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I sthe second har monic method applicable for thin films mechanical
properties characterization by nanoindentation?

Abstract

The second harmonic method is a dynamic indenté&icimique independent of the
direct indentation depth measurement. It can bd tesdetermine near-surface
mechanical properties of bulk materials more pedgithan classical dynamic nano-
indentation. In this paper, the second harmonihoeets extended to the measurement
of the mechanical properties of thin PMMA layerpalgited onto silicon wafers. It is
shown that this new technique gives precise reatikmall depths (less than 100nm),
even for films with a thickness lower than 500nrhjek was not possible to achieve
with the classical CSM method. However, experimiesata numerical results obtained
both with classical nanoindentation and second baitrmethods differ at high
indentation depth. Using FE simulations and AFM sueaments, it is shown that the

contact depth calculation with classical models egplain this difference.

Keywor ds: nanoindentation; films; second harmonic; numerst@ulation; contact
depth

1. Introduction

1.1. About nanoindentation measurement

Because the nanoindentation is a non-destructolentgue which measures the mechanical
properties at the nanometer scale, it is partiguksdapted to probe surface properties of very
thin films. The principal properties measured wiils apparatus are the reduced elastic

modulusE™ and the hardne$$ of the tested material [1,2]:

H=F
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With:
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WhereP is the loadA. is the projected contact aré&ais the harmonic contact
stiffness, E;" is the reduced elastic modulus of the tip, &idis the reduced contact modulus

between the sample and the tip. The contactAysadirectly linked to the contact defth

by the following geometrical equation (for a petfpgramidal indenter) [3]:
A, = rrtan?(6)h? @)

Whered is the equivalent semi-angle of the tip. This esgion can be changed in
order to take into account the non-perfect geonattite indenter [3]. The sample stiffness
can be measured by fitting the unloading curveg8fmitting to obtairk andH, at maximum
load, or with the dynamic CSM (Continuous Stiffn&sasurement) technique. The CSM
method consists of adding a small oscillation ®ltad signal in order to measure the
dynamic contact stiffness as a function of the mdg&on depth [4,5]. This dynamic technique
is particularly used for thin films characterizatjd®ecause the mechanical properties of the
layer can be measured as a function of the indentdepth with only one test, which is

impossible with the quasi-static method.

1.2. About indentation of thin films and related difficulties

Thin film indentation differs from bulk material aracterization, and some difficulties have
to be considered. First, the substrate properigs ko be taken into account. Indeed, during
thin film indentation, the measured propertiessacembination of the film properties and the

substrate properties. To account for the substfédet, several literature models, more or less



complex, are proposed. Nix proposes a simple ntodéttermine the film modulus,
dependent on an adjustable parameter [6]. Rar deaéloped a more complex model,
requiring the knowledge of the Poisson ratio oftésted materials [7,8]. Perriot and Barthel
proposed another elastic model to take into accthensubstrate effect. This model can be

expressed by the following equation [9]:

()

Where E; is the film modulus E; the substrate modulusthe film thickness, and
andx are coefficients dependent of the raip/ E; [9]. This model gives precise results for
a large range oE_ / E; ratios. A simpler expression, proposed by Bed.etan be used to

link the apparent reduced elastic moduisto the reduced modulus of the film and the

substrate [10,11]:

A 42 8 2 ot 1
= mtan(@)h, | | 7€, tanl@)h, E.

(6)

This model gives good results for a large rangeaterials and is not dependent of
adjustable parameters.

The second difficulty, common to bulk materialsinas from the contact depth
calculation. The contact depth value cannot bectlyeneasured, but can be calculated with
models (in order to model pile-up or sink-in pherm@®) using the displacement measurement
h. The most popular is the Oliver and Pharr modetiwvhnks the contact depti to the

indentation depth by the following equation [3,5]:



i S (7)

Whereg is a parameter which depends on the tip geometQ. 75 for a Berkovich

indenter). Another expression proposed by Loubat.etan be used [12,13]:

h, = a(h P + hoj
> (8)

Whereo=1.2 for a Berkovivh indenter anigh is a coefficient calculated to take into
account the tip defect [13,14].

The third difficulty comes from the uncertainti@skied to the displacement
measurement. As explained in a previous papedifpacement measurement is influenced
by uncertainties like contact point detection,dgect, thermal drift, or sample roughness
[14,15]. These uncertainties are particularly int@or at very small penetration depths,
resulting in less precise mechanical propertiessoreanent at very small indentation depths,

which can be problematic when the film thicknesl®vger than 100 nm.

1.3. What could we expect from the use of the second harmonic method?

The second harmonic method can be used to medsunmeechanical properties of bulk
materials at indentation depths lower than 100 nth letter accuracy than classical CSM
method because the technique is independent afitbet displacement measurement [16].
Consequently, the method is expected to give pra@hies of mechanical properties at small
indentation depth for thin films. In this paper,application of the second harmonic method
on thin PMMA layers deposited on silicon wafer isgented. In the following part, the
expressions used to calculate thin films propertigis the second harmonic method are
detailed. In the third part, the experimental tetfts samples and the apparatus are described.

The results are shown and discussed in the foarth gnd we discuss the difference between



results at high indentation depths in the last.part

2. Second harmonic method: substrate effect

In a previous paper, it was shown how to measwertbchanical properties of bulk materials
with the second harmonic method [16]. In the cdghio film indentation the same approach
can be used, but the calculatiord&/dh(equation (11) of [16]) has to consider the reduce
contact modulus variation as a function of the imedgon depth, because of the substrate’s
elasticity influence. The Sneddon relation links hiffness to the reduced contact modulus

and the contact depth by the following equation:

S=2E; tan(@)h, ©)

Considering the variation d_, andh. with the indentation depth, and using

Equations (3) and (9), the derivative of Equati®nwith respect to the displacement gives:

95 _ 26" tan(p) Tt - sE dw/e’)
dh dh dh (10)

The expression depends on the indenter geomeg&ryethuced contact modulus,
dhy/dh, andd(1/E")/dh. The derivative of the contact depth with respecthe indentation
depth can be determined by a simple local derieativtheh.-h curve. However, the term
d(1/E")/dhis not known. We propose the use of a literatuoel@hto calculate this
expression. Because of its simplicity, and alsahbse it does not depend on adjustable
parameters, the Bec et al. model was used to eami(lL/E )/dh[10,11]. After derivation of

Equation (6), the terrd(1/E )/dh can be obtained:
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In this expression, all terms can be measuredlouleded. Finally, with Equations

(10) and (11), the expressionsBf andH can be obtained:

ds
£ = . d/E")
2tan(@)—° - S
dh dh (12)
H = 4'32 E.’
78 (13)

And E” is calculated using Equation (2).

3. Experimental details

3.1. Tested samples

Experimental tests were performed on poly(methyihaerylate) (PMMA) (Sigma-Aldrich,
St Quentin Fallavier) [Mw=15 kg/mol, entanglemerdletular weight Me = 10 kg/mol].
Thin layers were deposited by spin-coating ontartiglicon wafer Si(100) (Neyco). Five
samples were tested with different PMMA film thigased, adjusted by dilution in methyl-
isobutylketone (185 nm, 348 nm, 631 +/-3 nm, 983 fim and 1914 +/-3 nm, thicknesses
measured by AFM). The residual stresses and rdsdlient in the film were minimized by
annealing at 170 °C for 20 min and cooling downotmm temperature in 4 h. The samples
were cut, then glued with cyanoacrylate on an atwmi sample holder, and cleaned with

ethanol using a standard paper towel.



3.2. Apparatus

A SA2® Nanoindenter equipped with a DCM head wasdus the experiments. The
resolutions in force and displacement are 1nN adr respectively. The apparatus and the
second harmonic measurement method were describedre details in a previous paper
[14]. A sharp diamond Berkovich tip was used in ¢élkperimentsiy;=5 nm, calculated using
the Loubet et al. method [13]). For each sampleée&t were done to obtain a mean value of

the properties. The maximum load was 10 mN. Becthes® MMA is a material whose

properties are time dependent, a constant strenaas applied with?/ P=0.01s" [17,18].
The CSM technique was applied with an oscillatiopbtude varying between 2 and 4 nm
following the indentation depth value [19], andeqguency of 31 Hz.

Mechanical properties are computed using both ldmsical CSM method and second
harmonic method and are plotted as a functionefalio a/t (contact radius/layer thickness).
Results for depths lower than 25 nm are not platigtie paper, the tip defect being too much

important at lower depths to measure precise mecdgoroperties. The theoretical values of

the reduced elastic modulus used in Equation (flEa= 5 GPa for PMMA ancE_ =180

GPa for silicon [10,14]. The contact depth useBdquation (2) is calculated with the Loubet

et al. model [12,13].

4. Reaults

4.1. Hardness

From Figures 1 and 2, the hardness of PMMA layeepproximately constant for smalt

values & is the contact radius) with the classical CSM radtand second harmonic method,
and is in good agreement with the PMMA hardnes§ [&@th the second harmonic method,
the hardness curves are superposed at very afadtio. It is not the case with the classical

CSM method, as some scattering in hardness vahleserved at lowv/t ratio. This scattering



at low depths is caused by of the uncertaintiegedlto the tip displacement, especially the
contact point detection and the tip defect. Thisficoms that the second harmonic method is
particularly adapted to the measurement of mechhproperties at small indentation depths,
given that it is not dependent of the displacemes@surement. An increase of the hardness
can be observed for CSM method fralh= 0.8, showing the substrate effect on the
measurement. The scattered observed in the cugkeeito the stiffness measurement which
is scattered at this range. With the second hammoethod, the hardness increase begins for
smallera/t ratio @/t=0.2), for samples with thickness between 631 &ididtm. This

difference will be explained in section 5.2.

4.2. Elastic modulus

On Figures 3 and 4, the experimental reduced elagidulus determined with the two
techniques is compared to values calculated wélBic et al. and the Perriot and Barthel
models. Good correlation between experimental amdemical results is observed for small
a/t ratios in both methods. Furthermore, as obtaimedawdness results, the elastic modulus
measured with the second harmonic method is me®@g® than the modulus determined
with the classical CSM technique for the same nedisan in the previous paragraph.
However, for highea/t ratios, the experimental elastic modulus is highan calculated
values. With the CSM method, the curves differ frafts1, and with the second harmonic
method, the curves differ from a/t=0.4. Moreovhg &lastic modulus calculated with the
second harmonic method is twice higher than theutusddetermined with the CSM method.
A first explanation of this divergence can comanrfrthe contact depth calculation.

Indeed, with their numerical model, Perriot andtBarshow a strong difference between the

real contact depth arig calculated with the literature models when e/ E; ratio is very

high or very low [9]. The contact depth is calcathsupposing a homogeneous material



(which is not the case for thin films indentati@md Perriot and Barthel explained that this
hypothesis is the cause of this divergence.

The CSM method is based on the calculatioh.oénd the second harmonic method is
based or. anddh/dh determination. Consequently hif is not correctly calculated, its
derivative also can be not correctly calculateds Bxplains the large difference between
experimental and numerical results. In the follaywaragraph, a Finite Element simulation
of the PMMA/Si indentation and AFM measurementspaesented in order to further

investigate the contact depth calculation.

5. Finite Element analysis

5.1. Finite Element modél

Calculations were performed with Systus/SysweldZ42]JLusing axisymmetric elements and a
large displacement / large strain option (updatagrangian formulation). Here the
commonly-used assumption in which the Berkoviclcap be replaced by a cone of semi
angle 70.32° is considered. The Si thickness has bleosen to be one hundred times the
maximum contact area. To ensure plastic incomgoiisgi four node quadrilateral iso-
parametric elements with a selective reduced iategr scheme are used in the plastically
deformed area. The plastic flow is described vidaatic von Mises stress. The loading is
achieved by imposing a quasi-static displacemettiefndenter.

One important difficulty related to the Finite Elent analysis of the indentation of
soft thin films over hard substrate is the largesmeistortion of the film at high penetration
depth and the necessity to use very small elena¢hbsv penetration depth. The only way to
bypass this issue is to use an adapted remestoogdure. For that purpose, we developed an
automatic remeshing procedure based on the wafewohouche et al. in the case of scratch

testing of coating/substrate system [23]. The rdnmgsstrategy is based on the definition of



several zones in which the mesh density is differ&very fine mesh is defined near the
contact. In the other zones, the greater the distemthe fine mesh zone, the lower the mesh
density. During a remeshing stage, these zonesasrelated starting from the coordinates of
the indenter and the parameters of the contact(eosdact radius, contact depth). The
meshing algorithm is such that the quantity of rsodecontact is maintained constant during
the calculation and thus does not depend on thetrion depth of the indenter. The node
guantity in the film thickness is computed from #iee of the contact area. Indeed, when the
thickness of the film is negligible compared to doatact radius, it is not necessary to
describe finely what happens in the film. In th@ogite case, when the contact radius is
lower than the film thickness, an important elersequantity is required, because the
deformation of the film may play a very significante. Therefore, it is possible to accurately
determine the contact area and the contact stffmbmtever the indentation depth by
superimposing small oscillation amplitude to th@ased displacement in order to simulate
the Continuous Stiffness Measurement method.

The diamond and silicon are supposed to follomedr isotropic elastic behavior, and
the PMMA layer is supposed to be elastic- perfeglistic. Note that the well-known time-
dependence of PMMA mechanical properties [18,21i24pt taken into account to simplify

the model and the analysis. This will be a futgsae of this work. The elastic modulus of

diamond isg; =1150 GPa. The PMMA yield stressds’' =100 MPa [21,25].

5.2. Results

On Figure 5, the composite reduced elastic modigtsrmined by Finite Element simulation
is in good agreement with values obtained by liteeamodels, at both small and high
ratios. It is satisfying because the modulus wésutated only from the basis of

computational data and was not affected by theotiaey model to estimate the contact



depth.

On Figure 6, théa/h ratio determined by Finite Element simulationesnpared with
values calculated with the Loubet model, the Oleved Pharr model, and the Perriot and
Barthel model [3,9,12,13]. These three models wereputed from the contact stiffness,
indentation depth and load extracted from the Eigiement analysis. The/h ratio
calculated with the Loubet and the Oliver and Phavdels are almost independent of the
penetration depth, contrary to thg¢h ratio calculated from the Finite Element simulatio
Froma/t>1.5, thish/h ratio is significantly higher than values obtaineith classical models,
which can explain why the experimental elastic ntasldetermined with CSM method is
overestimated. Moreover, tig/h ratio is higher than 1 from/t>1.5, which means that pile-
up occurs around the indenter as shown in Figuidi8.is confirmed by the residual print
morphology measured with the help of an Atomic Edvicroscope (Figure 9).

Consequently, the contact depth cannot be calcutaeectly with the Oliver and
Pharr model. It can also be observed thatttreratio obtained with the Perriot and Barthel
model is the lower one. This result is not surpgdbecause this model is based on the
assumption that both film and substrate follownaéir isotropic elastic behavior. Note
however that its variation follows the same trehthe Finite Element results.

As the second harmonic method depends also oretivative of the contact depth
with respect to the indentation depth, the varmabbdh/dh versusa/t ratio was plotted in
Figure 7. The same trends are observed. The tbreéaat models fail to compute accurately
dhJ/dh except for lowa/t ratio (typicallya/t<0.4 from the Loubet et al. model). Consequently
the combination of the errors in the computatiohg anddh/dh makes the second
harmonic method more inaccurate than the CSM mathtite case of film/substrate system

for higha/t ratio. More precisely, the ratadt below which the second harmonic method can



be applied is lower than the one correspondingeddSM method as observed on Figures 3
and 4.

All these results show the importance of the carcatculation of the contact depth
for thin film indentation. However, this error ine calculation oh; anddh/dh is not
sufficient to totally explain the difference. Anethphenomenon linked to the dependence of
elastic properties of PMMA to the hydrostatic ptgsscan be considered [26,27]. A Finite
Element simulation of the PMMA/SI indentation wélastic properties of PMMA dependent

on the hydrostatic pressure could be a perspectinglementary to this work.

6. Conclusion

In this paper, the second harmonic method was eghpd thin PMMA layers deposited onto
silicon wafer. To calculate correctly the mechahpraperties, it was necessary to recalculate
the derivative of the contact stiffness with resgedhe displacement in order to account for
the variation of the elastic modulus versus indgmiadepth. This calculation was performed
using the model of Bec et al. [10,11]. Experimeaigblication shows precise properties
measured at small indentation depths with both G8Msecond harmonic methods, with a
better accuracy for second harmonic method atdwatio. At high indentation depth, a
significant difference between experimental and encal results was observed. A Finite
Element investigation coupled with AFM observatainndentation print evidenced that
classical contact models fail to compute accuratethh,/h ratio anddh/dh leading thus to
an overestimation of the mechanical properties.

Finally, one important conclusion of this papethiat both the CSM method and the
second harmonic method are not accurate enougleasure the mechanical properties of
film/substrate system over a large ranga/bfatio using standard contact models. With the
second harmonic method, it is possible to meastaerately the mechanical properties at low

al/t values, where the CSM method is subjected to uanmeasurement uncertainties. On the



contrary, with the CSM method, it is possible tdam accurate results over a larger range of
a/tratio (untila/t=1). The reason why the CSM method fails at langgentation depth may
be linked to the bad estimation of the contact argat can also be related to the possible
hydrostatic pressure dependence of the elastieprep of PMMA when it is confined

between the tip and the silicon substrate. Thisdamt will be considered in a future paper.
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8. Figures

Figure 1. Hardness versah ratio (contact radius/film thickness) for PMMA/Samples,
calculated with the CSM method. Each curve corredpdo the mean value from 10

indentation tests.

Figure 2. Hardness versah ratio (contact radius/film thickness) for PMMA/Samples,
calculated with the second harmonic method. Eackectorresponds to the mean value from

10 indentation tests.

Figure 3. Composite reduced elastic modulus veagustio (contact radius/film thickness)
for PMMA/Si samples calculated with the CSM methigdch curve corresponds to the mean

value from 10 indentation tests. Comparison wittdaotos calculated with literature models.

Figure 4. Composite reduced elastic modulus veagustio (contact radius/film thickness)
for PMMA/Si samples, calculated with the seconthi@ric method. Each curve corresponds
to the mean value from 10 indentation tests. Cosgamwith modulus calculated with

literature models.

Figure 5. Composite reduced elastic modulus vea&ustio (contact radius/film thickness)
for PMMA/Si sample, determined by Finite Elemembgiation. Comparison with modulus

calculated with literature models.



Figure 6.h/h ratio versus/t ratio (contact radius/film thickness) for PMMA/&mple
obtained by F.E. simulation. Comparison betweervéiae calculated from F.E. simulation
andh/h calculated with literature models using the sirtiatadata as input.

Figure 7.dh; /dhversusa/t ratio (contact radius/film thickness) for PMMA/Sample
obtained by F.E. simulation. Comparison betweernvétige obtained with F.E. simulation and

dh/dh calculated with literature models.

Figure 8. Von Mises stress distribution near thetact during indentation on PMMA layer

from EF simulation.

Figure 9. a) AFM image (error mode) of an indeotagrint on a PMMA/Si layer (=982
nm). b) Topography profile along the line.
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Figure 1. Hardness versaA ratio (contact radius/film thickness) for PMMA/&amples,
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10 indentation tests.
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Figure 3. Composite reduced elastic modulus vea#iustio (contact radius/film thickness)
for PMMA/Si samples calculated with the CSM meth&dch curve corresponds to the mean

value from 10 indentation tests. Comparison wittdaotos calculated with literature models.
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literature models.
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Figure 5. Composite reduced elastic modulus veafustio (contact radius/film thickness)
for PMMA/Si sample, determined by Finite Elemembgiation. Comparison with modulus

calculated with literature models.
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Figure 6.h/h ratio versus/t ratio (contact radius/film thickness) for PMMA/S&ample
obtained by F.E. simulation. Comparison betweervéiae calculated from F.E. simulation

andh¢/h calculated with literature models using the sirtialadata as input.
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Figure 7.dh; /dhversusa/t ratio (contact radius/film thickness) for PMMA/Sample
obtained by F.E. simulation. Comparison betweervgiee obtained with F.E. simulation and
dh/dh calculated with literature models.



sv/fus ’ Plastic zone R Ty e
Von Mises
Stress (Mpa)

Min = 0
Max = 198.323

'

X

Figure 8. Von Mises stress distribution near thetact during indentation on PMMA layer
from EF simulation.
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Figure 9. a) AFM image (error mode) of an indeotagrint on a PMMA/Si layer (=982
nm). b) Topography profile along the line.



