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composite systems is interpreted using a new numerical approach, the Coated Half-Space Inden-
tation Model of Elastic Response (CHIMER), in order to extract the thicknesses of the upper layer.
Two kinds of coating are investigated. First, chitosan films of known thicknesses between 30 and
200 nm were probed in order to test the model. A second type of samples is produced by oxygen
plasma oxidation of the PDMS substrate, which results in the growth of a relatively homogeneous
oxide layer. The local nature of this protocol enables measurements at long oxidation time, where
the apparition of cracks prevents other kinds of measurements.
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1 Introduction

With the rise of micro and nanotechnology, thin films on a sub-
strate are used increasingly in technological applications. In par-
ticular, the controlled alteration of surfaces has been extensively
studied as a promising tool for the development of new systems.
One famous example is the surface oxidation of polydimethyl-
siloxane (PDMS), which is used to change the wetting and ad-
hesion properties of the surface! and to bond covalently the ma-
terial to another one, as in soft lithography techniques?. The
chemical state of such an altered system has been studied by
many methods, such as contact angle measurement or X-ray spec-
troscopy>~>. Yet, although the mechanical properties of these
submicrometer thin films are of utmost importance — for their sta-
bility and direct use in microfabrication® — the dimensional and
mechanical characterization is difficult due to the influence of the
substrate 78,

In the case of a soft substrate coated or covered with a harder
surface, wrinkling technique has been implemented to investigate
the layer properties like the thickness®11. If a mechanically ex-
panded soft material is coated by a harder material, wrinkles will
form at the surface when the stress is released as the lower layer
shrinks. The wavelength of these wrinkles is directly related to
the ratio of the elastic moduli of the materials and its measure-
ment enables one to deduce the thickness of the top layer. A
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first issue of the method is the soundness of the perfect bilayer
assumption on a quite large scale (compared to the wavelength
of the wrinkles). In the case of oxidized PDMS for example, the
apparition of surface cracks prevents the use of that method for
plasma exposure times larger than ten minutes at 30 W°. A sec-
ond problem is that the wrinkles method cannot be used as a pre-
liminary to another experiment. Indeed, the samples have to be
dedicated to these measurements as they will keep the wrinkles
stigmata.

A alternative non destructive method for the nanoscale inves-
tigation of homogeneous materials is AFM nanoindentation !2 of-
ten coupled to the use of Hertz model!3. In particular, AFM
nanoindentation has been demonstrated to be a valid approach
in the case of thin homogeneous polymer films 1416, During the
last twenty years, it has been also used to study materials prop-
erties for non-planar geometries and various non-homogeneous
systems such as microbubbles!17-20, microcapsules?123, hollow
colloidal particles2+25 nanotubes20, thin virus shell?’, polymer
brushes28-2% and even living cells3%-32, Nevertheless, the com-
posite nature of the materials, either due to their shapes or the
multiplicity of their coumpounds, complicates the interpretation
of these measurements. In that respect, computed elasticities de-
termined from force-indentation curves are only effective values,
that need to be carefully interpreted.

The case of hard coating of a soft substrates has been mainly
study in the fields of flexible electronics33 and biological system
like for cells3*. However those approach rely only on the exis-
tence of an initial regime, when the surface is probed alone, and
a final regime, when the bulk is probed alone. Thus, every pieces
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of information contained in the transition are lost. Hence, an
easy way to interpret this apparent modulus remains the critical
challenge for the AFM nanoindentation reliability.

On theoretical grounds, finite element analysis has proved it-
self to be valid for the investigation of bilayers, coated materials
or membranes, but this method can be awkward and demanding
to implement for experimental purpose>%3°, However, the par-
ticular case of a thin layer material on a thick substrate indented
by an axisymetric indenter is simple enough to be theoretically
approached and compared to experiments. Based on the work
of Li and Chou®7, Perriot and Barthel38 proposed an exact inte-
gral formulation of the problem which can be semi-analytically
solved. In this paper, we reformulated this model as a function of
experimental parameters and call the result Coated Half-space In-
dentation Model of Elastic Response (CHIMER). This model pro-
vides a relation between the geometrical parameters of the system
(tip geometry and film thickness), indentation depth and elastic
moduli of the materials. One can in principle extract the hard
layer thickness from an indentation profile. The advantages of
the method are that dedicated samples are not needed and that
measurements are easy and repeatable after a proper calibration
is performed. Moreover the relevant scale of the measurement is
the nanometer which remains often a limit for the classic imag-
ing methods. Despite all those attractive features, this model has
never been tested experimentally to our knowledge.

In the present work, we demonstrate how to interpret the ef-
fective elastic moduli from force-indentation curves and make use
of that technique for the study of two different bi-layer samples.
The common thread within both systems is a PDMS thick sub-
strate (=~ 10um, Young’s modulus Eppys = 2.6 MPa and Poisson’s
ratio v = 0.5) which is topped with a harder and thin layer. First,
chitosan films of known thicknesses between 30 and 200 nm were
probed in order to test and qualify the model. Chitosan3%40 is a
linear polysaccharide which is used for biomedical application.
Elasticity values of chitosan span a relatively large range in lit-
erature depending on the solvant used for film preparation and
the drying conditions used for making bulk samples. In order to
match our experimental conditions, microindentation has been
performed on bulk sample. The chitosan films were made by spin-
coating parameters and the thicknesses were checked afterhand
by AFM. As a result, the analysis of equivalent elasticities thanks
to CHIMER is shown to retrieve the chitosan thicknesses with a
satisfying precision. In a second part, the properties of plasma
oxidized PDMS (Young’s modulus 1 to 100 GPa and Poisson’s ra-
tio v &~ 0.3) %10 have been investigated by the same CHIMER ap-
proach. In particular, the evolution of the thickness of the oxide
layer upon long exposure times (above ten minutes at 30W) has
been probed. The thickness of the oxidized layer is shown to
evolve as a power law of plasma exposure time. This result ex-
pands previous studies which showed a slower evolution of the
layer, hinting at a hardening of the upper material.

2| Journal Name, [year], [vol.],1-8

2 Theoretical considerations

2.1 AFM nanoindentation of bilayered sample

When performing AFM nanoindentation, an AFM cantilever is
used as a force probe, deflecting itself by interaction with the
surface and indenting the sample if the latter is soft enough. Typ-
ically, AFM nanoindentation provides deflection (D) vs. displace-
ment (z) curves. Indentation (8) is calculated from equation (1):

0 = |z—2z0| = |D— Dol €))

where z and D are the piezo-displacement and the cantilever
deflection respectively and zp and Dy are the piezo-displacement
and the cantilever deflection at the position where the tip-surface
contact occurs, respectively. The loading force F is determined
from the Hookean equation (2) :

F =k(D—Dy) (2)

where k is the spring constant of the AFM cantilever. On ho-
mogeneous materials and in absence of adhesion, Hertz model
— which describes the purely elastic deformation of two spheri-
cal bodies in contact — is commonly used to interpret the elastic
modulus E (Young’s modulus in the case of compressive experi-
ment) from the force-indentation curve. Flat-sphere Hertz contact
model is expressed as follow:

F= gﬂE*63/2 3)

_E
T2

where R is the radius of the tip, F is the applied force, § is
the indentation depth, v is the Poisson ratio of the sample and
E* is the reduced elastic modulus. Usually, the equation 3 to the
power 2/3 is used and the contact point & (origin of 9) is shifted
to improve the fit. This approach is mathematically equivalent
to a fit of both the modulus and the contact point. In this study,
v is set to 0.5 for the 1:10 cross linked PDMS“! and 0.3 for the
chitosan (glassy polymer). Concerning the oxidized PDMS layer,
Poisson ratio is assumed to be 0.3 that is in between 0.5 (Vppus)
and 0.18 (VS[02)42~

*

4

2.2 Coated Half-space Indentation Model of Elastic Re-
sponse (CHIMER)
We consider the case of a semi-infinite substrate covered by a
layer of thickness T of different elastic moduli. The force mea-
sured as a function of mechanical displacement of a material
probed by a well-defined tip can be interpreted in term of an
equivalent modulus E;, i.e. the modulus measured for a given
indentation 6 with Hertz formula (eq. 3) for the system con-
sidered as homogeneous as in figure 1. The three dimensional
nature of such system allows tangential dissipation of the stress
in the two materials, so that if the top layer is infinitely thick all
the effort is released in it and the equivalent modulus amounts to
the reduced modulus Ej, ., of the top layer. On the opposite, if
it is extremely thin, most of the effort is dissipated in the underly-
ing material and the equivalent modulus is the reduced modulus

This journal is © The Royal Society of Chemistry [year]
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(b) Indentation of an equivalent homogeneous material

Fig. 1 Indentation of the real layered system and its equivalent homogeneous system. The latter is defined by an equivalent modulus and a new
contact radius, as the compliance of the surface is different. The latter radius follows the standard Hertzian relation a., = vV'6R

E}; ;. of the bulk underlying material. Hence, the measurement
of an effective modulus is in fact an evaluation of the ratio §/7,
i.e. an interpolation between the two bulk moduli. Those val-
ues can be calculated thanks to a numerical model proposed by
Perriot and Barthel®® which provides E}, and A = /8 (with
SHeri; = @*/R) as a function of a/T. This model is referred to
as a Coated Half-space Indentation Model of Elastic Response
(CHIMER).

The basis of this model is then to introduce a weight function
@ defined as:

E:q = E;;ulk + (D(Es*urface - EZulk) (5)

With the hypothesis of Hertz model (normal displacement
field), Li and Chou3” solved the punctual elastic response func-
tion of a coated half-space system. However, due to the mixed
boundary conditions, the solution could not be integrated for
a real tip geometry. Perriot and Barthel solved this integration
problem by introducing auxiliary fields, turning the problem into
an integral system of equations that can be solved numerically.
This model reproduces the transition of the equivalent modulus
as the ratio between the contact radius a and surface thickness
T evolves (see figure 2) for different tip shapes (e.g. spherical,
conic or flat punch). This is a practical problem as when perform-
ing AFM nanoindentation, the natural experimental parameter is
the indentation 6 and not the real contact radius a. More over
the Hertzian relation between the physical parameter a and ex-
perimental parameter § (ager. = V'OR) does not hold anymore.
In order to make this method practically relevant, the relation
between the correction factor to the contact radius a/ag.., and
the ratio of indentation over thickness § /7 is required. This can
simply be obtained by numerically inverting the Scymer(a) re-
lation provided by CHIMER, as displayed in the inset of figure
2. In practice, for computational efficiency, we adjust a so that
OcHimeR(a) converges to a target Seyperimental- Ultimately, we ob-
tain a relation between the effective modulus and the indentation

This journal is © The Royal Society of Chemistry [year]

depth. If the surface modulus is known, the layer thickness can
be obtained with the knowledge of qu, the tip radius R, and the
corresponding indentation depth 6.

Ratio of Young's moduli E IE
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Fig. 2 Main plot: Simulated transition of the weight function @ for
different modulus mismatches using a spherical probe. Inset: Computed
correction to the Hertzian relation a.,. = v/8R. The original relation
provided by Perriot et al. 38 is § as a function of « and was inverted for
practical purposes.

3 Experimental Section

3.1 Atomic Force Microscopy

We used an AFM Dimension V (Digital Instruments / Veeco-
Bruker , Santa Barbara, CA, USA) mounted with an optical mi-
croscope. All force measurements are performed in air. Particular
attention is paid to cantilever calibration and tip geometry mea-
surement as described in the following section. Three different
AFM cantilevers have been used in order to probe mechanical
properties from 1 MPa to 10 GPa: DNP (Bruker, 0.06-0.7 N m b,
FESPA (Bruker, 1-5 N.m~ 1) and B1-NCHR (Nanotools, 42 N.m~1).
For indentation use, the tip can be viewed as spherical of radius
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precisely characterized using deconvolution algorithms and found
to be in between 10 to 20 nm.

3.2 Sample Preparation

Silicon wafer substrates are cleaned by UV-Ozone, plasma and
acid technique®? to get reproducible wetting and surface state.
Sylgard polydimethylsiloxane is mixed with the furnished cross-
linker with a ratio 10:1 and spin-coated on the substrate at
3000 RPM for one minute with an acceleration on 500 RPM.s*—1.
The samples are then placed on a hot plate at 150 °C for 15 min-
utes to ensure a complete cross-linking of the material.

Oxidized PDMS samples are prepared in a Harrick’s plasma
cleaner. Oxygen is supplied to the chamber where the pressure is
regulated by the equilibrium between the oxygen entrance flow
rate (monitored with a microvalve) and a fixed outflow. The pres-
sure is set to 4.10~! mbar and the plasma is powered on at 29.6 W
for a measured time.

Chitosan from Sigma Aldrich is disolved in chlorhydric acid
(pH = 1). The dissolution process is slow and can be accelerated
by extended sonication. In order to prepare chitosan on PDMS
samples, those are exposed to plasma for one minute to make
the surface hydrophilic. The chitosan solution can then be spin-
coated on the substrate for one minute with an acceleration on
500 RPM.s°—1 and adapted rotational speeds. The samples are
then dried for one hour at 80 °C on a hot plate.

3.3 Thickness control

The thickness of the substrate PDMS layer has been measured to
be 10um +2um with an optical interferometer. As the surface of
oxidized PDMS resembles that of silica*4, the thickness of a spin-
coated layer of chitosan is not expected to change much if the
substrate is clean silicon or oxidized PDMS. Hence, chitosan was
spin-coated on clean silicon wafers with relevant parameters. A
scratch was formed on the film with a razor blade and the thick-
ness of the layer was measured by AFM.

3.4 Calibration of the Cantilever Spring Constant k

Measurement of mechanical response of the cantilever to thermal
noise is used to compute spring constant (Lorentzian fit of the fre-
quency spectrum). The cantilever stiffness calibration procedure
can be describe as follow: force curve on hard surface is per-
formed and the slope of approaching curve is measured to know
the sensitivity of the cantilever. Then thermal tune is made far
from the surface and the frequency spectrum is fitted around the
peak which is at the resonant frequency.

3.5 AFM Tip Geometry

Indirect measurement using deconvolution algorithm has been
used to determine the radii of AFM tips. This procedure can be
considered as reverse imaging. Indeed, it consists in a character-
ization surface imaging with the tip of interest. Blind deconvolu-
tion algorithm#° is applied to this picture and allows to get back
to the tip shape. Deconvolution is computed using Gwyddion soft-
ware (David Necas and Petr Klapetek, Department of Nanotech-
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nology, Czech Metrology Institute). Characterization surface used
for blind deconvolution of our tips consists of pyramidal hard
sharp nanostructures (PA series from Mikromasch, NanoAndMore
GmbH).

4 Results and Discussion

4.1 Curve interpretation

As the effective modulus drops with the indentation depth, the
force is expected to deviate from the §3/2 behavior predicted on
an homogeneous sample. This was observed for hard coatings
on a soft substrate for example by Kaushik et al.*® where two
limiting Hertz-like behaviors are observed corresponding succe-
sively to the probing of the hard coating and then to the soft sub-
strate. In our case, this is illustrated in figure 3. The indentation
of an homogeneous sample displays a F o E*§%/2 behavior while
a coated sample is closer to a linear behavior. This dependency
can be interpreted by using CHIMER simulation. Indeed, we can
provide typical values for Young’s moduli and coating thickness
of our samples to the model. As displayed in figure 4, the relation
obtained predicts that the effective modulus decreases as the in-
verse square-root of indentation. Hence, because F qu(5)83/ 2,
a linear behavior is expected.

The Tabor parameter u of the PDMS is about 40 to 500047 be-
cause of the adhesion extent, giving the Johnson-Kendall-Roberts
model*® as the more appropriate. By contrast, for bilayers the
Young’s modulus is increased, meaning that larger forces must be
applied. Hence, one can believe that such materials behave in a
way such as adhesion can be treated as a perturbation by the lin-
earized Hertz model. A first attempt to interpret the experimental
force curves is then to perform a linearized Hertz fit where the
force curve is fitted to a Hertz function with the elasticity and the
contact point as fit parameters on a limited delta range [0.1 &ax
; 0.7 8uax]. Because of the use of the contact point as a fit pa-
rameter, the adhesive regime as less influence on the fit result on
the indentation range. Hence, a smaller indentation is needed to
reach the elastic regime without noticeable influence of the ad-
hesive regime. The use of this limited range enables one, within
the CHIMER framework, to interpret the fitted elasticity £* as an
average of the bilayer equivalent elasticity £;, () on the fit range.
Such a fit is shown in Figures 3b and 3c.

Within the CHIMER framework and in order to interpret the
fitted moduli, the corresponding average indentations & has to be
properly calculated. The linearized Hertz model is a least square
linear regression of the linear relation obtained with eq. 3 to the
power 2/3. The residual to be minimized is :

0o 2/3 4 23 =:2/3 o\2
=((F"—(3VR) E7) ©)

where (.) is the average on the fit range. Minimizing this expres-
sion for experimental §; uniformly distributed and E;, o 57172,
we obtain:

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Force-indentation curves on homogeneous and bilayered
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Fig. 4 Power dependance of £, as a function of 5. Simulated evolution
of the apparent modulus with a top layer thickness T = 12 nm and radius
of tip R =20 nm. All measurements where performed in the gray zone
where the fitted power (slope) is -0.48.

In order to avoid problems of adhesion and plasticity and to en-
sure a good fit quality (see Fig 3c.), the fit range is taken between
0.1 8yax and 0.7 Opayx, so that the average indentation depth is
8 = 0.58,,4r. One has to note that as the contact point is also fit-
ted in that model, the shift in origin has to be taken into account
when calculating §. Using CHIMER, the couple of values E*,8
can be finally used to recover the thickness of the top layer.

As shown in figures 3b and 3c, a linear fit of the force curve is
of an even better quality, as expected. This can be interpreted by
taking variations of £, directly into account, which leads to the
modified Hertz equation:

F =58 with § = gVRéE:q ®)

where S is now a constant in 6. The S value can be used with
CHIMER to obtain the value of the thickness of the top layer. This
method is all the more attractive that there is no need of calculat-
ing an equivalent indentation. However, one has to note that this
model is completely contact point independent. We will elaborate
on this aspect later.

4.2 Chitosan-coated PDMS elasticity
To test the models, chitosan films are spin-coated on PDMS thick
samples. The thicknesses of chitosan films are previously mea-
sured on silicon wafers as a reference. It has to be noted that
the surface of PDMS shortly exposed to plasma is chemically
close to that of glass or silicon®*, so that the thickness of chi-
tosan films shall only depend of the spin coating parameters.
Microindentation experiments are performed on thick chitosan
film which is dried on a glass slide and bulk elastic modulus
Egyrface of chitosan is found to be 3.04+0.1 GPa. AFM nanoinden-
tation is then performed on chitosan-PDMS samples for different
capping thicknesses. Multiple force-displacement curves are dis-
played in figure 5.

Both approaches detailed in the previous paragraph are imple-
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Fig. 5 Multiple force-displacement curves obtained on chitosan-coated
PDMS. The solid lines are the linearized Hertzian fit realized on each
curve between 10% and 70%
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Fig. 6 Expected and calculated thicknesses of a chitosan layer on
PDMS. Expected values (blue circles) are previously measured on
silicon wafers. CHIMER is used to calculate thicknesses from measured
apparent modulus using linearized Hertz model with indentation 0.5 6,
(red circles) and linear model which does not require indentation (black
squares).

mented and displayed on figure 6 along with the expectations.
The linearized Hertz approach calculations exhibit an excellent
agreement with the expected thicknesses, giving a good confi-
dence in the CHIMER algorithm. Although providing the quali-
tative correct tendency, the linear relation interpretation leads on
the contrary to an overestimation of approximately 70% of the
thicknesses. The differences between the models are summed up
in figure 7.

On homogeneous materials, linearized Hertz model fits both
the elastic modulus and the contact point, thus compensating ex-
perimental effects like adhesion. When indenting a composite
material, those parameters become functions of indentation. In
particular the relevant contact point (the fit-relevant origin of in-
dentation) is only a virtual value which is not related to the actual
physical contact point. When performing linearized Hertz fit on a
narrow range of indentation, we obtain an average elastic modu-

6| Journal Name, [year], [vol.],1-8

lus £* and an average of the virtual instantaneous contact point
8. The linear model takes the variations of E;,(8) into account,
but this model is contact point independent. More precisely, it
assumes the contact point to be the same for each § and well-
defined. In our opinion, the failure of the linear model is a strong
hint that in order to adapt a standard contact model to a com-
posite system, both the mechanical properties and contact point
must evolve during indentation (See figure 7) in order to take
into account effects such as adhesion or long range forces. In
the particular case of adhesion, as the contact area grows slowly
with indentation, the range of indentation on which this effect
holds could be much larger than on homogeneous materials. For
instance, if a first-order development of the contact point with
indentation holds §;7(8) ~ C+ 8, the slope X is biased and be-
comes X = S(1— %a) where S is the slope of equation 8. We plan

to elaborate on such a better model in a next publication.
Homogeneous Bilayer

Linearized Hertz
F o< E4(5— &)

Linearized Hertz Linear Model
Foc E*(§ — &)/ F o< E},(8)5°/
\ Hypothetic Model

F o< E;y(8)(8 — §57(8))*2

Fig. 7 Different routes for the conversion of the Hertzian contact model
on homogeneous material for a use on composite materials indentation
interpretation.

4.3 Plasma oxidized PDMS elasticity

The linearized Hertz method was used to determine the thickness
of an oxidized layer of PDMS for plasma exposure time between
30 s and 90 min at 29.6 W. On figure 8 are displayed the re-
sult with a surface modulus of 1.5 GPa as found in literature®.
The values of thickness at short time matches well values previ-
ously found in literature with wrinkling methods®1°. However,
although Bayley and coll. 19 predicted a logarithmic progression
of the thickness as a function of dose (or time at fixed power), at
long time exposure the oxidized layer thickness exhibits a power
law T o 1903, Apparent modulus larger than 1.5 GPa where found
for exposure larger than 160 kJ which corresponds to 80 minutes
of exposition (not displayed on figure 8). Thus, an increase of
the surface modulus is suspected to occur. In particular, a second
slower reaction could take place, generating another harder layer.
This conjecture is supported by SEM pictures of a slice of PDMS
previously oxidized for a very long time (data not shown). How-
ever, deeper investigation are required to support this assertion
which are beyond the scope of this article.

5 Conclusion

AFM nanoindentation experiments were performed on PDMS soft
substrates covered by two kinds of hard materials: chitosan and
PDMS oxide. The so-called apparent measured modulus of these
composite samples can be interpreted using a new semi-analytical

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 Thickness of oxidized PDMS films using CHIMER.

approach called CHIMER. Two different methods have been used
to obtain the equivalent elasticities which are then interpreted
into CHIMER.

The chitosan layer thickness is measured by other means, so
that the relevance of the models can be put at test. A very good
agreement between measured and expected thicknesses is found
with the linearized Hertz method. On the other hand, the linear
model displays an overestimation of approximately 70% of the
thicknesses. This systematic bias can be imputed to the contact
point independence of this method. This mismatch of the linear
model through CHIMER may be an interesting field of investiga-
tion, especially concerning the necessity to depict a virtual contact
point during multilayer indentation experiments. In the oxidized
PDMS case, the thicknesses are unknown and the nanoscale fea-
ture of this method is used to measure the oxide layer thickness at
longer time scale than possible with other methods. The counter-
intuitive increase of the growth speed hints at a hardening of the
surface material, that is suspected to take origin in the growth of
a second harder layer.

AFM nanoindentation is a very tempting route for the investi-
gation of the properties of thin films or coatings. However, the
influence of the substrate is a major problem that is practically
hard to avoid. The CHIMER approach is a potentially viable op-
tion as it can decorrelate the contribution of the layer from that
of the substrate. For the first time, this model has been practically
tested. Although some aspects of the methods remains to be clar-
ified, we believe its great predictive potential has been proven.
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