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A B S T R A C T

Motivated by the significant influence of the underlying microstructure on the effective electrical properties of a
material system and the desire to monitor defect evolution through non-destructive electrical characterisation,
this contribution is concerned with a detailed study of conductivity changes caused by the presence of sub-
microscale pores. Reducing the complexity of the material system, geometrically well-defined pore arrays are
created by focused ion beam (FIB) milling in Cu thin films and characterised by 4-point probe electrical
measurements. The experiment is designed such that it reduces to a (quasi-)one-dimensional electrical problem
which is amenable to analytical techniques when invoking a computational homogenisation scheme to
approximate the effective electrical properties of a given microstructure. The applicability of the proposed
approach is shown in a first step by comparing simulation results for different pore volume fractions and pore
shapes against their experimental counterparts. In a second step, a sensitivity analysis of the experimental data
is carried out and the usefulness of the proposed modelling approach in interpreting the experimental data is
demonstrated. In particular, the findings suggest that the proposed experimental method allows (at best) the
determination of pore volume fractions with an accuracy of ±0.5%.
1. Introduction

Electrical properties of materials are significantly affected by their
microstructure, e.g. by grain boundaries (Arenas et al., 2015; Gall,
2020; Bishara et al., 2020), cracks (Cordill et al., 2016; Kaiser et al.,
2021), or dislocations (Basinski et al., 1963; Muhammad et al., 2022).
In classic approaches, the effect of these defects on the conductivity of
the material is captured in a cumulative way, without distinguishing
the contributions of individual defects. However, understanding the
way each defect affects the conductivity allows for better monitoring
of defect evolution through non-destructive electrical characterisation.
This is, for instance, important for monitoring defect formation during
processing in electronic devices, for tracking mechanical deformation
such as fatigue in thin films (Kaiser et al., 2021), or for characterising
chemical changes due to harsh environments (Stelzer et al., 2020).

In order to estimate the impact of defects on the resistivity of a
material, various approaches are used depending on the defect type.
For instance, grain boundaries are treated either with analytical or
empirical models that consider the density and specific resistivity of
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the boundaries (Bakonyi, 2021). Cracks in thin films are characterised
by using confocal laser scanning microscopy (CLSM) and changes in
resistivity of the cyclically-strained samples are studied by means of
4-point probe measurements in Cordil et al. (2017). Regarding pore-
type defects, the material’s porosity may be characterised by means
of electrical measurements. In particular, non-contact electromagnetic
field-based measurements (Bakhtiyarov and Overfelt, 2004; He et al.,
2018) and 4-point probe measurements (Polder, 2001) are used. The
contribution of pores has been shown to depend on their location and
orientation (Bakhtiyarov and Overfelt, 2004). Hence, simulations that
calculate the resistivity with the mixture rule fail to precisely reproduce
the experimental data (Bakhtiyarov and Overfelt, 2004). Alternatively,
analytical models for highly porous materials are proposed that relate
the porosity to the electrical resistivity and that account for geometrical
effects, e.g., by modelling the material in terms of octahedrons (Liu
et al., 1999). Moreover, the effect of porosity on conductivity is studied
on a lower scale by considering the potential of pores in a quantum
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theory solution of electrons propagating in the porous media (Martin
and Paetsch, 1973). However, reaching acceptable agreement between
experimental data and simulation-based predictions on the effect of
specific pore geometries and the pore density is still an open challenge,
so that a systematic study is required.

Computational multiscale methods are powerful numerical tech-
niques to predict the effective constitutive response of complex ma-
terials, possibly featuring multiple phases, inclusions or pores. They
are based on the construction of a microscale boundary value prob-
lem that allows detailed information on the underlying microstructure
to be accounted for, and rely on homogenisation techniques to re-
late microscale to macroscale fields, (Geers et al., 2010). Originating
from the pioneering works (Suquet, 1985; Renard and Marmonier,
1987), these methods are nowadays applied to study purely mechanical
(Miehe et al., 1999; Feyel and Chaboche, 2000; Kouznetsova et al.,
2001; Ricker et al., 2010; Coenen et al., 2012; Javili et al., 2017),
thermo-mechanical (Özdemir et al., 2008; Temizer and Wriggers, 2011;
Sengupta et al., 2012; Berthelsen et al., 2017; Berthelsen and Menzel,
2019), acoustic (Gao et al., 2017; Lewińska et al., 2019) and electro-
mechanical (Schröder, 2009; Khalaquzzaman et al., 2012; Keip et al.,
2014) material behaviour (of dielectrics) across multiple scales. In this
regard, the present contribution is based on recent developments on
computational multiscale methods for electrical conductors (Kaiser and
Menzel, 2021a,b). More specifically speaking, a numerical scheme was
elaborated and effective electrical properties of conducting materials
featuring pore-type defects were studied in Kaiser and Menzel (2021a).
However, the developments were limited to numerical analyses and
experimental data was not taken into account.

Against this background, periodic arrays of defects that are similar
to the ones studied in Kaiser and Menzel (2021a) are experimentally
analysed in this work, and the measured changes in resistance due to
the presence of defects are compared against numerical predictions.
Although the shape and the distribution of pore-type defects that occur
in real materials are certainly more complex than the artificial defects
analysed, a significant step is taken in this work towards applying
the electrical homogenisation technique to real systems by systemat-
ically analysing a model system. The purpose of this contribution is
thus two-fold: on the one hand, it contributes to an understanding
of experimentally obtained data, eventually allowing the study and
separation of different micromechanical processes and phenomena in
future works. On the other hand, it demonstrates the applicability of the
proposed computational multiscale approach to electrical conductors
by comparison with experimental data for representative sample prob-
lems. Put into perspective, the fundamental study carried out in the
present work thus contributes to the systematic development of non-
destructive methods for the characterisation of (mechanically-induced)
microscale defects such as cracks and pores. Likewise, by establishing
microstructure–property relations, a basis for the development of pre-
dictive simulation approaches is provided. By systematically including
information from further fundamental studies, e.g. on the influence of
the dislocation density or of grain boundaries on the effective electrical
conductivity, and by considering established approaches towards the
modelling of damage and plasticity this eventually allows for the
predictive simulation of evolving microstructures and of their effective
electrical properties.

The contribution is structured as follows: Section 2 provides an
overview of the experiments, of the computational homogenisation
scheme, and of the modelling framework used. Based on these develop-
ments, a detailed comparison of experimental results and simulations
is carried out in Section 3.1, and the usefulness of the proposed mod-
elling approach in interpreting experimental data is demonstrated in
2

Section 3.2. Concluding remarks are drawn in Section 4. 2
2. Method

In this study, microstructural units are represented by periodic
pores. In order to simplify the system so that it fits experimental and
simulation techniques, a two-dimensional thin film material system
is considered and the electrical problem is reduced to a (quasi-)one-
dimensional one. This is done by isolating an elongated rectangle in
a metallic thin film by FIB milling, while the pores are restricted
inside the rectangle. By making use of computational homogenisation
techniques, the resulting system allows for a (semi-)analytical solution
of the electrical field distribution. A description of the methodology
and the geometries studied is given below. In particular, the experi-
ments are discussed in Section 2.2, the fundamentals of computational
homogenisation approaches are summarised in Section 2.3, and the
modelling approach taken is elaborated in Section 2.4.

2.1. Notation

Let 𝜶, 𝜷, 𝜸, 𝜹 denote first order tensors and let ⊗ denote the
lassic dyadic product. With these definitions at hand, the single tensor
ontraction is introduced as [𝜶 ⊗ 𝜷] ⋅ [𝜸 ⊗ 𝜹] = [𝜷 ⋅ 𝜸] [𝜶 ⊗ 𝜹]. More-
ver, (right-)gradient, (right-)divergence and (right-)curl operators are
enoted as ∇, ∇⋅, and ∇×, respectively.

.2. Experiments

.2.1. Thin film deposition
A Cu thin film as a model system that is heavily used in semi-

onductor industry was deposited on the basal plane of 𝛼-Al2O3 sub-
trate by magnetron sputtering at room temperature (PVD cluster

Bestec). The deposition was performed at background pressure of
.66 Pa and 20 sscm Ar flow, with 250W power supplied by a radio
requency (RF) power generator. A deposition time of 35 min yielded a
00 nm thick film. Post-deposition thermal annealing was carried out at
50 °C for 2 h in the sputtering chamber. The microstructure of the thin
ilm produced in this way was similar to the one reported in Bishara
t al. (2021), i.e. a grain size of tens of micrometers and a preferred
rystallographic orientation of (111) planes parallel to the surface were
bserved.

.2.2. Creation of artificial pores
Pores were created within the thin film by using FIB (Augira,

eiss) milling through the whole film thickness. Four different geome-
ries of the unit cells were prepared. They are shown in Fig. 1 and
he geometric dimensions are provided in Section 3.1 and Fig. 5. To
inimise FIB damage (Kiener et al., 2007), a low milling current of
0 pA was used. Arrays of 5 × 5 repeating units were formed by the
rogram NanoPatterning and Visualization Engine (NPVE). The number
f repeated unit cells is limited by the drift of the ion beam during the
illing time. When the array exceeded 5 × 5, a significant beam drift

aused distortion of the periodic structure. The array is surrounded by
hree trenches which constrain the electric current.

.2.3. Electrical measurements
Electrical measurements of the artificial microstructures are carried

ut by 4-point probe electrical measurements inside an SEM (Gem-
ni500, Zeiss). Four needles with tip radii of 50 nm, driven by four in-
ependent piezoelectric micromanipulators (PS4, Kleindiek), approach
he surface of the sample as shown in Fig. 1(a). The outer needles
upply the electric current and are in a fixed position during the
xperiment. The inner needles are used to measure the voltage drop. In
articular, the position of one of the needles remains fixed during the
xperiment, while the other moves along the measurement line towards
he outer needle, see Fig. 1(a). Voltage is measured for five different po-
itions of the mobile needle. The initial distance between the needles is

0 μm, which guarantees that the voltage measurement is performed in
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Fig. 1. Artificially created microstructures featuring circular pores of diameter 𝑑□ and elliptical pores with principal axes {𝑎□ , 𝑏□}, respectively.
Fig. 2. Homogenisation of multiphase materials. The effective conductivity tensor M (right) for a unit cell featuring base material and non-conducting pores (left) is calculated.
regions where the electrical field is constant along lines perpendicular
to the conduction line (see Remark 1). The non-homogeneous electrical
field regions, which are avoided in the measurements, are located at a
distance of ∼5μm from the outer needles, and at a minimal distance of
∼5μm from the inner needles. Electrical measurements are conducted
by 100 consequent direct current (dc) pulses with magnitude of 10mA
and width of 10ms. The pulse technique aims to avoid contact drift
issues and increases the reliability of the measurement as described
in Bishara et al. (2020). Moreover, it was reported in Bishara et al.
3

(2020) that a representative value of resistivity of an individual grain
boundary is 10−15 Ωm2. Hence, approximating the grain boundary area
by the cross-sectional area of the thin film, i.e. 500 nm thickness and
10 μm length (height of the milled structure), and evaluating Ohm’s law
for a 10mA current yields a voltage change in the order of μV per grain
boundary, which is below the error bar oft the measurement. Given that
there are, on average, only one or two grain boundaries in the measured
area, the grain boundary effect on the measured potential difference is
assumed to be negligible for the present study.
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Fig. 3. Experimental setup and modelling approach with 0 ≤ 𝛼− ≤ 1, 0 ≤ 𝛼
|

≤ 1 and 𝑙𝜙 = 𝑛□𝑙□ + 𝑙−. The material and structural properties do not significantly vary over the
thickness 𝑡, such that a two-dimensional modelling approach is taken.
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2.3. Computational homogenisation

To calculate (effective) homogenised material properties for spe-
cific microstructures, a particularised version of the computational
homogenisation scheme discussed in Kaiser and Menzel (2021a) is
used. More specifically speaking, by restricting the model to quasi-
stationary electric problems, the governing set of balance equations
reduces to the continuity equation

∇ ⋅ 𝒋 = 0 (1)

and to the Maxwell–Faraday equation with a vanishing induction term

∇ × 𝒆 = 𝟎 . (2)

Whereas the latter balance equation can a priori be fulfilled by the
introduction of an electric potential field 𝜙 which is related to the
electric field vector 𝒆 via

𝒆 = −∇𝜙 , (3)

the former balance equation requires constitutive relations for electric
current density vector 𝒋 to be postulated in accordance with the re-
strictions posed by the second law of thermodynamics. For the sake of
simplicity, the linear relation

𝒋m = m ⋅ 𝒆m (4)

between the electric current density vector and the electric field vector
is assumed at each microscale material point. Moreover, the particular
choice for the positive (semi-)definite conductivity tensor

m = 𝜅 𝑰 , (5)

with 𝜅 denoting a scalar-valued material parameter and 𝑰 the sec-
ond order identity tensor, results in an isotropic microscale material
response.

Based on a detailed representation of the underlying material mi-
crostructure, (effective) homogenised conductivity (or rather tangent
stiffness) tensors can be calculated for inhomogeneous microstructures,
see Fig. 2. More specifically speaking, these tensors can be condensed
from the microscale boundary value problems and can be shown to take
the form

M =
d𝒋M
d𝒆M

= − 1
𝑣m

npn
∑

𝑖=1

npn
∑

𝑗=1

(𝑖𝑗)𝐊̂𝜙𝜙
m

(𝑖)𝒙m ⊗ (𝑗)𝒙m (6)

or linear and periodic boundary conditions, where 𝑣m denotes the
otal volume of and 𝒙m the position in the unit cell, npn specifies the
umber of nodes where the electric potential is prescribed and (𝑖𝑗)𝐊̂𝜙𝜙

m
s a sub-matrix of the generalised stiffness matrix that results from
he finite element discretisation of the microstructure, cf. (Kaiser and
enzel, 2021a, (62)). It is noted that M would not be constant but
4

tate-dependent if a non-linear constitutive relation was adopted in (4).
.4. Modelling approach

The experiments are designed such that an overall
uasi-unidirectional electric current is observed that is, however,
trongly inhomogeneous in the region where the microstructural im-
erfections are induced. Motivated by Saint-Venant’s principle of me-
hanical problems, it is thus proposed to measure the electric potential
ifference at a distance from the imperfections and to evaluate their
nfluence on the overall electrical material properties by using the
quivalent model sketched in Fig. 3.

More specifically speaking, the electric potential difference 𝛥𝜙 be-
ween the points B and C that are a distance 𝑙𝜙 < 𝑙𝐼 apart is in a first
tep measured for a prescribed electric current 𝐼 . In a second step, the
xperimental data is compared with simulation results that are based on
eries and parallel connections of resistors as sketched out in Fig. 3(b).
n addition to the effective resistance 𝑅□ associated with the 𝑛□ × 𝑛□
rray of unit cells, the resistance caused by the material region of length
−, i.e. 𝑅−, and the resistance associated with the material region of
eight ℎ

|

, i.e. 𝑅
|

, are accounted for. In this regard, it is noted that
he geometric dimensions are directly extracted from the experimental
mages. The remaining unknowns that occur in the calculation of the
otential difference

𝜙
(

𝑙𝜙
)

≈

[

𝑅− +
[

1
𝑅□

+ 1
𝑅
|

]−1
]

𝐼

=

[

1
𝜅

𝑙𝜙 − 𝑛□𝑙□
[

ℎ
|

+ 𝑛□ℎ□
]

𝑡
+
[

𝜅□
ℎ□𝑡
𝑙□

+ 𝜅
ℎ
|

𝑡
𝑛□𝑙□

]−1]

𝐼

(7)

are the scalar-valued conductivity 𝜅 of the base material, and the effec-
tive conductivity (in 𝐞1-direction) of the material region that features
pores, 𝜅□. Conductivity coefficient 𝜅□ is, however, not independent but
can be related to the conductivity of the base material by making use
of the computational homogenisation scheme presented in Section 2.3
and by projecting the homogenised conductivity tensor M into the
1-direction,

□ = 𝐞1 ⋅ M ⋅ 𝐞1 . (8)

Accordingly, by making use of the computational homogenisation
cheme and by introducing the conductivity ratio

□ = 𝜅□∕𝜅 (9)

that measures the influence of the pore-type inclusions on the effective
resistivity, relation (7) can be recast in the form

𝛥𝜙
(

𝑙𝜙
)

≈

[

𝑙𝜙 − 𝑛□𝑙□
[

ℎ
|

+ 𝑛□ℎ□
]

𝑡
+
[

𝛽□
ℎ□𝑡
𝑙□

+
ℎ
|

𝑡
𝑛□𝑙□

]−1]
𝐼
𝜅

. (10)

Remark 1 (Separation of scales and boundary effects). With regard
to the experiments and the modelling approach taken, the following
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Fig. 4. Electric potential field 𝜙 and electric current density field 𝒋, respectively ‖𝒋‖ =
√

𝒋 ⋅ 𝒋, for simulations with fully resolved microstructures – 5 × 5 and 10 × 10 arrays of
pores with diameters 𝑑□ = 515 nm and 𝑑□ = 257.5 nm are considered. Simulation results are provided for a prescribed electric current 𝐼 = 10mA, isolines are shown in a), and
electric current density vectors at a distance from the pores are indicated by small white-coloured arrows in b). The isolines and the current density vectors reveal the homogeneity
of the fields at a distance from the pores. For presentation purposes half of the boundary value problem is depicted in a) for each geometry studied and a detail view on the
centre area (marked by dashed-lines in a)) is provided in b).
questions naturally arise: (1) The derivation of the equivalent model
in Section 2.4 is based on the assumption of a quasi-one-dimensional
setting. However, the fields are strongly inhomogeneous in the centre
region of the specimen and near the contact points of the outer needles.
The potential influence of these inhomogeneities on the experimentally
recorded data and on the simulation results needs to be analysed. (2)
Computational multiscale approaches intrinsically rely on a ‘sufficient’
separation of scales. The characteristic length of the macroscale, i.e. the
height of the sample, is approximately 10 μm. The characteristic length
of the microscale features, i.e. of the pores, ranges between 0.42 μm
and 0.95 μm. The rather moderate separation of length scales and its
potential influence on the simulation results thus needs to be assessed.

In order to address these questions, macroscale simulations with
fully resolved microstructures that feature 5 × 5 and 10 × 10 arrays of
pores with diameters 𝑑□ = 515 nm and 𝑑□ = 257.5 nm are exemplarily
considered, see Fig. 4. Regarding the former sample geometry, which is
used in the experiments, it is observed that the fields are homogeneous
at a distance from the centre region and from the contact points,
respectively, and that the disturbances decrease quickly. Moreover, the
difference in the 𝛥𝜙−𝑙𝜙-curves (Fig. 6(a)) between the homogenisation-
based modelling approach and the two macroscale simulations with
resolved microstructures that feature the same pore volume fractions
is almost negligible – specifically speaking, a maximal difference in 𝛥𝜙
for 𝑙𝜙 ∈

[

19 μm, 27 μm
]

of approximately 6.2×10−4mV is found between
the three different simulation approaches.

3. Experimental findings and simulation results

In this section, the modelling approach proposed in Section 2.4 is
first applied to representative microstructures to show its applicability
5

before a sensitivity analysis of the experimental data is carried out and
the usefulness of the proposed approach in interpreting experimental
data is demonstrated.

3.1. Comparison of experiment and simulation

To study the applicability of the computational homogenisation
scheme discussed in Section 2.3, the finite element discretised unit cells
shown in Fig. 5 were, in a first step, prepared from the experimental
images shown in Fig. 1. Based on these, the effective conductivity
tensors and conductivity ratios, namely,

[

M
]d420
𝑖𝑗 =

[

0.9332 0.0000
0.0000 0.9332

]

𝜅 , 𝛽d420□ = 0.9332 (11a)

[

M
]d515
𝑖𝑗 =

[

0.9012 0.0000
0.0000 0.9012

]

𝜅 , 𝛽d515□ = 0.9012 (11b)

[

M
]d660
𝑖𝑗 =

[

0.8426 0.0000
0.0000 0.8426

]

𝜅 , 𝛽d660□ = 0.8426 (11c)

[

M
]elli
𝑖𝑗 =

[

0.7589 0.0000
0.0000 0.8644

]

𝜅 , 𝛽elli□ = 0.7589 (11d)

were calculated in a second step by application of the computational
homogenisation scheme with periodic boundary conditions. Taking a
closer look at the conductivity tensors it shows that, as expected,
circular pores give rise to isotropic conductivity tensors with a reduced
effective conductivity, whereas elliptic pores manifest themselves in
an anisotropic material response. For the proposed experimental setup,
the principal axes of elli

M are, however, still aligned with the 𝐞1- and
𝐞 -coordinate axes.
2
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Fig. 5. Finite element discretised unit cells with 𝑙□ = ℎ□ = 2000 nm.
Table 1
Relation between pore volume fraction 𝜂□ and conductivity ratio 𝛽□ for circular pores.

𝜂□ 0.00% 0.20% 0.79% 1.77% 3.14% 4.91% 7.07% 9.62% 12.57%
𝛽□ 1.000 0.996 0.985 0.965 0.939 0.907 0.868 0.825 0.777
i

m
g

In addition to the microstructures with pores sketched in Fig. 5,
n ideal Cu thin film is taken into account as a reference. For all
amples, a spatially uniform thickness 𝑡 = 500 nm is assumed and the
eometric dimensions ℎblank

|

= 1.50 μm, ℎd420
|

= 1.22 μm, ℎd515
|

= 1.11 μm,
ℎd660
|

= 0.15 μm, ℎelli
|

= 1.30 μm are extracted from the experimental
mages by considering the additive split of the total measured height,
.e. ℎ

|

+𝑛□ℎ□. With these data at hand and for the particular choice 𝜅 =
1.3mA∕mVμm that is based on the direct measurement of the pristine
hin-film, the evaluation of (10) yields the 𝛥𝜙 − 𝑙𝜙-curves depicted in
ig. 6(a).

In addition, the experimentally obtained data points are provided
n Fig. 6(a). As expected, it is observed that the measured voltage-
rop between the inner needles increases with the distance between
he contacts and that the measured voltage-drop scales with the di-
ensions of the pores. Overall, experiment and simulation agree well,

oth quantitatively and qualitatively, which shows both: the accuracy
f the electrical measurements and the applicability of the proposed
odelling approach.

.2. Interpretation of experimental data and sensitivity analysis

This section deals with the sensitivity analysis of the experimental
ata and demonstrates how the proposed framework and, in particular,
he simulation results can be used to interpret the experiments.
6

To this end, the theoretical potential difference according to (7) that
s encountered in an idealised experiment (ℎ

|

= 0.00 μm) for a material
without pores (𝑑□ = 0.00 nm),

𝛥𝜙
(

𝑙𝜙
)

= 1
𝜅

𝑙𝜙
𝑛□ℎ□ 𝑡

𝐼 , (12)

is taken into account as a reference. In a second step, the simulation
results for imperfect experiments (ℎ

|

> 0.00 μm) with height ratios

𝛼 =
𝑛□ℎ□ + ℎ

|

𝑛□ℎ□
(13)

easuring the deviation of the actual geometry from the assumed ideal
eometry, are normalised with respect to 𝛥𝜙

(

𝑙𝜙
)

according to

𝛥𝜙
(

𝑙𝜙
)

− 𝛥𝜙
(

𝑙𝜙
)

𝛥𝜙
(

𝑙𝜙
)

= 1
𝛼
+

𝑛□𝑙□
𝑙𝜙

[

− 1
𝛼
+ 1

𝛼 + 𝛽□ − 1

]

− 1 ,

𝑙𝜙 ≥ 𝑛□𝑙□ .

(14)

Following the same lines for the experimentally obtained data points,
and evaluating relation (14) at 𝑙𝜙 = 23 μm gives rise to the normalised
potential difference curves shown in Fig. 6(b). Since samples with the
same pore volume fraction but different pore diameters are expected

( )
to yield the same overall potential difference 𝛥𝜙 𝑙𝜙 , cf. Remark 1, the
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Fig. 6. Comparison of experiment and simulation. Simulation results for 𝐼 = 10mA and 𝜅 = 51.3mA∕mVμm are shown. (a) Experimentally determined (×, ◦,▿, ∗,□) and simulated
−,−−,−⋅, ⋅⋅,−) potential difference as a function of contact distance. (b) Normalised potential difference at contact distance 𝑙𝜙 = 23 μm for circular pores with different diameters.

Experimental data points are shown with the experimental 0.4%𝛥𝜙 error bars. Predictions from simulations according to (14) are provided for samples with different height ratios
-). In addition, predictions for height ratios 𝛼 ∈ {1.015, 1.111, 1.122} (−−) that correspond to the experimental data points with pore volume fractions 𝜂□ ∈ {8.6%, 5.2%, 3.5%} are
rovided.
esults are presented as a function of the pore volume fraction

□ =
𝜋 𝑑2□

4 𝑙□ ℎ□
(15)

hat can be related to conductivity ratio 𝛽□ according to Table 1.
oreover, it is noted that, in order to approximate the experimental

ata at position 𝑙𝜙, a linear regression line was calculated for each
ore volume fraction by minimising the least square error between the
egression line and the data points.

The experimental results for different pore geometries shown in
ig. 6(a) cannot directly be compared because the distance between
nit cells and the longitudinal trenches, ℎ

|

, varies between the ex-
eriments due to FIB-drift constraints, see Fig. 3(a). In essence, this
reates a situation which is closer to a non-ideal material system. To
escribe the deviation from an ideal one-dimensional problem where
he trenches are located exactly at the edge of the repeating unit
ells such that ℎ

|

= 0.0 μm, holds, parameter 𝛼 is introduced. This
arameter is most important for the interpretation of the experiment
nd, in particular, for evaluating the influence of the pore volume
raction on the resistivity of the material system under consideration.
n this regard, it is noticed that the uppermost line in Fig. 6(a) that
orresponds to the situation of an idealised experiment (𝛼 = 1.0) does
ot reproduce the experimental data. However, when considering the
ctual geometries, i.e. parameters 𝛼 ≠ 1.0, the measured data is almost
erfectly reproduced by the simulations.

The preceding analysis suggests that the sensitivity of the method
o detect the porosity of the material initially depends on the ability
o precisely characterise the geometry. Provided that the deviation
rom an idealised experiment can be estimated (𝛼 ≠ 1.0) and when

considering statistically representative regular arrays of circular pores,
the error in the electrical measurements of 0.4% allows a determination
of the pore volume fraction with ∼ ±0.5% accuracy. This is exemplified
n Fig. 6(b) by means of the fictitious blue-coloured experimental
ata point. Accordingly, the smallest detectable pore diameter for the
onsidered experiment with unit cells of edge length 𝑙□ = ℎ□ = 2μm is
𝑑□ ≈ 160 nm.

4. Conclusions

Changes in the material microstructure, e.g. in terms of morphology,
hase composition, and defects manifest themselves in the overall
lectrical properties of material systems. By applying non-destructive
7

lectrical characterisation methods these changes can be monitored
in experiments. However, given the complexity of (the processes in)
real material systems, the interpretation of experimental data is not
trivial. Gaining a detailed understanding of each individual effect that
contributes to and developing computational tools to predict changes
in the measured electrical signals, is thus an essential step in the
development of non-destructive characterisation methods.

With this background in mind, this contribution dealt with a funda-
mental study of changes in electrical resistivity caused by the presence
of sub-microscale pores. In particular, a semi-analytical modelling ap-
proach to predict the pore content was proposed. At the outset of the
developments, focus was laid on Cu thin films. By applying FIB milling,
pore arrays with pre-defined pore geometries, pore volume fractions
and pore spacings were artificially generated and characterised by
4-point probe electrical measurements. In addition, the electric cur-
rent was constrained by introducing trenches into the sample such
that the electrical boundary value problem reduced to a (quasi-)one-
dimensional one. The reduction in the complexity of the problem was
the key for the subsequent systematic comparison of experimental
results and simulation-based predictions. In particular, the pores were
geometrically resolved in terms of unit-cells and their influence on
the effective conductivity was determined by applying computational
homogenisation techniques. With the effective conductivity tensors at
hand, an analytical estimate for the experimentally determined increase
in potential difference due to the presence of pores was derived.

In order to validate the proposed modelling approach, pores of
different shape and size were experimentally characterised in a first
step. It was shown that a single modelling parameter, i.e. the con-
ductivity of the bulk material, was sufficient to accurately predict the
experimentally determined potential differences. In a second step, a
sensitivity analysis of the experimental data was carried out, and the
proposed modelling approach was applied to study the experimental
limits. In particular, it was shown that the pore volume fraction under
the assumption of circular pores can (at best) be determined up to
∼ ±0.5% with the studied potential difference-based characterisation
method.

Follow-up works will provide a detailed discussion on the pore
geometry and the pore distribution. Moreover, different defects such
as the dislocation density, and grain and phase boundaries in poly-
crystalline and multiphase materials will be considered. With such a
systematically developed modelling approach at hand, the individual
contributions of different microscale features to the overall resistivity
of a sample may be distinguished. In particular, the collection of mi-

croscale features in unit cells will eventually enable detailed analyses of
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complex material systems with spatially non-homogeneous properties
by means of computational multiscale methods. By combining such an
experimentally validated framework with well-established approaches
towards the modelling of damage, plasticity, phase transformations
and recrystallisation, predictive simulations of deformation-induced
changes in the effective conductivity of electronic devices may be
carried out. This is not only important for the development of non-
destructive characterisation methods but also for the optimisation of
manufacturing processes for and the design of electronic components.
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