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Porous thin films considered for applications like separation, sensing and microelectronic have to sustain

mechanical stresses during their integration process or in working conditions. Thanks to recent progress

in processing methods, it is now possible to precisely control the porosity and combine ordered mesop-

ores with randomly-distributed macropores to achieve hierarchically porous materials. The mechanical

properties of thin films containing different types of porosity (ordered meso, random macro and hierar-

chical) have been investigated by means of nanoindentation. In particular a method recently proposed by

Li and Vlassak (H. Li, J.J. Vlassak, Journal of Materials Research 24 (2009) 1114–1126) is applied to

account for the substrate effect. Residual indent impressions were imaged by Atomic Force Microscopy

(AFM) to provide some insights in the mechanical behavior of the films. In addition, experimental inden-

tation moduli are compared to theoretical predictions obtained via Finite Element (FE) analysis. The dif-

ferent porous structures have been modeled by FE to obtain the effective elastic properties from which

the indentation modulus can be inferred. Finally, the experimental-model differences are discussed.

1. Introduction

There is a growing interest for the processing and characteriza-

tion of porous thin films and membranes. These materials are con-

sidered for a large number of new applications in chemistry,

biology or microelectronic. In particular porous thin films can

achieve ultra low dielectric constant (j) values required for the

interlayer dielectric (ILD) material of the next generations of

microprocessors, by taking advantage of the low dielectric constant

of the air. Several processes, e.g. Plasma Enhanced Chemical Vapor

Deposition (PECVD) or sol–gel processing, as well as several mate-

rials are considered (polymers, SiO2, SiOCH. . .) [1]. However, the

integration of these films reveals to be harder than expected due

to several issues like the penetration of reactive gases and damage

of the material during operations such as chemical mechanical pol-

ishing or packaging [2,3].

Chemistry scientists are developing ways to control precisely

the porosity, providing a wide range of possibilities to act on its

structure. Practically, in sol–gel processing, ordered mesoporous

structures can be achieved using self-assembly surfactant mole-

cules as porogens [4,5]. The existing large variety of surfactants

gives rise to different mesostructures including periodic arrays of

spherical and cylindrical pores [5]. One recent achievement on

the control of the porosity is the development of so-called hierar-

chical porous materials based on a sol–gel processing method that

combines self-assembly molecules to create an ordered mesostruc-

ture (2–50 nm) and a polymer latex to create randomly-distributed

macropores (>50 nm) [4].

The prediction and characterization of porous thin-film

mechanical properties are crucial to improve the processing meth-

ods and optimize the structure of the films. Mechanical character-

ization of very thin films is a challenging task, in particular due to

the influence of the substrate. Among the different existing tech-

niques, the Brillouin Light Scattering (BLS) [6] and laser-acoustic

techniques [7,8] can probe the film only. However, the more versa-

tile and commonly used technique is nanoindentation, also called

depth-sensing indentation. This technique allows the measure-

ment of the modulus and the hardness, and also can provide qual-

itative information on the mechanical behavior via microscopic

imaging of the residual indent marks. However, for indentation

depths superior to one-tenth of the film thickness, the influence

of the substrate cannot be neglected. To account for the substrate

effect in nanoindentation, several methods have been proposed re-

cently. The easiest and more commonly used approach consists in

the computation of the modulus using the classical Oliver–Pharr

(OP) methodology [9,10] for several indentation depths, followed

by an extrapolation to zero indentation depth. The extrapolation

could be more or less sophisticated from linear [6] to exponential

[7]. A semi-empirical model can also be used to fit OP results and
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extrapolate the film modulus [11,12]. However, there is no real

physical basis for any extrapolation function that in some cases

can be ambiguous. More rigorous and elaborated approaches based

on theoretical solutions have been developed by Schwarzer et al.

[13] and by Li and Vlassak [14], in order to account for the sub-

strate effect.

In terms of modeling and prediction of the mechanical proper-

ties, analytical homogenization results developed over the years

for composite materials can serve as guidelines for the design of

porous films [15,16]. However, for complex 3D structures, e.g.

involving ellipsoidal pores due to film shrinkage, precise predic-

tions can only be obtained by Finite Element (FE) modeling. Typi-

cally, a Representative Volume Element (RVE) is chosen for the

FE computation of stresses and strains from which the stiffness

matrix of the given structure can be computed. This approach

was used to quantify the influence of the pore arrangement and

the film shrinkage on the mechanical and dielectric properties of

porous thin films [17].

To our knowledge, comparisons between FE-based theoretical

prediction and experimental evaluation of the mechanical proper-

ties have rarely been conducted. Miyoshi et al. [18] compared their

2D FE model of cylindrical pores to only one nanoindentation mea-

surement. Li et al. conducted a comparison of their nanoindenta-

tion results with FE models, but of random structures only [19].

Experimental-model confrontation is nonetheless an important

step before further modeling and experimentation.

In the present paper, an experimental-FE modeling comparison

of porous thin films elastic properties is presented. Firstly, porous

silica thin films with different structures and densities were char-

acterized by nano-indentation. The results were analyzed using

both the Oliver–Pharr method followed by an extrapolation to zero

indentation depth, and the new Li-Vlassak approach [14]. Sec-

ondly, FE modeling was conducted to get the effective stiffness ma-

trix of the porous material, taking into account the anisotropy due

to process-induced film shrinkage. Then, the indentation modulus

is extracted and compared to its experimental counterpart.

2. Material

2.1. Preparation

Porous SiO2 thin films were elaborated via the ‘‘one-pot” sol–gel

technique [20]. The synthesis conditions for the SiO2 sols were

adapted from previous work by Besson [21] and Lu et al. [22]. Tet-

raethylorthosilicate (TEOS) was used as silica precursor, diluted in

ethanol and hydrolyzed with diluted HCl (pH � 1.25) (molar ratios

TEOS: EtOH: H2O = 1: 3.8: 5). The sol was maintained during 1 h at

60 �C under vigorous magnetic stirring. Then, porogen agents were

added to create two different types of porosity (random macropo-

rosity and ordered mesoporosity), that can be combined. Random

macroporosity was generated by addition of a PolyStyrene (PS) la-

tex (pH � 2.3). The average particle size was determined by Scan-

ning Electron Microscopy to be 137 nm. Triblock copolymers

Pluronic� F68 (EO80PO30EO80 nEO/nPO = 2.66) was used to create

ordered mesoporosity (� 4 nm). It is worth noting that the film ob-

tained from the TEOS sol without any porogen (i.e. the matrix) al-

ready exhibits interconnected microporosity (< 2 nm) [4,23]. Five

different sols were deposited by deep-coating on (100) silicon wa-

fers to obtain the microporous matrix (Micro), two macroporous

films with different porogen contents (Macro1 andMacro2), a mes-

oporous film (Meso) and a hierarchical film containing both macro

and meso pores (Hierarch). The details of the synthesis procedures

and sol composition are reported in Table 1. All the samples under-

went the same thermal treatment in order to obtain the closest

possible consolidation of the matrix that is highly dependant on

the thermal treatment as shown by Chemin et al. [24]. The films

were first exposed to a heating cycle up to 175 �C in order to con-

solidate the matrix. Then, the calcination of the porogens was ob-

tained via a second heating cycle up to 450 �C.

2.2. Structural characterization

2.2.1. Film thickness

The film thicknesses were measured using a SOPRALAB spectro-

scopic ellipsometer. The measurements were conducted after the

nanoindentation tests, allowing us to precisely probe the indented

zone (the ellipsometry measure averages the thickness over a sur-

face of 300 � 400 lm). The thickness values obtained are reported

in Table 2 that summarizes the film structural characterization

results.

2.2.2. Porosity

The relative contributions of the different level of porosity (mi-

cro, meso and macroporosity) were estimated from the nitrogen

adsorption/desorption isotherms [23,20]. The microporosity of

the matrix was evaluated to be approximately 20%. The volume

fraction of micro, meso and macroporosity are reported in Table

2 for each sample.

2.2.3. Morphology

The mesoporosity (meso and hierarch samples) was character-

ized by means of grazing angle 2D X-ray Diffraction (2D-XRD).

The diffraction pattern obtained corresponds to a Face-Centered

Orthorhombic (FCO) lattice resulting from the distortion of a

Body-Centered Cubic (BCC) mesophase of spherical micelles tex-

tured with the [0 1 1] axis perpendicular to the substrate [4,23]

(Fig. 1). The lattice constants extracted from the pattern are aF-

CO = 16 nm, bFCO = 10 nm and cFCO = 23 nm. For more details on

the 2D-XRD analysis the interested reader can refer to the work

done by Yacou [23] and Besson et al. [25].

Table 1

Sols synthesis procedures and final compositions.

Sample Synthesis procedure Final compositiona

Micro t0 TEOS + dilute HCl (pH 1.25) -

t0 + 1h30 + Dilute HCl (pH 2.3)

t0 + 2 h Deposition

Meso t0 TEOS + dilute HCl (pH 1.25) UVol(F68) = 72%

t0 + 1 h + F68

t0 + 1h30 + Dilute HCl (pH 2.3)

t0 + 2 h Deposition

Macro t0 TEOS + dilute HCl (pH 1.25) UVol(PS) = 48% (Macro1)

t0 + 1h30 + PS latex UVol(PS) = 59% (Macro2)

t0 + 2 h Deposition

Hierarch t0 TEOS + dilute HCl (pH 1.25) UVol(F68) = 72%

t0 + 1 h + F68 UVol(PS) = 48%

t0 + 1h30 + PS latex

t0 + 2 h Deposition

a In volume percentage considering only F68 and SiO2 or PS and SiO2.

Table 2

Structural characterization of the porous silica films.

Sample Film thickness (nm) Pore volume fraction Structure

Micro Meso Macro

Micro 279 ± 2 0.20 0 0 –

Meso 593 ± 2 0.10 0.50 0 FCO

Macro1 267 ± 2 0.12 0 0.39 Random

Macro2 278 ± 2 0.10 0 0.50 Random

Hierarch 548 ± 2 0.08 0.38 0.24 FCO + Random
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The FCO lattice constants identified correspond to a shrinkage

e = 56% of the initial BCC structure in the direction perpendicular

to the substrate. The shrinkage is assumed to occur without defor-

mation in the directions parallel to the substrate (i.e. aBCC =

aFCO= 16 nm), in accordance with previous reports on this type of

thin films [23,26]. Scanning Electron Microscope (SEM) and Trans-

mission Electron Microscope (TEM) observations of the hierarch

sample confirm the presence of both ordered mesopores and ran-

domly-distributed macropores (Fig. 2). The images also provide

the size and shape of the macropores that reveal to be oblate ellip-

soids of approximately 50 nm � 100 nm, which corresponds to 50%

shrinkage. This value is consistent with the mesostructure lattice

shrinkage (56%).

3. Experimental

3.1. Methods

3.1.1. Nanoindentation measurements

Nanoindentation tests were conducted on a MTS Nanoindenter

DCM machine equipped with a diamond Berkovitch tip. The Con-

stant Stiffness Measuring (CSM) mode was used to apply an oscil-

lating load. The frequency of the oscillation was 75 Hz and the

amplitude 1 nm. Between four and six independent measurements

were done on each film and averaged. The residual indent marks

were observed on a NanoscopeIII Di AFM in standard tapping

mode. The classical Oliver–Pharr analysis [9,10] is described first,

and then the Li-Vlassak approach [14] used to account for the sub-

strate effect is presented.

3.1.2. Oliver–Pharr (OP) analysis

The classical OP methodology is based on the elastic nature of

the unloading. Under this assumption, the hardness H and the

indentation modulus M can be computed from the load–displace-

ment P-h indentation curve (Fig. 3a) as follow [9,10]:

H ¼ Pmax

A
ð1Þ

M ¼ S
ffiffiffiffi

p
p

2b
ffiffiffi

A
p ð2Þ

Pmax is the maximum load, S = dP/dh the elastic unloading stiff-

ness, A the contact area and b a correction factor equal to 1.034 for

a Berkovitch indenter. The contact area is obtained from the con-

tact depth hc and the tip area function f calibrated by measure-

ments on fused silica (Fig. 3b):

hc ¼ hmax � e
P

S
ð3Þ

A ¼ f ðhcÞ ð4Þ

hmax is the maximum displacement and e a constant equal to

0.75 for a Berkovitch indenter.

The CSM mode allows the continuous computation of the con-

tact stiffness S from the dynamic response of the system [27]

which permits the computation of both M and H as a function of

the indentation depth. When testing soft film on hard substrate

system, M and H increase with h as a consequence of increasing

substrate influence (Fig. 4). One could thus extrapolate the results

to zero indentation depth in order to remove the substrate effect.

Fig. 1. (a) Initial BCC lattice with (0 1 1) parallel to the substrate. (b) FCO lattice of

the film after drying and shrinkage. (0 1 0) is aligned with the substrate.

Fig. 2. Silica film with hierarchical porosity. (a) Edge-on view showing oblate macropores (SEM) and (b) TEM showing macro and mesopores.

Fig. 3. (a) Typical load–displacement indentation curve (b) Contact geometry.
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Linear extrapolation [6] with limited amount of data points or

exponential extrapolation [7,12] are generally used.

3.1.3. Li-Vlassak (LV) analysis

The method recently proposed by Li and Vlassak [14] was also

used to account for the influence of the substrate. This method al-

lows the computation of the film-only indentation modulus Mf,

decorrelated from the substrate influence, while the OP method

compute only the global indentation modulus M that needs to be

extrapolated.

Li and Vlassak have shown that for an elastic contact the rela-

tionship between S and a ¼
ffiffiffiffiffiffiffiffiffi

A=p
p

the contact radius is indepen-

dent of the precise indenter shape and can be theoretically

calculated for a given film/substrate system using Yu’s analytical

work [14,29]. In addition, for an elasto-plastic indentation, the

unloading from a hardness impression can be assimilated to an

elastic contact between a flat surface and an ‘‘effective” indenter

shape, thus allowing the fitting of the experimental and theoretical

relationships between S and a.

However, the numerical resolution of Yu’s solution [28] is time-

consuming and the complete fitting procedure can take several

hours on a conventional personal computer. It appears to us more

advantageous to instead use the closed-form solution for a spher-

ical indenter published by Hsueh and Miranda [29]. This solution,

established using a combined empirical-analytical method, shows

no noticeable difference from Yu’s solution when considering the

S-a relation for soft film on hard substrate.

The LV procedure thus consists in an iterative fitting of two

parameters, Mf and g to match the experimental and theoretical

S-a curves. g is a parameter that quantifies the local thinning of

the film due to non-elastic deformation and allows the determina-

tion of an ‘‘effective” thickness teff that will be used in the compu-

tation of the theoretical S-a relationship:

teff ¼ t � gh ð5Þ

t is the film thickness and h the indentation depth.

The method begins by assuming initial values for Mf and g to

calculate the corresponding experimental contact radius aexp. The

computation of aexp follows OP with the addition of a correction

factor n to account for the substrate effect, and is given by the fol-

lowing implicit equation:

aexp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

p
f ðh� nðaexp;Mf ;gÞe

P

S

r

Þ ð6Þ

n is obtained from Hsueh and Miranda solution for a spherical

indenter having a radius to film thickness ratio R/t equal to 30.

The difference with n computed for a conical indenter using Yu’s

solution is small and the aexp value is nearly unaffected by this

approximation. To remove the indenter tip compliance, the re-

duced stiffness Sr is calculated using aexp:

Sr ¼ ð1
S
� 1

Stip
Þ�1 ð7Þ

Stip ¼ 2aexp
Etip

1� m2tip
ð8Þ

Etip and vtip are the Young’s modulus and the Poisson ratio of the

indenter.

Then, the theoretical S-a relationship is computed from the data

of the problem, i.e. teff, Mf and the elastic properties of the sub-

strate, using the closed-form solution established by Hsueh and

Miranda [29]. The theoretical contact radii atheo corresponding to

each experimental value Sr are deduced from this theoretical S-a

relation and finally a standard optimization algorithm is used to

find Mf and g that minimize the following objective function:

v2 ¼
X

ðaexp � atheoÞ2 ð9Þ

The anisotropic substrate ((100) silicon wafer) was approxi-

mated by an isotropic material with a Young’s modulus equal to

160 GPa (value for polycrystalline silicon [30]). Hsueh and Miranda

closed-form solution is only available for film and substrate with

Poisson ratios of 0.25, i.e. slightly higher than the SiO2 (�0.17

[31]) and Poly-Si (�0.22 [30]) values. However, Poisson ratios of

the film and of the substrate have little influence both on n and

on the results of the fit as shown by Li and Vlassak [14].

In addition to removing the ambiguity of the extrapolation of

OP results, the LV approach also provide the consideration of:

- the influence of the film on the calculation of the contact depth

through the correction factor n,

- the effective thinning of the film through the parameter g.

3.2. Results

3.2.1. Oliver–Pharr

Fig. 5 provides the indentation moduli computed using the OP

method. Due to the extremely low thickness of the films, the sub-

strate influence is significant and the modulus increases rapidly

and in a non-linear manner above a normalized indentation depth

of 0.2. In addition, for indentation depths lower than around 50 nm

the dispersion increases, in particular for the films with macrop-

ores. The particularly high roughness due to the existence of mac-

ropores near the surface likely causes this significant dispersion, as

well as the lack of representativity of the probed volume due to

heterogeneity at this lengthscale. The usable data points for a lin-

ear extrapolation to zero indentation depth are thus limited. It was

chosen to perform the extrapolation of the first four linearly

aligned data points (Fig. 5 and Table 3). This procedure ensures

that the first points are not used and that the extrapolation is

not influenced by the non-linearity appearing at high h/t, which

is confirmed by excellent determination coefficients (Table 3).

The uncertainty given in Table 3 corresponds to the average stan-

dard deviation observed on the data points used for the

extrapolation.

3.2.2. Li-Vlassak

The LV approach was used to analyze the nanoindentation data

in order to account more rigorously for the substrate effect. The LV

method is based on a fit to a theoretical solution of the film/sub-

strate indentation and thus allows the use of all the data points

at high indentation depth. With the advantage of being able to

use large depth data points, it is possible to exclude the points with

Fig. 4. Typical indentation modulus versus displacement curve obtained via CSM

measurement mode.
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indentation depths inferior to 50 nm that exhibit large uncertain-

ties. In addition, at low indentation depth the behavior is purely

elastic during loading, which causes the experimental contact ra-

dius to be improperly evaluated [14]. The data used for the fit have

also been limited at the other end to h/t = 2/3 to avoid delamina-

tion or cracking of the film to influence the analysis [14]. As ob-

served in Fig. 6 and 7 the quality of the fit is very good over all

the data points used. The corresponding LV parameters, Mf and g
are reported in Table 3. Note that LV gives lower indentation mod-

uli than OP for all the films except for the micro one and that the

differences between the two methods are reasonable, ranging from

6 to 23%.

3.2.3. AFM observations

The indent marks have been observed by AFM in order to inves-

tigate the deformation behavior of the films and to validate the ap-

proach used to estimate the contact area (Eq. (6)) within the LV

method. The AFM height images and the profiles of the residual in-

dent impressions are provided in Fig. 8 for themicro andmeso films

and in Fig. 9 for the macro2 and hierarch films. Note that because

the film thicknesses are different (� 600 nm for meso and hierarch

versus �300 nm for the rest of the samples), AFM height images of

300 nm depth indents are reported for meso and hierarch, and

200 nm depth indents formicro andmacro2 in order to compare in-

dents with similar h/t values.

Firstly, in order to check the methodology used to estimate the

contact areas (risks of underestimation in case of pile-up [32]),

these latter have been measured on the AFM images and compared

with the areas estimated from Eq. (6). The threshold technique

used to measure the areas was not applicable tomacro and hierarch

samples because of the significant roughness of their surface. As

observed in Fig. 10, an acceptable agreement with the values esti-

mated by Eq. (6) is observed, thus validating the approach used to

estimate the contact areas.

Secondly, the film mechanical behaviors have been analyzed in

light of the AFM images. It is observed in Figs. 8 and 9 that each

sample exhibits a markedly different behavior:

- the micro film is characterized by a little pile-up and a limited

elastic recovery (final indentation depth/maximum indentation

depth hf/hmax � 0.85),

- the meso film shows a sink-in and a significant elastic recovery

(hf/hmax � 0.55),

- the macro2 film shows no elastic recovery and a completely

pyramidal indent impression with plane facets,

- the hierarch has a behavior similar to the macro2 sample but

with a little elastic recovery (hf/hmax � 0.9).

The micro and meso films have a typical elasto-plastic behavior

while the macro and hierarch films have a typical rigid-plastic

Fig. 5. Indentation modulus vs normalized displacement h/t and linear extrapola-

tion to zero indentation depth. (j) Micro (h) Macro1 (N) Meso (}) Macro2 (d)

Hierarch.

Table 3

Nanoindentation results.

Sample OP linear extrapolation LV fit

Mf (GPa) R2 Mf (GPa) g

Micro 27.9 ± 1.6 0.998 30.7 ± 0.5 0.76

Meso 11.4 ± 0.4 0.997 10.0 ± 0.1 0.97

Macro1 15.3 ± 2.2 0.995 14.2 ± 0.7 0.57

Macro2 10.3 ± 1.2 0.965 8.5 ± 0.4 0.78

Hierarch 8.2 ± 0.2 0.999 6.3 ± 0.2 0.81

Fig. 6. Contact stiffness S versus contact radius. Markers: experimental data points.

Solid lines: fit using LV.

Fig. 7. S/2a versus a/t. Markers: experimental data points. Solid lines: fit using LV.
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behavior [32]. It is believed that this rigid-plastic appearance is a

consequence of an irreversible deformation by brittle collapse of

the macropores [33]. Indeed, this deformation mode forbids any

elastic recovery during unloading. The meso sample has a behavior

typical of an elasto-plastic material with a low Young’s modulus/

yield stress (E/ry) ratio while the micro sample behavior is typical

of a higher E/ry ratio [9,32].

It is worth noting that while being highly porous, the meso film

does not seem to have a brittle behavior, in opposition to the sam-

ples with macropores. These deformation behavior differences are

probably the cause of the notably different hardness behaviors

observed in Fig. 11: after an initial increase, macro and hierarch

samples exhibit a decrease in hardness followed by a plateau

while micro and meso samples show a constantly-increasing hard-

ness consistent with a substrate effect. One interpretation could

be that after a short initial elasto-plastic behavior leading to hard-

ness H � 3ry [34], the brittle pore collapse proceeds within

samples containing macroporosity. During the brittle collapse

H � rcs � ry (rcs being the film compressive strength) [35],

which explains the hardness decrease. In addition, in case of a

brittle pore collapse under the indenter, the elasto-plastic field

will be smaller which limits the substrate influence compared to

a plastic material.

4. Modeling

COMSOL mutliphysics FE software was used to perform the

simulations. The two structures encountered in the films studied,

i.e. pores ordered on a FCO lattice and pores randomly distributed,

were modeled by FE using the concepts of Repeating Unit Cell

(RUC) and Representative Volume Element (RVE) [17,36]. The

whole density range was studied for both structures and the effec-

tive elastic constants were computed from average strains and

stresses. The underlying hypothesis of the FE computation of the

effective mechanical properties is that the matrix properties are

constant. It is important to remind here that the solid mechanics

concepts, in particular the elasticity theory used in the present

FE modeling, are applicable as long as the matrix material can be

assumed homogeneous, i.e. down to the scale where molecular

and atomic heterogeneities do not have to be considered. Conse-

quently, only the influence of the structure (pores shape and

arrangement) is taken into account, regardless of the scale

considered.

4.1. Geometry and boundary conditions

The modeling is done on a RUC for the ordered mesostructure

and on a RVE for the randomly-distributed macropores. Periodic

Boundary Conditions (BC) [37] were used for all the computations.

The ordered structure RUC was created based on the FCO lattice

constants determined by 2D-XRD (see 2.2). The unit cell is a paral-

lelepiped of dimensions a� a
ffiffiffi

2
p

� a
ffiffiffi

2
p

. The pores are oblate ellip-

soids resulting from shrinkage of 56% perpendicular to the

substrate.

Random sequential addition process was used to generate

random closed-spherical-pore structures up to the pore volume

fraction limit reachable using this method, i.e. 0.38 [15]. Higher

pore volume fractions were obtained using the dp3D discrete ele-

ment simulation software [38]. This code can generate random

Fig. 8. AFM observation of (a) micro / 200 nm depth indentation (b) meso / 300 nm depth indentation. Straight dash lines serve to accentuate the profile.
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spheres in equilibrium by densification of an initial distribution

obtained by RSA, using contact laws. Very high sphere stiffness

was chosen and the sphere radius was reduced by 2% before

the meshing step in order to avoid getting contacting pores. The

actual pore structures after shrinkage (50% as deduced from

TEM/SEM imaging) were obtained by homothetic transformation

of these initial structures. The geometries are then free-meshed

with quadratic tetrahedral elements (Fig. 12). In order to have a

valid RVE, the ratio pore radius/side of the volume was kept infe-

rior or equal to 0.15. The validity of the RVE was checked by com-

puting the Young’s modulus for three different structures with

the same density. The relative standard deviation between the

three computations was kept below 2% using periodic BC, which

validates the RVE.

4.2. Simulation and homogenization

The effective compliance matrix [S] is determined assuming an

orthotropic symmetry. Under this hypothesis the Hooke’s law

takes the following form using Voigt notation for [S] [15]:

Fig. 9. AFM observation of (a) macro2 / 200 nm depth indentation (b) hierarch / 300 nm depth indentation. Straight dash lines serve to accentuate the profile.

Fig. 10. AFM and LV contact areas. Plain lines: contact areas estimated by LV (Eq.

(6)). Symbols: contact areas measured on AFM images.

Fig. 11. Hardness vs normalized displacement h/t. (j) Micro (h) Macro1 (N) Meso

(}) Macro2 (d) Hierarch.
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eij and rij are the average strains and stresses.

Uniaxial compressions in the directions 1, 2 and 3 are succes-

sively applied to the RUC/RVE (state of strain I, II, and III, respec-

tively). The corresponding average stresses ð�rijÞI , ð�rijÞII and ð�rijÞIII
are obtained by integration of the FE results, and a system of 6

equations can be built from the Hooke’s law to compute S11, S22,

S33, S12, S13 and S23:

S44, S55 and S66 are obtained from pure shear simulations in the

23, 13 and 12 planes:

S44 ¼ 2e23
r23

; S55 ¼ 2e13
r13

; S66 ¼ 2e12
r12

: ð12Þ

The typical value of the Poisson ratio for SiO2, 0.17, is used [31].

More details on the modeling aspects can be found in a dedicated

article [17].

4.3. Indentation modulus

For an isotropic material, the indentation modulus is a function

of the Young modulus E and the Poisson ratiom [9,10].

M ¼ E

1� m2
ð13Þ

The case of an orthotropic material is more complex and M will

be a weighted average of all the stiffness constants, albeit with

more weight for the indentation direction. Delafargue et al. have

proposed the following approximate closed-form relationships to

calculate the indentation modulus M1 in the direction x1, (x1,x2),

(x1,x3) and (x2,x3) being the three planes of symmetry of the ortho-

tropic material [39]:

M1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M13M12

p

ð14Þ

M13 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C2
31 � C2

13

C33

ð 1

C55

þ 2

C31 þ C13

Þ�1

s

ð15Þ

M12 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C2
21 � C2

12

C22

ð 1

C66

þ 2

C21 þ C12

Þ�1

s

ð16Þ

with C31 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C11C33

p
and C21 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C11C22

p

Cij are the stiffness matrix ([C] = [S]�1) components in Voigt

notation.

5. Experimental-model comparison and discussion

The normalized indentation moduli deduced from the FE analy-

ses are reported in Fig. 13 with the experimental data obtained by

the OP and LVmethods. The experimental indentationmoduli were

normalized by the matrix indentation modulus (micro sample)

ðr11ÞI 0 0 ðr22ÞI ðr33ÞI 0

0 ðr22ÞI ðr33ÞI ðr11ÞI ðr11ÞI ðr22ÞI þ ðr33ÞI
0 ðr22ÞII 0 ðr11ÞII 0 ðr33ÞII

ðr11ÞII 0 ðr33ÞII ðr22ÞII ðr11ÞII þ ðr33ÞII ðr22ÞII
0 0 ðr33ÞIII 0 ðr11ÞIII ðr22ÞIII
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Fig. 13. Normalized indentation modulus M1 vs relative density. Reference for the

normalization and relative density is the microporous matrix. Experimental – FEA

comparison.

Fig. 12. Meshes of (a) RUC of the FCO pore structure and (b) RVE of the randomly-distributed pore structure.
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obtained with the same method (OP or LV). To stay consistent, the

density reported in Fig. 13 is thus the relative density to the matrix

and not to dense SiO2. This normalization by the matrix properties

is more appropriate than by dense SiO2 as an incomplete crosslink-

ing is expected from sol–gel processing, thus leading to walls with

properties deviating from dense SiO2. Precautions in sample prepa-

ration were taken to ensure as much as possible that the SiO2

microporous matrix is similar for all the samples. However, differ-

ences in matrix properties between the samples cannot be com-

pletely ruled out, in particular because of the use of different

types of porogens.

In accordance with an extended FE element study of thin film

porous structures [17], the theoretical elastic responses of FCO

and random pore structures are similar.

Concerning the experimental results, more confidence is placed

in LV results, because the extrapolation of OP results could be

ambiguous. Indeed, in addition to uncertainties due to the use of

low indentation depth data points, the extrapolation uses a very

limited number of points.

In both cases, the experimental values are superior to the theo-

retical ones, which suggests that the films could exhibit significant

densification under the indenter which would cause an overesti-

mation of their modulus [40–42]. Note that Chen et al. [40] con-

cluded that densification has a minor influence because the

densified zone stays small compared to the zone elastically de-

formed, but their study relates to ductile porous materials with

porosity inferior to 0.3. We believe that it is no more the case for

higher porosities, in particular if the material exhibits brittle pore

collapse. Indeed, if deformation occurs by brittle collapse, the zone

deformed is reduced compared to an elasto-plastic field, thus

increasing the influence of the densified zone. LV method does

not account for such an indentation effect, the film indentation

modulus being assumed constant. One way to include this effect

in the analysis of the indentation data would be to use an FE-based

inverse method with a constitutive law accounting for densifica-

tion under a hydrostatic pressure.

For the meso and hierarch films, a nanoconfinement effect could

superimpose and also increase the indentation modulus by

increasing the matrix modulus. Indeed, in thin silica walls, an in-

crease in the concentration of small siloxane rings (three and

four-membered rings) can lead to a significant increase of the

modulus. FCO lattice constants and density of the meso film corre-

spond to wall thicknesses as thin as 1 to 2 nm which is compatible

with the apparition of this nanoconfinement effect [43]. It would

explain the nearly 20% higher indentation modulus measured on

the meso film compared to the macro2 film, while they have the

same density and the FE models do not show any differences be-

tween the two structures.

On a practical point of view, interesting conclusions can be de-

duced from this study. First, the introduction of macroporosity in a

mesoporous film allows the achievement of a highly porous film

(62% of porosity) but leads to a brittle behavior that may be unac-

ceptable for some applications. In addition, at a given porosity, the

ordered mesoporous structure exhibits a higher modulus than the

macroporous structure that could originate in a nanoconfinement

effect in thin silica walls. Consequently, ordered mesoporosity

turns out to be a better choice than random macroporosity as it

combines a more ductile behavior and a higher stiffness.

6. Conclusion

Mesoporous, macroporous and hierarchically porous thin films

were investigated by means of nanoindentation. The mesoporosity

is ordered on a FCO lattice while the macropores are randomly dis-

tributed. The films were very thin and special attention was given

to account for the substrate effect. Two different approaches were

used to obtain the indentation moduli of the films only:

- the extrapolation to zero indentation depth of the moduli

obtained by the Oliver–Pharr analysis for different indentation

depths,

- the use of a recent method proposed Li and Vlassak [14].

More confidence is placed on the results obtained via the LV

method that is based on a fit to the theoretical S-a plot while the

first approach is only an empirical extrapolation.

The analysis of the mechanical behavior of the films, by AFM

imaging of the residual indent marks, shows that the macroporous

and hierarchically porous films have a specific behavior, character-

ized by a very short elastic deformation followed by the brittle col-

lapse of the macropores. Interestingly, the mesoporous film has a

completely opposite behavior with a classical elasto-plastic behav-

ior and a significant elastic recovery.

The theoretical indentation modulus was computed for each

film from FE analysis based on the actual film porous structures.

Even accounting rigorously for the substrate effect with the LV

method, the experimental indentation moduli are superior to the

theoretical ones, which suggests that other phenomena influence

the indentation. A first phenomenon could be the material densifi-

cation under the indenter that would lead to an overestimation of

the modulus. For the mesoporous and hierarchically porous films,

another effect could superimpose: the increase of the matrix mod-

ulus by nanoconfinement effect in silica walls inferior to 2 nm. On

a practical point of view, the ordered mesoporous structure turns

out to be a better choice than the random macroporous one as it

exhibits a higher modulus combined with a more ductile behavior.
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