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Layer thickness of thin and multi-layer coatings is a major design parameter to functionalise surfaces in a
broad range of industrial applications. Conventional measurement methods are often complex, expensive,
and limited in thickness range and applicability, particularly for thin coatings on fragile substrates and/or
with complex compositions. An innovative methodology is introduced based on nanoindentation, leveraging
data fusion and nanoindentation augmentation with in-situ current measurement, to evaluate functional and
physical layer thickness by material properties and statistical modelling techniques. Two cases concerning

coatings for semiconductor and tribomechanical applications are described, exhibiting faster, cheaper, and
metrologically competitive results over current techniques.
© 2024 The Authors. Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Advanced high-performance surface coating technologies are a strategic
engineering tool for tailoring surface properties [1]. Their substantial world-
wide market value is shared primarily among Asia (45 %), EU and USA (42 %),
due to their predominant lead in the semiconductor industry [2].

These coatings are applied in the semiconductor industry to improve the
energy efficiency and durability of energy harvesting devices by increasing sur-
face passivation [3]. Mechanical applications often rely on composite and
multi-layer coatings to improve tribological and wear-resistance properties,
thus extending the service life of components [4]. Specific applications can be
found in manufacturing, where the adoption of coated cutting tools has shown
increased machining quality [4,5], and in optics manufacturing accuracy thanks
to coated moulds [5]. The automotive sector widely uses coatings to enhance
the mechanical durability of core engine parts while reducing fuel
consumption and pollutant emissions [6]. Similarly, ultra-thin multi-layered
coatings allow functionally improved performances of materials in aggressive
environments due to high corrosion and extreme temperatures, thus being
highly attractive, e.g., in aerospace [7].

Coating layers thickness is often a functional parameter to be controlled, for it
can impact on tribo-mechanical properties, microstructural integrity, strength,
and fatigue [8—10]. Furthermore, to allow mechanical characterisation of the
coated system, often by nanoindentation [11], the layers’ thickness must be
known [12,13]. Therefore, both during process optimization and quality control,
measurement of coating thickness is essential. However, this often represents a
challenge for multi-layer and thin coatings. Several approaches are available in
the literature. Some are destructive techniques, e.g. ball cratering test and cross-
sectioning followed by optical microscope inspection [8]. However, the former
might be easily and robustly applicable only to thicker coatings (thickness larger
than 1 um), while the latter presents severe limitations for fragile substrate, e.g.
semiconductors and ceramics, and for highly plastic coatings, e.g. PTFE-based
coatings [14]. Also, cross-sectioning traceability is hard to establish due to
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challenges in calibration and uncertainty evaluation of the measurement. Alter-
natives are based on non-destructive techniques such as white light interferome-
try (WLI), X-ray diffraction (XRD), p-X-ray computed tomography (u-XCT), and
laser-based approaches. WLI is limited to transparent films, and uncertainties do
not allow measurements of thin and ultra-thin layers [15]. XRD can be highly
flexible and copes with several thickness ranges, but it is quite an expensive tech-
nique [16,17] and not highly practical for industrial applications of routine qual-
ity control. Similar limitations are shared by p-XCT, whose accuracy is affected by
high material heterogeneity due to possible largely different densities [ 18]. Other
unconventional methods have been proposed leveraging the photothermal
effect and have been applied for thickness down to the micrometre, but they
require a complex experimental setup [19].

A method based on nanoindentation is proposed to measure the thickness
of multi-layered coating systems through a quick and cost-effective empirical
procedure, allowing high precision of results when data augmentation and sen-
sor-fusion are exploited, offering an attractive alternative to conventional
approaches. Furthermore, nanoindentation allows establishing traceability and
evaluating measurement uncertainty of the estimated thickness conveniently
and more easily than other approaches. Section 2 presents the modelling of the
material behaviour and the statistical approach proposed to measure the thick-
ness. Section 3 deals with the application of the proposed method to industri-
ally relevant case studies in a wide range of thicknesses, and comparison with
alternative methods currently used in industry and academia. Finally, Section 4
draws conclusions.

2. Methodology
2.1. Material mechanical behaviour modelling

Fig. 1(a) shows schematic modelling of a multi-layer coating system, con-
sisting of n layers and a substrate. The thickness of each layer ¢;
(i=1,...,n,n+1, the substrate being the n + 1-th layer) depends on deposi-
tion process parameters, and its dispersion is significantly affected, for thin
layers, by the surface topography of the underlying layers. In simpler cases,
layers can be distinguished by discontinuity in the material structure and
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associated with physical interfaces. However, transition interfaces may be pres-
ent depending on the deposition process and the chemical affinity between the
coating and the coated material, as shown in Fig. 1(b). Accordingly, for the i th
layer, two characteristic thicknesses may be identified. The first, related to the
functional interface t;, is the maximum depth before the onset of the transition
and represents the volume of material mechanically unaffected by the follow-
ing layers, assuming that (5 — t;_1) < (t;— ti_1)/10 [12,13]. The second is the
physical interface, t;, i.e. the depth beyond which the effect of the subsequent
i+ 1 layer is predominant. The knowledge of such characteristic thicknesses is
relevant to designing materials and manufacturing for functionally graded
applications.
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Fig. 1. (a) Schematic representation of a multi-layer coating system with (b) indication
of transition layers. (c) Typical mechanical response E;r from nanoindentation of a
550 nm Si0,/Si<100>.

Nanoindentation is conventionally used to evaluate the mechanical
response of coated systems in terms of indentation modulus E;r and indenta-
tion hardness Hr [8,11,12], while distinguishing between the layers’ and sub-
strate effect [13,20]. Nanoindentations can be conveniently performed in
continuous multi-cycle (CMC), i.e. by applying a series of quasistatic indenta-
tions in the same position with increasing maximum force. By analysing several
unloading curves at increasingly maximum penetration depths h, the material
response may be characterised as a function of h, without cross-sectioning the
sample [12,13]. Fig. 1(c) shows a typical mechanical response in terms of the
indentation modulus of a single-layer coating, where a transition to a constant
value of the substrate is visible. The transient is induced by such effects as
material structure, deposition process phenomena, and by the mechanical
stress state tensor of the material due to nanoindentation. In fact, beyond a cer-
tain penetration depth, even for h < t;, the stress tensor begins to involve the
underneath layer, thus introducing a convolution in the mechanical response
of the material [13,20,21]. The resulting behaviour can be modelled as a log-
logistic sigmoid [22]:

M=g(hi9) =, + 20 (1)
e’

where M is any material response evaluated by CMC nanoindentation, the
parameters 9 are to be fitted by nonlinear regression, see e.g. Fig. 1(c).

2.2. Thickness evaluation by nanoindentation data-fusion

The convolution of the mechanical response probability distribution can be
modelled as a Gaussian mixture model (GMM) [21]. A higher resolution model
is proposed here, considering the transition layers, as in Fig. 1(b), in addition to
layers and the substrate:

2n+1
M~ GMM(6) = GMM (. S:7) = > N (s, o)
k=1
n+l1 <21>
7271‘ Mi, O +Z”J/j+1N(M]/j+l ]/j»l)
Jj=1
2n+1
fu=fu(mie) = " mifuge(ml{ui. o }) (22)
k=1

where y; and o? are the average and variance of the mechanical response of the
layer within the functional depth, thus unaffected by other layers, i.e. for
ti_1 < h <t Transition layers, i.e. for t; <h<t; as in Fig. 1(a), are related to
Hjjj+1,05j,1- The GMM is a weighted sum of the contributions with weights i
and 7j/;,¢ and related constraints, i.e. 7;, 7jj,1 €]0; 1[V i, j and sl +Z}‘:1
7j/i+1 = 1. From empirical data, deconvolution procedures based on expecta-
tion maximization estimate the parameters of the posterior probability of the
k-th mixture component, thus evaluating fy , i.e. probability density functions
(pdf) [21,23], as per Eq. (2.2).

GMM may be exploited to classify realisation m of the stochastic variable M
to the mixture components’ contributions [23]. This can be performed by evalu-
ating the maximum a-posteriori probability (MAP) that the realization is due to
the k-th component, as in Eq. (3.1), and the most probable class may be identi-
fied according to the hard clustering criterion, as in Eq. (3.2).

Tifux (M)

plai =kim. ) =gy

(3.1)

zi = argmax{p(z,- =Kk|m,0)} (3.2)

= argmaxk{ log(furk(m)) + log(my)}

Accordingly, introducing a mis-classification risk of error of type I, related
to the k-th coating layer, i.e. o, a threshold value of the mechanical response
M; may be identified to ensure a classification probability with a confidence
level P, = 1 — o. In particular, assuming an increasing trend for M = g(h; 9),
and considering the definitions of t; and t;, it is possible to evaluate:

Mj = min{M: p(k = 2i — 1|M,6) = 1 - ay; 1} (4.1)

M = max{M : p(k = i+ 2|M.,0) = a;,2} (4.2)

Similar equations might be written for decreasing M = g(h; 9). The evalua-
tion of the threshold value Mj; and M; allows estimating, at a given risk of error
of type I, the associated penetratlon depth i, = g 1(My) obtained by invert-
ing the model estimated in Eq.(1). In particular, t; = g*‘ (M) and t; = g~ (M;)
will hold. Furthermore, the standard uncertainty of the evaluated characteristic
depth u(hy, ) may be obtained by propagating the measurement reproducibil-
ity of M, h and the model parameters # regression estimation uncertainty,
according to the law of uncertainty propagation [24]:

4 ~1(M- 2 ~1(M- 9) |2

w (b ) = > E WD, e, + B0 O )

Different nanoindentation mechanical responses exhibit diverse sensi-
tivity to material transition. Furthermore, nanoindentation data may be
augmented through in-situ measurement of electric current by electric
contact resistance (ECR) [25]. ECR provides insights into the phase and
structure of the probed material by measuring the resistance R between a
conductive indenter and the material. The resistance would exhibit
changes of orders of magnitude when passing from one layer to another
with different resistivity. Thus, material responses, let M = {E;r, Hr, R}, can
be combined leveraging on competitive data fusion to improve the accuracy
and the precision of the estimation of the characteristic depths hj,, [26,27].
In this work, inverse-variance weighting (IVW) is applied to achieve data
fusion (DF), considering the three material responses M evaluated by nanoin-
dentation, as per Eq.(6). In the case of marginal normal probability distribu-
tions, IVW guarantees the correctness of the mean estimation, since Eq.(6.1)
is the maximum likelihood estimate of the true value, while minimizing the
variance of the combination [23].

— S R ()
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3. Case studies
3.1. Materials and methods

The proposed methodology based on nanoindentation data fusion to evalu-
ate the thickness of coating systems is applied to two case studies: i) a mono-
layer system SiO,/Si<100> obtained by atmospheric pressure chemical vapour
deposition with a nominal thickness of 550 nm, typical to improve surface pas-
sivation in semiconductor industry [3] and, ii) a multi-layer coating PTFE+Pb/
Bronze/SS obtained by casting PTFE reinforced with fine particles of Pb on
porous sintered Bronze over a stainless steel (SS) backing, with an overall coat-
ing thickness of 300 pum, used in bushings as a solid lubricant for linear pneu-
matic actuators [14,28]. Pb particle dispersion was found to leave a uniform
outermost layer [28].

Instrumented indentation tests were performed by state-of-the-art plat-
form Anton Paar STeP6 in a metrological room [25]. Specifically, the SiO,/
Si<100> was characterised with the NHT> head performing 30 CMC nanoin-
dentations with 45 cycles from 0.5 mN to 100 mN with a loading-holding-
unloading duration of 60 s each. Conversely, the PTFE+Pb/Bronze/SS was inves-
tigated with the MCT? head performing 40 CMC indentations with 30 cycles
from 0.5 N to 30 N, with a loading-holding-unloading duration of 30 s each
[12,13]. Only the tribological coating was additionally investigated with ECR
due to the high resistivity of SiO,. Experimental setup and specimens are
shown in Fig. 2.

Surface topography was also measured to complement the analysis
using a CSI Zygo NewView9000 with a 20 x magnification objective for
the SiO; and a 5 x for the PTFE+Pb; measurement setup details, bandwidth
specification [29] for the characterisation of the SL-surface, and results are
reported in Table 1.
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Fig. 2. (a) STeP6 Anton Paar indentation platform for ECR and section of SiO/Si<100>
wafer; (b) nanoindentation on SiO,; (c) measured specimens: SiO,/Si<100> wafer
fragment and a PTFE+Pb/Bronze/SS disc; (d) a PTFE+Pb/Bronze/SS CMC indentation
curve (force vs penetration depth).

Table 1

Surface topography measurement setup details (field of view - FoV) and results.
Uncertainty was evaluated considering as dominating contribution the reproduc-
ibility [30] with a coverage factor of 2.

Sample FoV Bandwidth Sa [ nm Sq /nm
Si0, (0.43 x 0.43) mm Nis =2 pum,

(1000 x 1000) pxl Nic=0.2 mm 0.23 +£0.01 0.29 £0.11
PTFE+Pb (153 x 1.53)mm  Nj;=5pm,

(1000 x 1000) pxI  Nic=05mm  950+220 1470 + 320

Other thickness measurement methods currently employed in industry and
academia were considered to compare performances with the proposed
approach.

In particular, XRD has been used for the SiO,/Si<100>. Measurement
uncertainty will be reported propagating the literature reference value of 3 % as
a type B contribution [31].

PTFE+Pb/Bronze/SS sample’s larger size allowed more alternatives. Cross-
section inspection was performed under a metallographic optical microscope
(OM) Leica Z16. To evaluate reproducibility, 5 images in the cross-section and
measures of 25 locations each were performed, see Fig. 3(a); uncertainty was
reported propagating the contribution of the calibration of 50 nm and the
reproducibility. Last, p-XCT was performed with a custom built Fraunhofer
Institute XCT [32], measuring a thin slice of the sample with 800 projections,
see Fig. 3(b), with a tube current of 120 pA, an acceleration voltage of 260 kV,
with a Surgent-Objective-Distance of 50 mm and a Surgent-Detector-Distance
of 1200 mm, resulting in a voxel size of 8 nm. Separation of the grey-scale
intensity was relied upon to distinguish the edges of the layers through a
machine vision algorithm.

Casting resin

(a)
PTFE+Pb

Sintered
porous
Bronze

Fig. 3. Thickness measurement of PTFE+Pb/Bronze/SS with (a) OM cross-section with
marked measured dimensions of the layers, (b) p-XCT.

3.2. Results and discussion

Fig. 4 shows the material responses of the two considered samples. Raw
data (black asterisks) show the sigmoid trend of Eq. (1), which resulted in the
red trend after nonlinear regression.

The SiO,/Si<100>, due to the relative negligible change in Hjy, allowed
applying the method only to the E; GMM deconvolution evaluated
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Fig. 4. Material response (M) against penetration depth h. Black asterisks: raw
data; continuous red line: fitting; magenta: pdf of outermost layer; green: pdf of
transition layer; blue: pdf of innermost measured layer; red dashed lines: mea-
sured thicknesses. (a) Ejr of Si0,/Si<100>. PTFE+Pb/Bronze/SS: (b) Ej, (c) Hir
(the systematic trend in raw data subgroups is due to the definition of H;r as a
function of 1/h?), (d) R (the pdf of the Transition layer in green and the Bronze
layer in blue are hardly visible due to the large predominance of the insulating
layer, i.e. PTFE+Pb).

components’ probability distributions and, with a risk of error of 5 %,
resulted in the characteristic depths marked in the figures. In particular,
the functional depth hygjo, of the SiO, layer evaluation was (52+15) nm,
compatible with the literature indication of 10 % of the coating depth [12,13].
The physical interface hgjo, si(100) resulted of (542+84) nm, compatible with
XRD evaluation of (566+17) nm.

The PTFE+Pb/Bronze/SS coating material enables the application of data
fusion and data augmentation. First, the greater dispersion of the raw data
in Fig. 4(b—d) may be associated to the larger roughness and porous
nature of the second layer. Second, data augmentation yielding the resis-
tance measurement identifies a first dielectric layer, i.e. the PTFE+Pb with
high constant R, followed by a transition with large dispersion; the addi-
tional presence of insulating material at larger depths is consistent with
PTFE+Pb material pockets created by the pouring process into the porous
bronze matrix, see Fig. 3(a). This induces heteroscedasticity in thickness
evaluations based on R, see Fig. 5.
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Fig. 5. (a) Functional thickness and (b) interface thickness of PTFE+Pb. Error bars rep-
resent uncertainty at 95 % confidence level. In (a) ordinates are truncated to exclude
non-physical values.

The maximum force range allowed penetration down to 100 pum; thus,
only the functional and the interface thickness of the PTFE+Pb layer could
be investigated by the proposed technique, which provided results shown
in Fig. 5. The results show higher metrological performances, in terms
both of accuracy and precision, of the proposed approach with respect to
other alternatives, thanks to data fusion. While results are compatible, the
resolution strongly limits both OM and p-XCT.

Furthermore, as shown in both case studies, the proposed approach is more
informative, since other techniques are unable to evaluate functional layer
thickness. The proposed approach resulted in an estimation with a relative
uncertainty of 2.5 % for h¢ prez.pp, and of 10 % for hprez., pp/gronze, against over 40 %
exhibited by OM and p-XCT for the latter case.
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4. Conclusions

A methodology based on material behaviour and statistical modelling is
proposed to evaluate multi-layer coating thickness. The approach, demon-
strated in two case studies, leverages in-situ electrical measurement augmen-
tation instrumented indentation test and data fusion. The method is more
informative and accurate than others currently resorted to in industry and aca-
demia; being also less complex and resource intensive, it provides a practical
tool to inspect coating thickness, an essential design parameter for surface
functionalisation.
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