment of this problem.

T<tken altogether. the results of this work provide a scheme by which the hardness of
a very thin fUm can be determined from the measured hardness of <t thin fUm/substrate
composite. First the hardness and cl~lstic modulus of the bare substrate would be measured
by indentation methods. Then. the hardness and clastic compti<tncc of the thin film/substrate
composite would be me<tsured as a function of indenhltion depth. The variution ofhardness
with depth would indicate whether eqn (I) or eqn (2) should be used to describe the
properties of the composite. The compliance data would be used in conjunction with eqn
(4) to detcrmine the clastic modulus of the film or. cquivalently. Er/E•. Finally. eqn (I) or
eqn (2). as appropri..te. would be inverted to obtain the hardness of the film from the
hardness of the thin litm!substmte composite.
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