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Abstract 

Nanostructuration can bring unique functional properties to optical window surfaces, such 

as superhydrophobic and antireflective capacities. However, their sustainability is conditioned 

by the mechanical resistance of the nanostructures, which can exhibit high aspect ratios to meet 

the military industry requirements in terms of optical transmission. Thus, improving the 

mechanical strength of such surfaces without affecting their functional properties is a key 

challenge. In that respect, this work investigates the protective impact of an annealed alumina 
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thin film on a nanostructured silicon surface with conical shape. First, the elasto-plastic 

properties (Young’s modulus, yield stress and hardening modulus) of the untreated and heat-

treated coating are extracted from nanoindentation experiments on a plane sample using a 

numerical approach. The latter relies on the finite element model updating method from a 2D 

axisymmetric finite element model of a dual nanoindentation test, combing Berkovich and cube 

corner geometries, designed by a methodology based on an a priori identifiability analysis using 

an indicator (I-index) to ensure a good conditioning of the inverse problem. Identification 

results reveal that the heat-treated coating is stiffer and harder, which is in accordance with the 

crystallisation phenomena highlighted by X-ray diffraction measurements. Thereafter, single 

nanostructure microcompression tests are implemented, and the obtained mechanical responses 

clearly illustrate the protective effect of the coating and emphasise different solicitation 

regimes. Simulations of microcompression tests using 2D axisymmetric and 3D finite element 

models which integrate the previously identified parameters on plane sample allow to 

corroborate some of the experimental observations. Lastly, two uncertain and yet essential 

nanostructure geometric parameters for accurate simulations, are retrieved using the numerical 

methodology applied on plane sample and validated by comparing identified values with post-

mortem microscopic observation of a tested nanocone. It is thus shown that well-designed 

nanoindentation experiments, using a priori identifiability analysis, allow to identify with 

confidence reliable constitutive material parameters which can be used to describe the 

mechanical behaviour of a coated nanostructure. This methodology undeniably simplifies the 

design and optimization of coated nanostructures by avoiding too many unnecessary cleanroom 

manufacturing steps. 

Keywords: Nanoindentation, Microcompression, Nanostructures, Inverse analysis, Thin 

film 

1. Introduction 

Nanostructuration of surfaces and coatings can confer impressive physical properties to 

materials for various applications in search for efficiency and innovative functionality, such as 

gas self-transportation [1], passive or active smart functionalization [2], sensing and corrosion 

inhibition [3] and superhydrophobicity [4–7]. 

In the scope of optical materials, surface nano-patterning can give remarkable antireflective, 

superhydrophobic, self-cleaning and antifogging properties to optical windows by mimicking 
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behaviours and properties that nature provides [8–12]. Indeed, nanometric-scale rugosity with 

specific geometry can be found on the surface of some insects. The eyes of some moth species 

present structures of about 100 nm which minimise the reflexion of their eyes while they are 

inactive the day, protecting them against predators [13,14]. The wings of some butterfly species 

also exhibit submicrometric texture conferring high transparency and protection by mimicry 

[15–18]. Cicada wings with similar rugosity are also known to show antifogging and self-

cleaning capabilities [8,9,19,20]. 

Inspired by these natural surfaces, nanostructures with different shapes (pillar, cone) can be 

fabricated and bring both antireflection and superhydrophobic properties making them 

particularly interesting for multifunctional optical systems [21–27]. However, these two 

characteristics are generally met for nanopillars of conical shape with very high shape ratio 

[9,19,28–30]. However the sustainability of these nanostructured surfaces and their properties 

is conditioned to a key aspect: their mechanical resistance [31], as such optical systems may be 

subjected to harsh environment in defence applications like sand and rain erosion. The few 

existing studies covering the mechanical resistance of nanostructured materials in harsh 

environment have reported erosion resistant-capability of hydrophobic surfaces fabricated on 

the bulk material [32], and the superiority of a direct material structuration compared to 

antireflective coatings in terms of losses of optical transmission after sand-erosion tests [33,34]. 

However, these losses are still significant, and associated with visible damage on the surface, 

which arguably affects the superhydrophobic properties. In fact, these very high aspect ratio 

structures exhibit generally a very brittle behaviour and increasing their mechanical resistance 

without overly affecting their optical and hydrophobic properties is a crucial issue. 

Among the different solutions, the deposition of a thin protective film constitutes a serious 

track to protect optical materials [35,36]. The alternative studied in this work is essentially 

based on a patent of invention which relates the uniform and conform deposition of an alumina 

thin film by Atomic Layer Deposition on a silicon nanostructured optical window with high 

aspect ratio and exhibiting superhydrophobic and antireflective functions [37]. The choice of 

an alumina coating is justified by its propensity to crystallize and harden with high temperature 

heat treatments. This technical response however opens the way to new questioning. The first 

one is the need to use a numerical optimisation process, through a numerical twin, to lead to an 

optimal shape of the nanostructure, an optimal lattice (grid), and an optimal film thickness, 

because such optimisation by round trips in clean room appears to be too much time consuming 
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and expensive. The second concerns the evaluation of the protective power of such kind of 

coating. If impact test can be experimentally performed [33,34], it seems very difficult to 

envisage numerically, because of the large variability of such kind of test. In fact, taking into 

account the calculation time of a single impact test, the impact speed, the shape and nature of 

the shocking particle appears as so many parameters for which it is unreasonable to cover the 

whole space of possibilities. Single nanostructure testing may appear more realistic numerically 

but more complicated experimentally. And finally, would it be possible to find an equivalent 

mechanical test easier to implement experimentally but also numerically in order to reliably 

determine the true mechanical properties of such coated nanostructures. 

In this paper, hexagonal gridded silicon nanostructures coated with alumina are studied. 

Nanostructure fabrication but also Atomic Layer Deposition (ALD) process are firstly 

described. Then, when it comes to determine mechanical properties of coatings and micro or 

nanostructures, instrumented nanoindentation is generally naturally evoked and required. 

Indeed, the coating mechanical response is determined when deposited on a planar silicon wafer 

but also on a nanostructured sample. In order to rely on the different mechanical responses to 

the constitutive material properties and to the nanostructure geometrical parameters, finite 

element models of the different tests are built. To use reliable values of the previously cited 

parameters in different mechanical tests, a robust inverse method is built based on a 

identifiability index previously presented in [38,39]. The constitutive and morphological 

parameters estimated, the robustness of this method is finally validated by comparing identified 

and experimental nanostructure geometry. 
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2. Materials and method 

This section presents the fabrication processes leading to a coated nanostructured silicon 

optical window with conical pillars and the mechanical probing of the fabricated samples. 

2.1. Sample fabrication and characterization 

Nanostructuration processes are presented in this subsection, as well as the thin film 

deposition and its subsequent annealing, and lastly the conditions of microscopic 

characterization of the fabricated samples. 

2.1.1. Nanostructuration 

The fabrication of nanostructured surfaces has been achieved on an oriented (100) silicon 

substrate, which involves two main processes: the definition of the patterns on the substrate by 

UV-assisted NanoImprint Lithography (UV-NIL), and the selective etching onto the substrate 

by Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE) to obtain conical structures. 

As shown on Fig. 1, UV-NIL allows to replicate in one step sub-micrometric patterns (silicon 

dots) on the silicon substrate surface. In this present work, this process uses specifically the 

deposition of two commercial resins, and the UV-NIL is applied on the first resin to create the 

patterns (Fig. 1a). Then, the second resin is opened with an adapted developer as shown on Fig. 

1b. Then, ICP-RIE allows to etch with an anisotropic manner the silicon dots to obtain the final 

conical shape as shown on Fig. 1c. 
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Fig. 1. Scanning Electron Microscope (SEM) images obtain at different steps of 

fabrication of the nanostructures: (a) after the nanoimprint lithography, (b) after removing 

the resin and (c) after the selective etching conducted by ICP-RIE. A transversal view of the 

obtained nano-cones is shown on (d). No scale is provided for confidentiality reasons. 

Fig. 1d shows a transversal view of the obtained nanostructures. The majority of them exhibit 

the desired conical shape. Cones appear to be truncated at different heights. Three main 

parameters are necessary to fully describe the geometry of a single pillar: the distance, 𝑑, 

between two pillars, the height, ℎ𝑐𝑜𝑛𝑒, of the pillar without any truncation and the altitude, 𝑧, 

of truncation, that also determine the radius, 𝑟, of truncation. If the distance 𝑑 is well known, 

ℎ𝑐𝑜𝑛𝑒 and above all 𝑧 are complicated to assess and can be different for each pillar composing 

the entire surface. 

2.1.2. Thin film deposition and annealing  

Amorphous alumina (Al2O3) thin film has been deposited on nanostructured samples at 

200°C by plasma enhanced atomic layer deposition with TriMethylAluminium Al(CH3)3 
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(TMA) precursor and O2 gas with a targeted thickness of 200 nm, confirmed by ellipsometry. 

Prior to deposition, Si nanostructured substrates have been cleaned into diluted hydrofluoric 

acid (HF 1:5) to remove the native SiO2 layer. After the HF cleaning, ellipsometry 

measurements show that a native oxide layer of around 0.5 nm still remains on the surface. This 

cleaning procedure is required to avoid the blistering of the alumina coating during the 

subsequent annealing due to hydrogen degassing trapped in the impure native oxide layer. 

However, this phenomenon has been observed in several samples, despite HF cleaning, due to 

the rapid regrowth of the native oxide during sample handling. Furthermore, it also shows that 

the alumina layer does not sufficiently adhere to the substrate. Thus, the growth of a thermal 

silica layer formed by oxidation of silicon before Al2O3 deposition has been conducted, as it 

has been shown in literature that this interlayer increases the adherence of alumina coatings on 

silicon and avoid blistering [40,41]. This layer has been grown by rapid thermal annealing at 

1000°C during 3min in O2 gaseous atmosphere, conditions for which the obtained thickness is 

estimated around 30 nm by ellipsometry. The surface morphology characterisation of Al2O3 

film on silicon nanostructures has been performed by Scanning Electron Microscopy (Fig. 2a) 

and show excellent conformity and large-area uniformity (Fig. 2b). After the deposition 

process, nanostructured samples have undergone heat treatments (HT) at 900, 1000 and 1100°C 

during 90 seconds in a neutral N2 atmosphere. Such deposition and heat treatments has been 

also realised on silicon substrate without nanostructure. An additional study of the 

crystallization behaviour of the alumina coating has been conducted by X-ray diffraction and 

presented in Appendix. 

 

Fig. 2. SEM images of the nanostructures obtained after the AL2O3 deposition. (a) Plane 

view and (b) cross sectional view. No scale is provided for confidentiality reasons. 
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2.1.3. Microscopic characterization 

Scanning Electron Microscope (SEM) observations and Focused Ion Beam (FIB) cross 

sections have been realised on nanostructured samples to obtain experimental post-mortem 

imprints of individual cones. A Zeiss Sigma HD microscope, associated with a FIB column 

positioned at 54° from the electron column has been used for this purpose. 

2.2. Mechanical probing 

This subsection presents the experimental conditions of the performed nanoindentation tests, 

and an analytical analysis method applied on force-displacement (𝑃 − ℎ) outputs which gives 

a first estimation of the elastic properties of the coating. Lastly, the microcompression testing 

on nanostructured sample is detailed. 

2.2.1. Nanoindentation tests on plane sample and analytical analysis method 

Nanoindentation has been performed using an Anton Paar ultra-nanoindenter (UNHT). A 

Berkovich (B) and a cube corner (CC) tip shapes have been used. Berkovich projected contact 

area shape function has been calibrated using fused silica. Hardness 𝐻𝐼𝑇 and apparent elastic 

modulus 𝐸𝑎𝑝𝑝 have been extracted using the Oliver and Pharr method [47] assuming 0.3 

Poisson’s ratio, written respectively as: 

 𝐻𝐼𝑇 =
𝑃𝑚𝑎𝑥

𝐴𝑐
, (1) 

with 𝑃𝑚𝑎𝑥 the maximum indentation depth and 𝐴𝑐 the projected contact at maximum load, and: 

 
1

𝐸𝑎𝑝𝑝
=

1

𝑀𝑐
+

1 − 𝜈𝑖
2

𝐸𝑖
 with 

1

𝑀𝑐
=

1 − 𝜈𝑐
2

𝐸𝑐
, (2) 

where 𝑀𝑐, the equivalent reduced modulus and the physical quantity measured by 

nanoindentation, drives the elastic contribution of the composite system film+substrate, 

(𝐸𝑐, 𝜈𝑐). The equivalent Young’s modulus and Poisson’s ratio (𝐸𝑖, 𝜈𝑖) are the mechanical 

properties of the indenter (1141 GPa and 0.07 for diamond). 
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Berkovich indentations have been performed at a constant 𝑃̇/𝑃, where 𝑃 is the force applied 

on the indenter, superimposing a small sinusoidal signal (Continuous Stiffness Measurement 

CSM) in order to measure the evolution of the mechanical properties, hardness and elastic 

modulus, as a function of penetration depth [48,49]. 

Berkovich and cube corner indentations have been also performed in depth-controlled mode 

in order to feed the inverse analysis. The full protocol is described elsewhere [50]. 

2.2.2. Analytical analysis method 

In order to firstly evaluate intrinsic elastic modulus of the thin film analytically, a model 

based on King’s and Bec’s assumptions [51,52] has been applied on CSM measurements. 𝑀𝑐 

from equation (2) can be expressed as a function of the elastic properties of the film 𝑀𝑓(𝐸𝑓, 𝜈𝑓) 

and the substrate 𝑀𝑠(𝐸𝑠, 𝜈𝑠): 

 
1

𝑀𝑐
= (1 − 𝜙)

1

𝑀𝑓
+ 𝜙

1

𝑀𝑠
with 

1

𝑀𝑓
=

1 − 𝜈𝑓
2

𝐸𝑓
and 

1

𝑀𝑠
=

1 − 𝜈𝑠
2

𝐸𝑠
 (3) 

where 𝜙 is a function describing the weight of 𝑀𝑠 in the evaluation of the composite modulus 

𝑀𝑐. 𝜙 should tend to 1 when the penetration depth ℎ tends to 0, and to 0 when the penetration 

depth tends to infinity. For this reason, Gao et al. [53] used an exponential model which allows 

to account for the majority of length scale independent experimental cases. 𝜙 can be written as: 

 𝜙 = exp [−𝐴 (
𝑡

𝑎𝑐
)

𝐵

] (4) 

where 𝑡 is the thickness of the layer and 𝑎𝑐 is the equivalent contact radius between the indenter 

and the sample. 𝐴 and 𝐵 can be adjusted numerically to best fit experimental measurements. 

The means of these parameters remains very complicated as it depends both on the experimental 

conditions, other material’s parameters such as film and substrate yield stress and hardening, 

and interface conditions between film and substrate. 

2.2.3. Microcompression tests on nanostructured sample 

The nanostructured surfaces have been indented using a flat-ended conical indenter with a 

radius of 900 nm in order to probe them individually. Such kind of test are in the following 
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designated as microcompression test. Microcompression tests have been performed on nude 

and covered nanostructured sample exhibiting the 30 nm thick silica interlayer. 

3. Numerical analysis method 

This section concerns the presentation of the finite element models used to simulate the 

mechanical response of coated planar and nanostructured substrates solicited respectively in 

nanoindentation and microcompression. 

3.1. Finite element modelling 

Nanoindentation and microcompression tests have ben modelled using ANSYS Mechanical 

APDL software. The finite element models used to describe Berkovich and cube corner 

indentations of samples without nanostructures are described elsewhere [38,50]. For calculation 

time reasons, two different equivalent 2D axisymmetric models using conical indenters having 

respectively a 70.3° and 42.3° equivalent half angle have been used. The 2D equivalent conical 

representation of Berkovich and cube corner indenters are shown in Fig. 3a and b. 

The nanostructured samples have been modelled in 2 and 3 dimensions. On Fig. 3c and d, 

one can appreciate the three geometrical parameters used to described geometrically a single 

nanocone, namely the distance 𝑑 between two nanocones, the height ℎ𝑐𝑜𝑛𝑒 of the nanocone 

before truncation, and 𝑟 the radius of truncation of the nanocone. The 2D axisymmetric model 

can be uniquely used to describe the mechanical behaviour of a single nanostructure, the 

hexagonal structure cannot be described axisymmetrically. This model is intended to be 

included in a Finite Element Model Updating process, addressed in section 3.3, as well as the 

2D model mentioned above used to describe the indentation of samples without nanostructure. 

The 3D model takes into account the compressed single nanostructure and its first neighbours, 

i.e. six nanostructures distributed along an hexagonal lattice structure. 
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Fig. 3. Schematic illustration of the modelled samples solicited in nanoindentation and 

microcompression. (a) Comparison between a thin film indentation with a Berkovich and (b) 

a cube corner equivalent cone. (c) Comparison between a half truncated nanocone and (d) a 

half entire nanocone. ℎ𝑐𝑜𝑛𝑒 is the height of the cone, 𝑧 the altitude of truncation and 𝑟 the radius 

of truncation. 𝑑 is the distance between two adjacent cones. 

Fig. 4 shows the 2D axisymmetric model. Four nodded elements with a linear interpolation 

have been used to mesh the single coated nanostructure. The substrate, far from the pillar, is 

modelled with six nodded triangle elements with a quadratic interpolation (PLANE183). The 

model includes the silicon nanostructure (light grey), the 200 nm alumina layer (yellow), and 

the 30 nm silica inter-layer (green). The diamond truncated conical indenter (grey) is meshed 

with six nodded triangle elements with a quadratic interpolation. The typical size of the element 

just under the contact zone is 10 nm. 
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Fig. 4. 2D axisymmetric finite element model of the microcompression of a single 

nanostructure with a truncated cone. (a) Complete model showing the conical indenter and 

the layered single pillar. (b) Magnification of the pillar where the Al2O3 film (yellow), the thin 

oxide layer (green), the substrate (light grey) and the diamond indenter (grey) can be 

distinguished. 

Fig. 5 shows the 3D model presenting the single nanostructure and its six neighbours 

distributed following a hexagonal structure. Tetragonal elements having 10 nodes and using a 

quadratic interpolation have been used (SOLID187). This model includes only the silicon 

nanostructure and the 200 nm alumina layer. The diamond truncated conical indenter is also 

meshed with the same type of element. This 3D model allows to take into account the tilt 

between the indenter and the surrounding nanostructures. The typical size of the element just 

under the contact zone is 30 nm. 
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Fig. 5. 3D finite element model of the microcompression test of a single nanostructure and 

its first neighbours. (a) Mesh of the initial truncated conical silicon nanostructure and (b) 

complete 3D model showing the tilted conical indenter (grey), the protective Al2O3 layer 

(yellow) and the silicon substrate (light grey). 

For both model the contact is ensured by an augmented Lagrangian algorithm for normal 

contact and a penalty algorithm for the tangential contact, called “normal Lagrangian” in 

ANSYS. A friction coefficient of 0.2 has been used. For both models, all the degrees of freedom 
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of the upper side of the indenter are coupled, and those of all the nodes of the underside are 

blocked. 

3.2. Materials behaviour 

The mechanical behaviour of each material constitutive of the composite system film - 

substrate can be modelled by a bilinear elasto-plastic law. The complete description of this law 

used in the finite element models can be found in our previous work [38]. In the case of a 

uniaxial tensile test, the elasto-plastic law can be written as: 

 𝜎 = 𝐸𝜀             for    𝜎 < 𝜎𝑦, (5) 

 𝜎 =
𝐸𝐻

𝐸 + 𝐻
𝜀    for    𝜎 ≥ 𝜎𝑦 (6) 

where 𝜎 is the Cauchy tensile stress and 𝜀 is the logarithmic tensile strain. Table 1 summarises 

the parameters controlling this law. 

 E (GPa) 𝜈 𝜎𝑦 (GPa) H (GPa) 

Behaviour Elasticity Plasticity 

Silicon substrate [54–56] 173 0.21 Id 0 (perfectly plastic) 

SiO2 oxide layer [57] 72 0.17 6.4 0 

Al2O3 film Id 0.30 Id Id 

Diamond tip [47] 1141 0.07 ∅ 

Table 1. Elasto-plastic parameters driving the materials behaviour law in the finite 

element models. E is the Young’s modulus, 𝜈 the Poisson’s ratio, 𝜎𝑦 the initial yield stress and 

𝐻 is the hardening modulus. “Id” means that the value of this parameters will be determined 

from the inverse procedure proposed by Fauvel et al. [38]. 

3.3. FEMU method guided by identifiability index 

The Finite Element Model Updating (FEMU) method guided by an a priori identifiability 

index (I-index) has been used in order to assess to the unknow values of the mechanical material 

parameters (E, 𝜎𝑦 and H) of the film. The I-index and its calculation is fully described in [38]. 

Using a set of plausible parameters, the I-index enables, on one hand, to detect whether the 

inverse problem is ill-posed before attempting its resolution and, on the other hand, provides 

guidelines for designing the experiments to be carried out in order to well-posed it. By means 



 

 15/33 

of a dimensionless operator based on the numerical sensibility of the 𝑃 − ℎ curves to material 

parameters computed with an initial set of plausible parameters, the I-index quantifies the 

stability of this potential solution and thus the well-posedness of the inverse problem [58]. 

Roughly, having a I-index inferior to 2 ensures that the identification protocol is robust [59]. 

The robustness of this methodology has been widely proven in the last ten years and has shown 

its full potential to identify material parameters of viscoelastic and viscoplastic laws with work 

hardening in the case of bulk materials [50,60] and thin films [38]. Particularly, for thin film 

materials, it has been shown that the use of two indenter tips, respectively a Berkovich and a 

cube corner, can be used to identify with confidence both one elastic and two plastic parameters 

of the film (I-index=1.9) [38,39] 

The FEMU method is based on the calculation of a cost function that characterises the gap 

between experimental data and numerical simulation. The minimisation of this cost function is 

ensured by a variant of the Levenberg-Marquardt algorithm implemented in MIC2M software 

[61]. 

4. Mechanical properties extracted from planed samples using 

nanoindentation curves 

This section focuses on experiments conducted on planar samples. The elastic modulus and 

hardness of the coating, before and after heat treatment, are firstly estimated by applying the 

analytical analysis method presented in section 2.2.1. Thereafter, the use of an inverse analysis 

of a numerical model of nanoindentation tests have allowed to extract not only the elastic 

modulus but also the two intrinsic parameters describing the plasticity of the film, according to 

the bilinear elasto-plastic law presented in section 3.2, i.e. the initial yield stress 𝜎𝑦 and the 

hardening modulus 𝐻. Indeed, extracting reliably these intrinsic properties is essential to 

correctly simulate the mechanical response of coated nanostructures solicited in 

microcompression. 

4.1. Elastic modulus and hardness using analytical method 

Fig. 6 present the results obtained by Berkovich instrumented indentation on a silicon 

substrate and Al2O3 thin films having a thickness of 100 nm. The force-displacement curves 

obtained on a nude and coated substrate are very similar. The evolution of the hardness and 
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elastic modulus given by the CSM method is however more meaningful. During the first stage 

of penetration, below 50 nm, the measured hardness is clearly lower for the coating than for the 

silicon. Concerning the elastic modulus, it is not trivial. For penetration depth under 20 nm the 

modulus of the silicon and the coating are in the same order of magnitude, given the 

experimental uncertainties. For greater penetration depth the elastic modulus of the coating 

appears to be always slightly higher than the one of the silicon. This difference appears to be 

significant and cannot be attributed to the difference of Poisson’s ratio as the one of the coating 

is 0.3 and the one of the substrate is 0.21. Equations (2) and (3) have been used to extract the 

indentation elastic modulus of the film 𝑀𝑓 considering an indentation elastic modulus 𝑀𝑠 of 

180 GPa for the substrate (𝐸𝑠 = 173 GPa, 𝜈𝑠 = 0.21). The result obtained using the analytical 

model differs from the experimental observation made above as the reduced elastic moduli 

deduced from equation is 160 GPa for the film, i.e. slightly under the one of the substrate. Given 

the considered thickness of the film, these values are mainly influenced by the first 25 nm of 

penetration depth. However, it is also in this range of depth that the main experimental 

uncertainties, like surface roughness and CSM control, are influent. Roughness and 

uncertainties on the CSM signal conduct to an underestimation of the stiffness of the material 

[62–64], that could explain the low reduced modulus obtained for the coating. Furthermore, 

these same effects are those that lead to an underestimation of the indentation elastic modulus 

of the silicon, deduced also from equations (2) and (3), evaluated at 168 GPa, instead of the 

classical 180 GPa generally reported and measured for higher depths [65]. 

Fig. 6 also present the results obtained for the heat-treated sample. Their interpretation is 

simpler as both hardness and elastic modulus exhibit a clear tendency to decrease with 

increasing the penetration depth. The values of the extracted indentation modulus, between 258 

and 270 GPa following the heat-treatment, are clearly higher than the one of the as-deposited 

coating. However, there is no clear effect of the temperature as the 𝑃 − ℎ curves and the 

evolution of the indentation elastic modulus and the hardness are almost indistinguishable. The 

heat treatment has a clear hardening and stiffening effect, which is in line with the crystallisation 

process observed by XRD and evocated in Appendix. 
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Fig. 6. Experimental responses of Berkovich instrumented indentations on a silicon 

substrate and 100 nm Al2O3 thin films as-coated and annealed at different temperatures. 

(a) Load-displacement curves. (b) Apparent elastic modulus 𝐸𝑎𝑝𝑝 versus indentation depth ℎ 

and (c) hardness 𝐻𝐼𝑇 as a function of indentation depth, both obtained using the analytical 

analysis method presented in section 2.4.1. The plotted curves and associated error bars 

represent an average of 5 tests for each sample. 

4.2. Elastoplastic material properties using FEMU method 

An inverse analysis has been performed considering both Berkovich and cube corner 

indentation responses. The main result of this identification procedure for samples without post-

deposition heat treatment is presented in [38]. It is demonstrated that the good way to identify 

the true mechanical properties of the film shall take into account also the yield stress of the 

silicon substrate. Thus, four thermomechanical parameters are determined from the Berkovich 

and cube corner composite responses of the film/substrate system: three for the elastoplasticity 

of the film (Young modulus 𝐸, initial yield stress 𝜎𝑦 and hardening modulus 𝐻) and one for the 

plasticity of the substrate (initial yield stress 𝜎𝑦𝑠). This procedure is repeated for the heat-treated 

samples. The results are shown in Fig. 7 and summarized in Table 2. Experimental and 

simulated 𝑃 − ℎ curves exhibit a good adequation. Associated with an identifiability index of 

2, the identification procedure can be considered as robust. Indeed, analysing the values given 

in Table 2, the following results can be underlined. First, the elastic modulus of the coating 
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before HT is slightly higher than the one of the substrate as suspected in the previous part. 

Secondly, as hoped, the heat treatment leads to a significant increase of 550% of the yield stress, 

and a slight increase of 27% of the Young’s modulus of the coating, making it much harder and 

stiffer, thus fully playing its protective role. These increases can be distinguished in Fig. 7b and 

c by comparing simulated 𝑃 − ℎ curves with the obtained parameters for as-coated (black 

curve) and heat-treated alumina film. The increase of the yield stress is associated to a decrease 

of the hardening modulus which is in accordance with a more brittle behaviour associated with 

the transition from amorphous to monoclinic phase shown in Appendix. Also, this 

crystallization could explain the slight gap between experimental and simulated 𝑃 − ℎ curves 

for the 900°C and 1000°C heat treatment, mostly distinguishable for the cube corner test, as 

this phenomenon is not considered in the FEM. It should be noted that the material parameters 

obtained for the two heat treatments are nearly the same, which is concordant in view of the 

nearly similar load-displacement curves obtained for the three temperatures. It also validates 

yet again the robustness of the identification method in terms of unicity and stability of the 

inverse problem solution. 

 

Fig. 7. Experimental and simulated 𝑷 − 𝒉 curves obtained after identification. (a) Results 

for as-coated sample, (b) for heat treated samples at 900°C and (c) 1000°C. The simulated 𝑃 −

ℎ curve after identification for the as-coated sample is reported in (b) and (c). 

 E (GPa) 𝜎𝑦 (GPa) H (GPa) 

Behaviour Elasticity Plasticity 

Si substrate 173 (fixed) 6.4 0 (fixed) 

Al2O3 as deposited 211 2.0 22 

Al2O3 with HT 268 13.0 16 
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Table 2. Material parameters values of the film and the substrate identified from the inverse 

procedure proposed by Fauvel et al. [38] .The material values for the heat-treated samples are 

also shown here. 

4.3. On the difference in elastic modulus values estimated analytically and numerically 

Elastic properties of the film have been estimated using both numerical and analytical 

methods. However, the difference between the obtained values of elastic modulus 𝐸𝑓 is non-

negligible, notably for the as-coated sample, as shown in Table 3. 

The analytical method consists in fitting CSM experimental curves according to Equation 

(3) and (4) by adjusting 𝑀𝑓 and 𝜙. The variation of these variables mainly influences the 

beginning of the curve, i.e. before the asymptotic behavior (Fig. 6). Experimental uncertainties 

prevail in the first 25 nm of penetration depth, as mentioned in section 4.1, caused by surface 

roughness, CSM control, as well as tip bluntness which is not taken into account in this method. 

Hence, these factors can explain the underestimation of the modulus value compared to the one 

estimated from the numerical method. 

Moreover, CSM control can generate significant errors in the measured properties, as 

evidenced by Pharr et al. [62], especially for materials with high modulus-to-hardness ratios. 

Considering elastic modulus and initial yield stress values estimated from the numerical method 

(Table 2), which have been shown to be the most reliable, the as-coated film exhibits 𝐸/𝜎𝑦 =

106 against 𝐸/𝜎𝑦 = 21 after heat-treatment. Therefore, errors induced by CSM control greatly 

influence the estimated elastic modulus of as-coated film in comparison with the one of heat-

treated film, which may explain the lower difference between analytical and numerical modulus 

values for heat-treated samples. In sum, such kind of analytical model for the estimation of 

elastic properties of thin films should be used carefully. 

 Analytical Numerical Δ𝐸𝑓

𝐸𝑓
𝑛𝑢𝑚 

𝑀𝑓 (GPa) 𝐸𝑓 (GPa) 𝐸𝑓 (GPa) 

Al2O3 as deposited 160 146 211 31% 

Al2O3 with HT 264 240 268 10% 

Table 3. Overview of elastic modulus values of as coated and heat-treated film 𝐸𝑓 identified 

using the analytical and numerical method. Analytical 𝐸𝑓 is determined from 𝑀𝑓 according to 

equation (3). 
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5. Single nanostructure microcompression 

In this section, the identified elasto-plastic properties of the alumina coating have been 

integrated in 2D and 3D FEM of single nanostructure microcompression tests. Firstly, 

experimental tests are conducted, requiring to wisely choose tests which solicitate an individual 

structure. Thereafter, 2D and 3D simulation responses are confronted to experimental data, 

which led to an inverse analysis of the micrompression test through FEMU method in order to 

estimate two uncertain geometrical parameters of nanostructures. 

5.1. Choice of the test 

Deforming micropillars is now a classical way to apprehend the mechanical behaviour of 

small structures [66–68]. However, micropillars are generally obtained by FIB 

micromanufacturing which allows to produce samples with a controlled shape and above all, a 

shape in adequation with the load cell used to deform it. In the case of a nanostructure, as the 

one studied here, the study of the collective behaviour is generally preferred due to the very 

low stiffness of a single structure [69]. One of the objectives of this work is to reach the 

behaviour of a single structure. Fig. 8 presents a microcompression test network observed by 

optical microscopy. A seven-by-seven network is performed. The damaged zones are clearly 

distinguished. Due to misorientation and path difference between the network and the gridded 

nanostructure, the indenter is positioned differently relatively to the pillar for each experimental 

test. It means that each test is different from the others. A selection has been made to consider 

only those for which a pillar is loaded individually. An example of this selection is shown on 

Fig. 8 where SEM images of three damaged pillars loaded individually are shown. The two 

main criteria to discriminate such test are that the corresponding affected zone appears to be 

less damaged compared to the others and, above all, the flattening part of the pillar is clearly 

distinguished by an increase of the reflected light. 
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Fig. 8. Optical images of around 7 by 7 indentation network obtained with a truncated conical 

indenter on a coated nanostructured sample. Three microcompression tests corresponding to 

nanostructures loaded individually and observed by SEM are also shown. No scale is provided 

for confidentiality reasons. 

5.2. Experimental load-displacement responses 

Fig. 9 presents the typical load-displacement curve obtained for the three indentations 

performed at the top of a pillar chosen among the previously shown indentation network. Three 

stages of deformation can be distinguished for each indentation. None of them are purely elastic 

as the partial loading-unloading segments are never superimposed. Indeed, the first regime 

(stage 1) corresponds to an elasto-plastic behaviour, then a softening is observed during the 

second regime (stage 2) and finally a stiffening mechanism occurs in the third one (stage 3). It 

is also noteworthy that hysteresis phenomena on the unloading-reloading segments are 

observed during this last stage, particularly for the first indentation. It can be also observed that 

the three load-displacement curves are in the same order of magnitude, showing that the 
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individual loading of a nanostructure is reproducible from a nanostructure to another. Only the 

initiation of stage 3 appears to vary. As a comparison, the typical load-displacement obtained 

on an uncoated Si nanostructure is also shown on Fig. 9. This is an excellent illustration of the 

protective effect brought by the alumina coating. 

 

Fig. 9. Load-displacement curves obtained on the 3 coated pillars loaded individually. 3 

solicitation regimes can be distinguished on each curve, which emphasize different mechanical 

phenomena during the microcompression test. As a comparison, the response of an uncoated 

pillar is also shown (magenta curve).  

5.3. Simulation of microcompression tests 

In order to correlate the different stages of deformation observed experimentally with the 

deformation behaviours suffered by the different materials composing the coated nanostructure, 

such nanostructure have been modelled and indented numerically. Fig. 10a shows a first 

comparison between the experimental response (indent number 2), and the simulated responses 

obtained in 2D and 3D with the material parameters listed in Table 2. All cycles are not 

simulated to reduce the computation time. These simulated responses are obtained with ℎ𝑐𝑜𝑛𝑒 =

2.5 µm and 𝑟 = 50 nm, values estimated from geometrical dimensions on the SEM image in 

Fig. 1d. For the 3D model, seven nanostructures organised following a hexagonal shape are 

considered, the central nanostructure being compressed. Experimental and numerical curves 
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appear to be similar. In particular, stage 1 and 2 can be clearly distinguished in both numerical 

models while stage 3 is only observed for the 3D model, suggesting that this third stage is due 

to the deformation of the surrounding nanostructures. 

Analysing the plastic deformation field obtained on the 2D model for stage 1 and 2, as shown 

on Fig. 10b, it is clear that the first stage corresponds to the elasto-plastic behaviour of the layer 

associated with an elastic behaviour of the substrate. The second stage is reached when plastic 

deformation occurs in the substrate. It yields to a softening of the contact. Analysing the 

displacement field obtained on the 3D model (Fig. 11b orientation 0°), the third stage clearly 

corresponds to the contact of the indenter tip with the adjacent columns. In particular, the 

hysteresis caused by the friction between indenter and adjacent column [70] and the hardening 

are well reproduced numerically. 

 

Fig. 10. Confrontation of experimental (Exp) and numerical results of a nanoindentation 

test using a flat-ended conical indenter with 2D axisymmetric and 3D FEM. (a) Load-

displacement curves and (b) plastic deformation field obtained on a single nanostructure at 

ℎ𝑚𝑎𝑥 = 0.03 µm and ℎ𝑚𝑎𝑥 = 0.2 µm. 

Fig. 11 and Fig. 12 illustrate the sensitivity of the numerical 3D model (i) to the angle 

between the indenter and the nanostructure and (ii) to the distance between the indentation and 

the central nanostructure axis. Both parameters seem to influence above all the initiation of 

stage 3. Stage 1 and 2 do not seem to be modified even when inclining the indenter (or the 

sample) with an angle of 10°. Concerning the distance between the indentation and the 
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nanostructure axes, a significant influence is observed only when two adjacent nanostructures 

are initially indented. Indeed, as long as the initial contact between the indenter and the 

nanostructure involves the rounded part of the nanostructure and the flat part of the indenter, 

the 2D model seems to be sufficient to describe the experimental behaviour. It validates the use 

of a 2D model as long as a single nanostructure is involved mechanically. 

 

Fig. 11. Load-displacement responses on a single nanostructure and its six neighbours 

obtained for different orientation of the conical truncated indenter. (a) Load-displacement 

curves and (b) corresponding deformed nanostructures. The scale bar represents the vertical 

displacement. 

 

Fig. 12. Load-displacement responses on a single nanostructure and its six neighbours 

obtained for different location of the conical truncated indenter. (a) Load-displacement 
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curves and (b) corresponding deformed nanostructures. The scale bar represents the vertical 

displacement. 

5.4. Determination of the geometric parameters of nanocones from microcompression test 

If the 𝑃 − ℎ curves on Fig. 10 indicate that simulation and experiment are in the same order 

of magnitude, they are not superimposed. Supposing that the elasto-plastic material parameters 

determined by the FEMU method on nanoindentation tests are true, the adjustment between 

experimental and simulated 𝑃 − ℎ curves should lie on other structural parameters. As 

mentioned in section 5.1, the dimensions, and particularly the truncation radius and height (Fig. 

1 and Fig. 3), are different for each pillar, making each test unique. A comparison of models 

and experiments seems complicated without any microstructural investigation of a given tested 

pillar. Thus, a tested micropillar has been examined and measured by SEM after FIB sectioning 

(Fig. 13a). This pillar exhibits a residual deformed height of 2.1 µm and a residual deformed 

truncated radius of 45 nm. 

Regarding the corresponding load-displacement curve (indent 2), an inverse analysis has 

been performed on the first two stages using the 2D axisymmetric model, before the beginning 

of stage 3 which involves the surrounding structures. This analysis using the FEMU method is 

focused on the identification of two structural parameters, ℎ𝑐𝑜𝑛𝑒 and 𝑟, i.e. the nanostructure 

height and its truncation radius before deformation. Fig. 13b illustrates the good 

correspondence between experimental (blue curve) and simulated data (red curve). The 

associated I-index used in [38] is 1.1, indicating a very good conditioning of the inverse 

problem. Associated with the fact that a single solution is encountered whatever the starting 

point used in the FEMU method, this solution (ℎ𝑐𝑜𝑛𝑒 = 4.1 µm and 𝑟 = 41 nm before the 

deformation of the covered cone) can be considered as unique and not sensitive to 𝑃 − ℎ curve 

uncertainties. It is interesting to note that the sensitivity of the force collected by simulation to 

the material parameters of the film and the substrate E, 𝜎𝑦, 𝐻, 𝜎𝑦𝑠, and to the geometrical 

parameters of the compressed cone, 𝑟 and ℎ𝑐𝑜𝑛𝑒, are of the same order of magnitude. Most 

importantly, the simultaneous identification of six parameters (E, 𝜎𝑦, 𝐻, 𝜎𝑦𝑠, 𝑟, ℎ𝑐𝑜𝑛𝑒) in a 

single FEMU procedure using the three tests (dual nanoindentation and microcompression) 

would generate an unstable solution (I >3). This reinforces the way to proceed in order to obtain 

parameter values with confidence, firstly the identification of material parameters by 

indentation and secondly, the identification of geometrical parameters by microcompression.  
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These structural parameters before deformation being clearly identified, they are introduced 

in the numerical model to perform a calculation until the maximum displacement is reached 

experimentally (yellow curve in Fig. 13). Then, the residual and deformed structure can be 

measured from this ultimate calculation. It gives, after deformation, a truncation radius of 52 

nm and a residual height of 2.5 µm, which is in good accordance with the one observed by FIB 

(45 nm and 2.1 µm). 

 

Fig. 13. Confrontation of experimental and numerical observables after the 

microcompression test on pillar 2. (a) FIB cross section observed by SEM performed around 

test 2 (Fig. 8). (b) Corresponding experimental 𝑃 − ℎ curve (blue), superposed with the one 

obtained by identification of ℎ𝑐𝑜𝑛𝑒 and 𝑟 on the first two stages (red), and with the one simulated 

until the maximum penetration depth is reached (yellow). No scale is provided for 

confidentiality reasons. 

Conclusions 

The deposition of an alumina thin film was found to be a suitable solution to protect 

nanostructured silicon optical windows. Indeed, the coating perfectly overlays the complicated 

shape of the substrate. Heat-treated at high temperature, this alumina layer suffers a phase 

transformation from an amorphous to a monoclinic phase, and its thickness remains uniform on 

the whole nanostructured sample. 

Instrumented indentation tests on a coated planar Si substrate showed that a heat-treated 

Al2O3 film is stiffer and harder than an as-coated sample. A deeper analysis through a FEMU 
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method supported by a design of nanoindentation experiments based on a priori identifiability 

has allowed to extract reliably both the Young’s modulus, the yield stress and the hardening 

modulus of the layer before and after heat-treatment. The annealing of the film is indeed 

associated with an increase of the Young’s modulus (about 27%), an increase of the yield stress 

(about 550%) and a decrease of the hardening modulus (about 27%), which is in total 

accordance with a more brittle behaviour associated with a crystallization. 

The reliable identification of the elasto-plastic properties of the film have led to experiments 

and simulations of the mechanical behaviour of the covered nanostructures by 

microcompression tests. The confrontation of load displacement curves of coated and uncoated 

nanostructure showed that the presence of the film undeniably improves its mechanical 

response when solicited in microcompression. Adequate reproduction of the experimental 

observations on a coated nanostructure has been achieved through 2D and 3D finite element 

simulations, however with some non-negligible deviation from the experimental 𝑃 − ℎ curve 

certainly due to the ignorance of geometrical dimensions of the tested nanostructures. Hence, a 

numerical and experimental crossed analysis has allowed to estimate by an inverse method 

these morphological parameters which are otherwise very difficult or even impossible to 

measure using experimental devices. 

Finally, knowing the morphological parameters of a single nanostructure, its mechanical 

response can be reproduced with confidence using the material parameters determined by the 

FEMU method following the methodology proposed in [38]. Thus, well-designed 

nanoindentation experiments appear to be sufficient, relevant, and simpler to identify reliable 

material parameters that can be introduced in a FEM with confidence. This work paves the way 

of reliable 3D simulations of realistic operational conditions for such optical windows aimed to 

military applications, such as impact or abrasion tests. 
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Appendix. X-ray diffraction and densification: effect of annealed 

temperature 

From its initial amorphous phase, the as deposited Al2O3 is known to crystallise in its 

sapphire phase for temperatures up to 1000°C [42,43]. Indeed, 100 nm thick layered samples 

with and without nanostructures have been submitted to different heat treatments (HT), 

respectively at 900, 1000 and 1100°C for 90 seconds. A supplementary heat treatment at 

1100°C for 1 hour has been also realised. X-rays diffraction (XRD) measurements has been 

performed on non-nanostructured samples after each heat treatments. XRD has been realised 

using a Malvern Panalytical Empyrean diffractometer. 

 

Fig. 14. XRD spectra obtained on a 100 nm thick Al2O3 layered silicon substrate without 

nanostructures. (a) Effect of temperature and annealing time on Al2O3 crystallization. (b) 

Effect of the coating thickness on Al2O3 crystallization. 

XRD results show that the amorphous ALD Al2O3 layer crystallises with temperature. Fig. 

14a shows that the crystallisation is all the more important as the temperature is high and the 

holding time is long. However only the transition from amorphous to monoclinic phase is 

observed. The transition from monoclinic to trigonal (sapphire) structure has not been observed 

in this study. This phenomenon is generally attributed to an insufficient thickness [44–46]. In 

this aim, the thickness of the layer has been doubled. Fig. 14b presents a comparison between 
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the XRD spectra obtained after a heat treatment of 1 hour at 1100°C on a 100 nm thick layered 

sample and a 200 nm thick layered sample. As it has been already observed elsewhere [44], the 

increase of the thickness contributes to a better crystallisation of the sample. However, once 

again, the trigonal phase is not observed. 
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