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Advanced die application materials, utilizing pressure-less sintered copper, show great prospects regarding
cost effectiveness, power density, withstanding high switching speeds and temperature loading for novel
eco-friendly and high efficiency semiconductors. In general, to preserve high reliability in combination
with electrical functionality the design of elastic as well as electrical material parameters is of great impor-
tance. Here, we present a multi-method characterization approach to understand the impact of the mor-
phology on the elastic as well as electrical behavior, which facilitates a strategy to design the relevant
material parameters by tuning the morphology. Nano-SEM/FIB tomography and SEM/EBSD are applied to
probe the morphology of three representative copper films. Nanoindentation and 4-point probe are used
to extract the elastic modulus and specific electrical resistivity, respectively. The evaluated material param-
eters are compared with modeling results using the analyzed image data as an input. For the crucial image
analysis, we develop a validated objective image analysis workflow. We obtain a quantified insight about
the effect of the heterogeneous morphologies on the elastic modulus and specific electrical resistivity,
thereby delivering important information about the necessary homogeneous copper morphology- and
nano-scale pore-design. The strategy shall provide design guidelines to ensure reliable and high-
performance die attachments.
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1. Introduction

Porous materials have attracted great attention for various applica-
tions, e.g., catalysis [1], novel materials [2,3], energy related topics
[4,5], acoustics [6], microelectronics [7,8], actuators [9], bioengineering
[10], and biomimetic [11]. Recently, porousmaterials have gained inter-
est as interconnectmaterials for power semiconductor devices [12]. The
trend in the semiconductor industry goes towards eco-friendliness and
higher energy efficiency [13]. Semiconductor compoundmaterials, such
as silicon carbide (SiC) or gallium nitride (GaN), pave novel possibilities
in thismannerwith operation temperatures above 200 °C [14,15]. How-
ever, such high temperatures trigger challenges with respect to the use
of conventional solders, e.g. decreased solder joint reliability and low
conductivity result. In order to keep the trend going, novelmaterial con-
cepts are necessary. The use of sinter pastes display a promising alterna-
tive to conventional soldering techniques [16]. Sintered materials show
potential to withstand high switching speeds, temperature loading and
power density [17]. Silver (Ag) sinter pastes display possible candidates
[18], but they are expensive to manufacture because they need high
pressure during sintering to ensure sufficient bonding [18]. A possibility
to solve this problem is the use of pressure-less sintered copper (Cu).
Recent results show for low temperature pressure-less sintered Cu,
that a specific electric resistivity of 4.3 μΩ.cm becomes feasible [7].

The formation of residual stress [19] leads to adhesion problems and
cracks [19,20], and further results in insufficient thermal management
[21]. The compliance of thematerial is important for the reliability to ar-
rest e.g. crack formation or other failure modes. The challenge is to de-
sign a sintered copper film which provides a low elastic modulus [22],
as well as low specific electrical resistivity [23]. In general, an under-
standing of the morphology-property relationship is critical to facilitate
improved material design and increased reliability. Image-based char-
acterization methods are highly capable to provide information about
the morphology of porous materials [24–27]. However, the porous
structure of the sintered material on μm to nm-scale makes the charac-
terization of the morphology and its automatized quantification chal-
lenging, e.g. the correct computational treatment of so-called shine
through artefacts which appear in scanning electron microscopy
(SEM) and nano-scanning electron microscopy/focused ion beam
(SEM/FIB)-tomography image data. Therefore, the development and
application of a multi-method approach including advanced high-
resolution imagingmethods for themorphology analysis, experimental
material parameter characterization and modeling is crucial for a per-
suasive design strategy. This also implies for the quantification of the
obtained image data the development of an accurate and objective
image analysis workflow.

In this paper we present a multi-method characterization approach
to understand the impact of the morphology on the elastic as well as
electrical behavior which facilitates a strategy to design the relevant
material parameters by tuning the morphology. Nano-SEM/FIB tomog-
raphy and SEM combined with electron backscatter diffraction (EBSD)
are applied to probe the morphology of three representative copper
films. Nanoindentation and 4-point probe are used to extract the elastic
modulus and specific electrical resistivity, respectively.We compare the
experimentally evaluated material parameters with modeling results
using the analyzed image data as an input. For the crucial image analy-
sis, we develop a validated objective image analysis workflow based on
a hybrid image analysis algorithm.We obtain a quantified insight about
the effect of the heterogeneous morphologies on the elastic modulus
and specific electrical resistivity, thereby delivering important informa-
tion about the necessary homogeneous copper grain- and nano-scale
pore-design.

2. Characterization methods

The porous copper films are manufactured on a [100] silicon (Si)
substrate, with 8-in. format (diameter of 200 mm), by stencil printing
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of the copper paste and a subsequent pressure-less sintering process
[28]. All samples are cured at an elevated temperature of 400 °C in nitro-
gen atmosphere. The used paste, additives like solvents, and organic
components, mainly define the samples' morphologies. We present
three different sintered copper films labeled as A, B, and C. The thick-
nesses of the copperfilms A, B, and C aremeasuredwith aDektakXT Sty-
lus Surface Profilometer on the manufactured 8-in. wafer. The layer
thickness is measured by scanning the step height between the sub-
strate level and the printed copper surface. The resulting mean thick-
nesses of sample A, B, and C depends on the used paste material and
provides 21.0 ± 1.7 μm, 30.8 ± 1.7 μm and 12.4 ± 0.9 μm , respectively.
2.1. Nano-SEM/FIB tomography and SEM/EBSD

We use a cross-beam scanning electron microscope (SEM) from
Zeiss (AURIGA® - CrossBeam workstation) for the nano-SEM/FIB to-
mography and electron backscatter diffraction (EBSD) experiments.
For tomography experiments, we extract pieces (few mm2) from the
8-in. wafer. Subsequently we pre-shape each sample into a cubic
shape of 20×20×20 μm3usingGa+ ionmillingwith a current and volt-
age of 2 nA and 30 kV, respectively. The angle between the FIB and SEM
columns is 54°. A platinum layer is deposited on top of the sample to re-
duce charging. In order to reduce noise, we apply a line average tech-
nique with scan speed 8 and N = 1. We can achieve a duration of
about 8 h per sample, which includes the pre-shaping of the sample
and the image data acquisition for the 3D reconstruction. No significant
drift is observed. The SEM imaging is operated with a Secondary Elec-
trons Secondary Ions (SESI) detector and an acceleration voltage of
30 kV. The voxel sizes in x- and y- direction are 9.3 nm and 11.5 nm
(after 54° detector angle correction), respectively. The smallest incre-
mental cutting distance is 50 nm in z- direction. We mill the cube slice
by slice to obtain the 2D image slice stack.

EBSD is used to provide important data about the grain size, and
grain orientation [29]. For the EBSD measurements, we use the cross-
beam SEM (AURIGA® - CrossBeam workstation) from Zeiss equipped
with a Hikari Super EBSD detector from EDAX. After the cross sectional
cut with the ion beam, the sample surface is tilted at 70o to the detector.
The accelerating voltage is set to 20 kV. The incident beam current is
20 nA. The frame averaging is 2 with step sizes of 100 nm. The Hough
resolution is set to 96 and the camera resolution is 1024 × 1024 pixels
with a pixel size of 50 nm. We extract the grain diameters by using
15o as the threshold for grain separation.
2.2. Nanoindentation and 4-point probe electrical measurements

The nanoindentation experiments to determine the elastic modulus
are performedusing the KEYSIGHTNanoIndenter G200 equippedwith a
continuous stiffness measurement (CSM) unit. The indentation is done
using a standard three-sided Berkovic diamond tip (Synton-MDP) at
room temperature. For the data analysis, the NanoSuite software is
used. The area function of the tip is obtained by pre-indentation on a
fused quartz using the standard value of the elastic modulus (72 GPa)
[30]. In order to stabilize the nanoindentation experiments and gain a
covariance of less than 10 %, we infiltrate the samples with an epoxy
resin in vacuum. The maximum indentation strain rate was 0.05 /s
and the CSM frequency is set to 45 Hz with an amplitude of 2 nm. A
range between 800 and 1000 nm is chosen for the indentation depth.
Ten indentation measurements are performed per sample for statistical
reasons. The contact area for the Berkovic diamond tip shows a diame-
ter of about 7 μm (1000 nm indentation depth).

The electricalmeasurements areperformedusinga4-pointprobe re-
sistivity setup and each sample ismeasured 8 times at random locations
on the fabricated 8-in. wafer. The tungsten tips are set with 10 mm
equidistance fromeachother anda sourcemeter (Keithley2400)probes
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the sheet resistivity Rs. We use the formula ρporous ¼ π∙t
ln2Rs [31] with the

thickness t, to measure the specific resistivity ρporous of the porous films.
2.3. Image analysis workflow

We put effort on the development of a validated image analysis
workflow (Fig. 1) incorporating a hybrid segmentation technique
which provides objective and accurate results with respect to the mor-
phology analysis. The image processing is performed in three steps:
(1) pre-processing, (2) thresholding and segmentation, and finally
(3) 3D reconstruction and validation. The reconstruction of the 3D
data is part of the image pre-processing step (Fig. 1(a)). It includes,
image-stacking, −alignment, and −cropping using Avizo 2019.1. We
reduce the shadowing artefacts by aligning the histogram peaks of all
image slices in the x-, y- and z- plane to get uniform grey values in the
image data using Python. Subsequently we apply non-local means filter
to reduce the curtaining artefact to enhance the image quality. For sta-
tistical reasons, we analyze the largest possible volume of interest
(VOI) at different locations on thewafer. The VOIs vary due to the differ-
ent thickness of the fabricated films. The minimum and maximum size
of the VOI are about 2500 and 13,500 μm3, respectively. In Fig. 2
(a) we show representative pre-processed slice images for sample A, B
and C. Critical is the segmentation of the nano-SEM/FIB tomography
data.We use the pre-processed data (Fig. 1(a)) and generate the second
derivative of the histogram (Fig. 1 (b)). The threshold between pores
and the copper is extracted according the grey value of the first peak
in the generated second derivative graph. Next, we apply the quickshift
(QS) [32] algorithm in particular to eliminate the shine through arte-
facts. Those artefacts make the segmentation process and selection of
Fig. 1. Image analysisworkflowwhich consists of (a) pre-processing, (b) thresholding and segm
stacking,−alignment, and−cropping. Shadowing artefacts are reduced by aligning the histogra
Non-local means filters are applied to reduce the curtaining artefact to enhance the image qua
threshold between pores and the copper is extracted according the grey value of the first peak
increase the recall. Since the segmentation combines two approaches (second derivative and
combined to get thefinal result. (c) 3D reconstruction and validation: 3D reconstruction from th
sure the relevance of the image analysis workflow. Manually segmented 3D data is used as a g
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the correct threshold difficult, since fore- and background information
are hardly automatically resoluble. Other examples of super-pixel seg-
mentation methods are Felzenszwalb & Huttenlocher (FH) [33], and
simple linear iterative clustering (SLIC) [34]. QS represents a super-
pixel method by grouping similar pixels in color- and spatial distance
[32]. The QS provides a perceptually tessellation of image data, thereby
reducing the number of image primitives for subsequent image process-
ing. With the QS, the pores and shine-through artefacts are segmented
together in one segment. We calculate the pixels mean value of those
segments. Finally, we segment the areas as pore if their average grey
values are lower than the second derivative method thresholds.

For validation of the segmentation results, we perform manual seg-
mentation as a ground truth (GT) and calculate the precision and recall
(Fig. 1(c)). Precision is the ratio of true positive (TP) over the results of
the segmentation method (RM). Recall is the ratio of TP over GT. The
image analysis workflow provides a precision for sample A, B, and C of
94 %, 93 %, and 93 %, respectively and a recall of 88 %, 88 % and 97 %, re-
spectively. The application of Otsu, Entropy, or IsoData [35–37], exhibits
a recall only between 60% and 70% for sample A, B and C.

Fig. 2(b) shows exemplary for sample C the reconstructed 3D vol-
ume of interest (VOI) and the projection of the segmented pore area
(red) on top of the SEM images in three different planes (z-y-, x-z-,
and x-y-plane) to highlight the accuracy of our image analysis algo-
rithm. The illustrated dimension of the VOI is used throughout the
paper.

The skeletonization [38] and watershed algorithm [39] are applied
to obtain the pore morphology parameters like themean pore diameter
and pore size distribution. A suitable measure with respect to the con-
ductivity of the copper strut is the geometric tortuosity [40]. The geo-
metric tortuosity between two points is defined by the ratio of the
entation aswell as (c) 3D reconstruction and validation. (a) Pre-processing includes image-
mpeaks of all image slices in three (x-, y- and z-) planes in order to get uniformgrey values.
lity. (b) Thresholding and segmentation: Second derivative of the histogram is used. The
in the generated second derivative graph. Quickshift (QS) segmentation is performed to

QS) it is defined as a hybrid segmentation technique. The two segmentation methods are
e obtained 2D slice stack data. For validation the precision and recall are calculated tomea-
round truth.



Fig. 2. Pre-processed SEM/FIB tomography image data (a) in the x-y-plane for sample A (left), sample B (middle) and sample C (right). (b) 3D reconstructed VOI exemplarily for sample C.
The dimensions of theVOIwith about 11× 11× 13 μm3 are shown. Below: Representative slice images for the z-y-, x-z- and x-y- plane. The segmented pore space (red) is projected on top
of the reconstructed grey value image. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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geodesic distance (LG) and the Euclidean distance (LE). LG is the
shortest path possible whereas LE gives the shortest linear distance
without any interfering structure. The LG and LE for the copper are cal-
culated for every segmented voxel within the VOI. The ratio of those
values yields the tortuosity profiles in x-, y-, and z- direction [25]. For
the evaluation of the tortuosity from the segmented 3D data, we use
the scikit-fmm package from Python.

The EBSD data of porous materials contains false registered pore
areas. We eliminate those artefacts by masking the pore area using
Avizo 2019.1. The QS technique [32] is used to segment the grain
boundaries. The separated grain area is measured and converted into
an equivalent circular diameter [41].
2.4. Modeling of material parameters: RVE-FEM

For the modeling we use the finite element method (FEM) to simu-
late the elastic stiffness matrix and the specific electrical resistivity ten-
sor based on the image analyzed 3D morphology data. FEM is able to
reveal the response of thematerial by a set of test loadings on represen-
tative volume elements (RVEs). The RVE-FEM technique displays a fa-
vorite tool to assess material properties of complex porous structures
[42]. In this study, the elastic constants and conductivities are revealed
based on the segmented 3Dmorphology and the constitutive properties
4

of the bulk copper (elasticmodulus E=117GPa, Poisson ratio ν=0.33,
specific resistivity ρ = 1.72 μΩ.cm) [43].

The segmented VOI is divided into 8 sub-volumes, allowing a statis-
tical estimation of the error bounds for the computed elastic constants
and specific electrical resistivity. The local material information for cop-
per and the pores are assigned to sub-volume FE meshes with
50 × 50 × 50 element cubes. Hexahedral, quadratic 20-node elements
(Ansys solid 186 for the morphology and solid 231 for the electrical)
are used. A customized Ansys APDL script is applied to assign the mate-
rial data (copper and pore) locally to each element. In order to get ele-
ments with nearly quadratic aspect ratio, the size for all computations
in x-, y-, and z- is 93 nm, 115 nm, and 100 nm, respectively.

To probe the mechanical response, the commonly known kinematic
uniform boundary conditions (KUBC) with six independent loadings (3
uniaxial and 3 shear loadings) of small strain of 10−5 are applied. By
reading out the resulting averaged stresses in all directions for a given
strain, the stiffness matrix is constructed. The inverse gives the compli-
ancematrix and the engineering elastic constants are computed accord-
ing to known relationships [44]. To probe the electrical response, three
independent loading conditions in the three orthogonal coordinate di-
rections are applied on the RVE. Supplementary 2 shows the RVE-FEM
simulation methods. Neither for the simulation of the elastic modulus
nor for the electrical resistivity the grain morphology of the copper is
considered.
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3. Results

3.1. Experimental material parameter characterization

We extract the reduced elastic modulus Eporous of the resin infil-
trated porous samples from the indentation curve. This approximation
is sufficient, since the elastic modulus of the epoxy resin (Eepoxy =
3.5 GPa), is much smaller than the one from bulk copper (ECu =
116GPa). In fact, simplifying the structure and assuming a parallel com-
poundmodulus, wewould arrive at a resin contribution of less than 3 %,
which is in the range of the data noise and seems thus negligible. There
could bemuch larger artificial errors introduced from the assumed com-
posite law in comparison to the actual structure. As such, it seems justi-
fied to not take the resin contribution into account. The results are
summarized in Table 1. Sample A shows the lowest reduced elastic
modulus with 14.8 ± 0.6 GPa. We obtain a reduced elastic modulus of
29.8±0.5 GPa for sample C. Sample B shows the largest elasticmodulus
with about 33.8 ± 2.2 GPa.

The results of the specific electrical resistivity ρporous obtained from
the 4-point probe measurements are also presented in Table 1. Sample
A shows the highest specific electrical resistivity with 14.4 ± 1.9 μΩ.
cm. Therefore, sample A would be less interesting for micro- or power
electronics applications. For sample B, we observe a specific resistivity
of about 6.0±0.9 μΩ.cm. The lowest specific resistivity provides sample
C with about 4.4 ± 1.5 μΩ.cm.
3.2. Quantitative 3D pore-morphology characterization: Nano-SEM/FIB
tomography

Fig. 3(a) shows the 3D rendered binary data set with the segmented
copper (dark blue) and pore phase (red) for the three samples. From the
segmented 3D data sets, we evaluate the absolute porosity for each
sample, which is defined by the ratio of the total pore volume to that
of the bulk volume or volume of interest (VOI). In Table 1 we show
the evaluated mean value of the absolute porosity and corresponding
standard deviation. Sample A gives the most porous material with
55.0 ± 4.1 %. Sample B provides the smallest porosity with 31.2 ± 4.8
% and sample C gives a slightly higher porosity with 36.1 ± 1.7 %.

We analyze the 3D pore network morphology by using the water-
shed (Fig. 3(b)) and skeletonization (Fig. 3(c)) algorithm to determine
the pore diameter distribution (Fig. 3(d)). The skeletonized 3D pore
morphology (see Fig. 3(c)) of sample C suggests the most homogenous
pore network in comparison to sample A and B.

With thewatershed algorithm, themain pore network is segmented
into its constituent pore space segments [45]. The pore space segments
obtained from the watershed provide the possibility to quantify the
morphology parameters e.g. the pore volume and pore diameter for
each segment. We use the so-called hydraulic radius [47] which reflects
a commonmeasure of the pore size, to get an estimate of the quasi non-
circular extension of the pore. The hydraulic radius is defined as the
ratio of pore volume by the surface area of each pore segment, as

expressed by the equation rh,i ¼ Vp,i
Ap,i ,

where rh,i is the average hydraulic
Table 1
Comparison between experimentally evaluated and FEMmodeledmaterial parameters.Theme
the nanoindentation experiment and from the FEMmodeling is labeled as Eporous and EFEM, res
and FEMmodeling is labeled as ρporous and ρFEM, respectively. All parameters are provided wit

Mean porosity
P from FIB [%]

Reduced elastic modulus

Eporous [GPa]

A 55.0 ± 4.1 14.8 ± 0.6
B 31.2 ± 4.8 33.8 ± 2.2
C 36.1 ± 1.7 29.8 ± 0.5

5

radius, Vp,i is the volume, and Ap,i is the surface area for each segmented
pore space segment i, with i=1,2,3,… [47]. For a non-circular pore, the
hydraulic diameter dh,i is customarily defined by 4.rh,i [48]. In Table 2,

the evaluated morphology parameters rp,watsh and dp,watsh are depicted,
reflecting the mean of the hydraulic radius and diameter over all seg-
mented pore segments. However, to obtain the individual pore seg-
ments correctly an appropriate bin parameter number needs to be
selected [45]. Any over- or under-segmentation should be avoided
(Supplementary 3). We validate the selected bin number of 2 by com-
paring the results from the skeletonization and watershed segmenta-
tion. In general, as shown in Table 2, the skeleton diameter provides
smaller values than the one obtained from the watershed algorithm

[46]. The mean diameter dp,skel is defined by the mean of the counted
smallest distances computed from the center line to the segmented cop-
per interface andmultiplied with the factor two. The diameter distribu-
tion in Fig. 3(d) is plotted and fitted with a log-normal distribution.

3.3. Quantitative grain morphology characterization: SEM/EBSD

In Fig. 4wedepict the grainmorphology of the copper from the SEM/
EBSD measurements and extract the corresponding grain size distribu-
tion using the presented image analysis approach. The inverse pole fig-
ure and image quality map (IPF-IQ) for all samples reveal an almost
randomly orientated polycrystalline microstructure with no preferable
orientation. The crystals orientation in [111], [001], and [101] are almost
evenly distributed.

The grain size distribution follows a log-normal distribution. Sample
A and C have similar standard deviations and slightly different mean
grain size diameters with 244 ± 136 nm and 279 ± 146 nm, respec-
tively. Both samples show a smaller grain size and standard deviation
in comparison to sample B (382 ± 249 nm). This indicates that sample
B exhibits a less homogeneous grain size distribution than sample A and
C. Themeangrain diameter for sample A, B and C is illustrated in Table 2.

4. Discussion

4.1. Elastic modulus of porous copper

In Fig. 5(a), we plot the elastic modulus obtained from the nanoin-
dentation experiment and the modeling, as well as several correlations
known from literature [49–55] that link the porosity with the elastic
modulus.

For high porositymaterials or foamswith a porosity larger than 30 %
[50], a simple scaling relation for the mechanical properties is derived
by Gibson and Ashby [51]. It follows that the elastic modulus for a
high porous material is, E ∗ = Es(1− P)2 where E⁎ and Es are the elastic
modulus of the porous solid and solid material, respectively, and P cor-
responds to the porosity. The scaling law according to [51] as illustrated
in Fig. 5(a) does not describe the data well. The model illustrates a far
too strong increase of the elastic modulus with decreasing porosity. Ac-
cording to Ashby et al. [52], the scaling law can be extended by using a
pre-factor C, so that it can bewritten as E ∗= C Es(1− P)2. The use of the
an value of the absolute porosity is labeled as P. The reduced elastic modulus obtained from
pectively. The specific electrical resistivity obtained from the 4-point probe measurement
h the corresponding standard deviation (SD).

Spec. resistivity

EFEM [GPa] ρporous [μΩ.cm] ρFEM [μΩ.cm]

10.7 ± 3.6 14.4 ± 1.9 9.9 ± 2.7
39.4 ± 9.4 6.0 ± 0.9 3.9 ± 2.2
36.4 ± 4.5 4.4 ± 1.5 3.9 ± 1.7
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modified scaling law in [52] with C=0.66, provides a better agreement
with the presented data. Ashby et al. [52] stated that the factor C lies be-
tween 0.1 and 4 for open foams. The analytical model by Ramakrishnan
and Arunachalam [53] is based on the proposed formula by Ashby et al.
[52]. However, the pre-factor C is defined by C ¼ 1

1þ 2−3νsð ÞP, with P andνs
for the porosity and Poisson ratio, respectively.
Fig. 3. Segmented 3Ddata for sample A, B and C (from left to right) using the hybrid image analy
and pore phase (red). (b)Watershed algorithm applied for the three samples. The selected bin n
…. (c) Skeletonization of the three samples. The color code represents the local diameter of the
diameter analysis. Themean value of the diameter is highlighted as dashed line. (For interpreta
of this article.)

6

Amodified version of the abovementioned power equation is given
by E ∗= Es(1− jP)iwhere j and i arematerial constants and Es is the elas-
tic modulus of the solid material [54]. The equation should meet the
boundary conditions E⁎ = Es at P = 0 and E⁎ = 0 at P ≤ 1. Using least
square regression method, we obtain for j and i the values of 1 and
2.93, respectively. The material constant j can be defined as j = 1/Pcrit,
sismethod and pore size distribution. (a) Rendered binary 3DVOIwith copper (dark blue)
umber is 2. The color refers to the volume of the individual pore segments i, with i=1,2,3,
pores. (d) The pore diameter size distribution obtained from the skeleton- andwatershed-
tion of the references to color in this figure legend, the reader is referred to theweb version



Table 2

Quantifiedmorphology parameters for sample A, B and C. Pore quantification showing themean diameter dp,skel obtained from the skeletonization algorithmaswell as themean hydraulic

radius rp,watsh and hydraulic diameter dp,watsh applying the watershed algorithm. The evaluated mean diameter for the copper grains is presented by dgrain . All parameters are provided
with the corresponding standard deviation (SD).

Skeletonization Watershed segmentation EBSD

dp,skel [nm] Vp [μm3] Ap [μm2] rp,watsh

[nm]
dp,watsh

[nm]
dgrain [nm]

A 408 ± 227 1.63 ± 0.34 10.54 ± 1.45 109 ± 41 436 ± 157 244 ± 136
B 264 ± 133 0.60 ± 0.16 5.48 ± 0.87 79 ± 25 316 ± 99 382 ± 249
C 176 ± 720 0.18 ± 0.02 2.43 ± 0.16 61 ± 15 244 ± 60 279 ± 146
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where Pcrit is the critical porosity at which the elastic modulus becomes
zero [55] and j is a packing geometry factor. It lies between the min-
imum value of 1 for a randomness packing with the maximum value
Pcrit = 1 and the maximum value of 3.84 for hexagonal closed packed
structure. Since j = 1, it indicates that the elastic modulus of the ma-
terial becomes zero only at 100 % porosity. The constant i or pore
shape factor is dependent on the pore geometry and its orientation.
According to Maitra and Phani [56], the exponent i is 2 for closed
spherical pores and 4 for random orientated or irregular shaped
pores. At high porosities and for an ordered packing the contact area
is largely reduced, which leads to lower values of the elastic modulus.
A high value of the elastic modulus at high porosity can be explained
by a pore structure with a sort of randomness in packing.
Fig. 4. Aanalyzed SEM/EBSD data. Left: SEM grey value data of a representative 2D slice and
segmented copper (black) and pore phase (blue). Right: projected segmented pore phase
corresponding grain size distribution (dashed lines show the corresponding means) obtain
texture of all samples reveals an almost randomly orientated polycrystalline microstructure
scale bar applies to all images. (For interpretation of the references to color in this figure legen
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Figure 5(a) shows all the fitting lines to the experimental and simu-
lated results. We calculate the mean squared errors (MSE) of the fitting
equations to the experimental and simulated data to assess the per-
formed fits. The MSE of Gibson-Ashby [51], Ashby et al. [52],
Ramakrishnan-Arunachalam [53], and Phani-Niyogi [54] are about
236.38 GPa2, 11.33 GPa2, 20.95 GPa2, and 11.34 GPa2, respectively. The
fit according to [52] provides the lowest MSE using the fit parameter
C=0.66. The collected and analyzed 3D image data shown in Fig. 3, re-
spectively confirms that the sintered copper films display an open po-
rous morphology. However, it might be argued that the defined range
between 0.1 and 4 is quite large and unspecific. The Phani-Niyogi re-
lated fit [54] provides a similar MSE using the two variables i = 2.93
(random shaped pores) and j = 1 (randomness packing), representing
projected segmented pore phase (blue). Copper phase in original grey value. Middle:
on the SEM/EBSD (IPF-IQ) data. (a) Sample A, (b) sample B and (c) sample C with the
ed from the image processed SEM/EBSD data. Red line indicates the log-normal fit. The
with no preferable crystal orientation as indicated by the color distribution. The shown
d, the reader is referred to the web version of this article.)
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the pore shape and packing geometry factor, respectively. The analyzed
3D image data exhibits channel-like structures with a randomness in
packing as well as with non-closed random shaped pores (see Fig. 3).
Both, the extracted values for the fitting parameters i and j suggest
agreement with the pore morphology data. The third lowest MSE is
given by the fit of Ramakrishnan and Arunachalam [53] where the fit
parameter C is defined by the Poisson ratio of the solid material νs.
That is, the trendof the elasticmodulus of the porous solid versus poros-
ity is mainly defined by the Poisson ratio of the solid material.

Themodeling does not take the grain size of the copper into account.
Therefore, one can conclude that due to the good correspondence be-
tween the results obtained from the experiment andmodeling, the elas-
tic modulus of the sintered copper films is mainly determined by the
pore morphology. The obtained results in Fig. 5(a) and accordance of
the fit [52,54] with Fig. 3 support the assumption that the elastic modu-
lus is not necessarily influenced by the grainmorphology of the sintered
material [57].

4.2. Specific electrical resistivity of porous copper

In Fig. 5(b), we plot the specific electrical resistivity obtained from
the 4-point probe experiment as well as from the modeling. We fit the
specific electrical resistivity ρ with the porosity P according to the
Fig. 5. (a) Elastic modulus as a function of the mean porosity P. Experimental
nanoindentation data of sample A, B and C is compared with modeled data using RVE-
FEM simulations. The RVE-FEM simulations use the segmented 3D morphology as input.
Grain morphology of copper is not incorporated in the modeling. (b) Specific electrical
resistivity as a function of the mean porosity P. Data for sample A, B and C is obtained
from RVE-FEM simulations and 4-point probe measurements. Various models as
indicated in the figure legend are used to fit the data for the elastic modulus and specific
electrical resistivity.
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simplified scaling law from Ashby et al. [52] with ρ ∗ = ρCu(1 − P)−r,
where ρ⁎ and ρcu are the specific resistivity of the porous and bulk cop-
per respectively. The best fit to our data from least square method gives
r=2.37. The exponent r according to [52] is defined between 1.60 and
1.85 for open and closed cell foams, respectively.

The fit for r=1.60 and 1.85 is shown in Fig. 5(b) with a red and blue
dashed line, respectively.

In addition, we use in Fig. 5(b) the relationship based on the modi-
fied Mori-Tanaka relationship [58] with ρ ¼ ρ0

1þkP
1−P=Pcrit

, where ρ and ρ0
correspond to the electrical resistivity of the porous and bulk materials,
respectively, P is the porosity, Pcrit is the critical porosity, and k is the
characteristic constant. The least square fit gives for Pcrit and k, the
values 0.79 and 1.78, respectively. According to themodel [58] the char-
acteristic constant k = 0.5 for spherical pores.

The MSE for [52,58] provides 2.69 and 2.79 (μΩ.cm)2 respectively.
The evaluated r value of 2.37 for the model described in [52] is not de-
fined. A distinction according to [52] between open and closed pores
is not possible. The modified Mori-Tanaka [58] provides for Pcrit and k,
the values 0.79 and 1.78, that is k > 0.5. This finding is in correspon-
dence with the analyzed morphology, illustrated in Fig. 3, where a
non-spherical pore geometry is depicted. Further, the evaluated value
of Pcrit with 0.79 is similar to porous titaniumwith Pcrit =0.81 reported
in [58].

However, the fit does not clarify the discrepancy shown in the sim-
ulation and the experimental data as shown in Fig. 5(b) and Table 1.

In order to link the electrical resistivity with the 3Dmorphology, we
extract the spatial geometric tortuosity for the copper along the y- di-
rection. The y- direction displays themost relevant direction for the cur-
rentflow,which corresponds to the direction perpendicular to the [100]
Si-substrate. Further data along the x- and z- direction are presented in
Supplementary 4. In Fig. 6(a),we quantify the spatial geometric tortuos-
ity to visualize the change of the 3D copper network-connectivity for
sample A, B and C. Dark blue in the color code indicates low tortuosity.
Meaning the ratio between the path through the pore network and
the direct distance is small, i.e., the value is close to 1. A change of the
color from blue towards yellowmeans that the path is gettingmore tor-
tuous and the electrical conductivity decreases. Fig. 6(b) shows the spa-
tial geometric tortuosity along the y- direction in the x-z- plane for a
representative slice at about y=4.37 μm. Here, the significant variation
of the tortuosity can be observed locally within the copper regions.
Clearly, we can see in Fig. 6 for the 3D- as well as the 2D-
representation that the path through the copper is more tortuous for
sample A than for sample B and C.

According to the simulations, sample B and C provide similar resis-
tivity values although the porosity of sample B is about 5 % lower than
for sample C, see Table 1.

We argue that the similar simulated specific resistivity of 3.9 ± 2.2
μΩ.cm and 3.9 ± 1.7 μΩ.cm for sample B and C, respectively in the
modelingmight be explained by the similar geometric tortuosity behav-
ior of the copper observed for the two samples. Nevertheless, as shown
in Table 1 the observed modeling result is in contradiction with the ex-
perimental results.

The 4-point probe measurements provide 6.0 ± 0.9 μΩ.cm and
4.4 ± 1.5 μΩ.cm for sample B and C, respectively (Table 1). The contra-
diction between the model and the experiment might be explained by
taking the grain morphology into account. The observed distribution
of sample B (Fig. 4(b)) after the sinter process admits small as well as
large grains to grow. Although the grain morphology for sample A and
C is similar, there exists amajor differencewith respect to the poremor-
phology. Sample C shows, in comparison to sample A, a smaller porosity
(Table 1), a lower geometric tortuosity of the copper along y- direction
(Fig. 6) and a different pore diameter distribution with a smaller mean
pore diameter as well as a smaller standard deviation (Fig. 3(d) and
Table 2). Those observed differences in the pore morphology suggest
to trigger the different electrical behavior observed for sample A and



Fig. 6. Spatial geometric tortuosity. (a) Spatial geometric tortuosity of the copper in 3D for sample A, B and C (from left to right). The propagation direction is in y- direction for sample A, B
and C. Dark blue indicates a tortuosity of 1, i.e., only small deviations from the direct distance. Yellow indicates regions that are hard to reach for electrons coming from the surface and
traveling in y- direction through the sample. We plot the tortuosity between 1 and 1.3. In sample A, we indicate the position of the representative slice used in the 2D representation,
at y=4.37 μm. (b) Spatial geometric tortuosity distribution in the z-x- plane (2D) at y=4.37 μm for the copper region. Color code as for the 3D representation in (a). Sample A indicates
for the same area of interest a higher tortuosity within the copper than for sample B and C. B and C show similar color coding, that is similar geometrical tortuosity. Pore space is shown in
white. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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C, as indicated in Table 1. Therefore, sample A shows a rather high
specific resistivity with 14.4 ± 1.9 μΩ.cm in comparison to sample C
as well as to sample B with 4.4 ± 1.5 μΩ.cm and 6.0 ± 0.9 μΩ.cm, re-
spectively. We conclude that the low specific electrical resistivity of
about 4.4 μΩ cm ± 1.5 μΩ.cm from sample C with a porosity of
36.1 ± 1.7 % can be explained by taking the pore and copper morphol-
ogy into account. The observed electrical and elastic properties are
mainly determined by the homogeneous copper grain- size distribu-
tion (Fig. 4) as well as the low spatial geometric tortuosity of the cop-
per fraction along the y- direction (Fig. 6) and homogeneous pore size
distribution (Fig. 3(d)).

5. Conclusion

In this paper we present a multi-method characterization approach
to understand the impact of the morphology on the elastic as well as
electrical behavior. Nano-SEM/FIB tomography and SEM/EBSD are ap-
plied to probe the morphology of three representative copper films.
Nanoindentation and 4-point probe are used to extract the elastic mod-
ulus and specific electrical resistivity. The evaluated material parame-
ters are compared with modeling results using the analyzed image
data as an input.

For the crucial image analysis, we develop a validated objective
image analysis workflow to provide accurate information regarding
the pore and copper morphology without the need to use infiltra-
tion for contrast enhancement [26,27]. We extract pore morphology
parameters like the porosity, and mean pore diameters, pore size
9

distributions, as well as copper morphology parameters including
the grain size distribution of the copper, and spatial geometric tortu-
osity of the copper. We obtain a quantified insight about the effect
of the heterogeneous morphologies on the elastic modulus and spe-
cific electrical resistivity, thereby delivering important information
about the necessary homogeneous copper grain- and nano-scale
pore-design.

Notably, the elastic modulus of the investigated sintered copper
films mainly is determined by the pore morphology. The scaling
model provided by Ashby et al. [52], as well as the model of Phani-
Niyogi [54] provide the best fit results for the sintered copper films
with respect to the effect of the porosity on the elastic modulus. To un-
derstand the electrical properties of the sintered copper films, the grain
morphology of the copper, the tortuosity of the copper as well as the
pore morphology needs to be considered.

The approach facilitates a strategy to design the relevant material
parameters by tuning the morphology. We show that this strategy en-
ables us to systematically design a porous copper film for die-attach ap-
plications, which exhibits a low elastic modulus of about 29.8± 0.5 GPa
with a low specific resistivity of about 4.4 ± 1.5 μΩ.cm, at 36.1 ± 1.7 %
porosity.
Data availability

The raw/processed data required to reproduce thesefindings cannot
be shared at this time as the data also forms part of an ongoing study.
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