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ARTICLE INFO ABSTRACT

Keywords: The microscopic failure mechanisms contributing to the interface fracture toughness of two
Interface fracture toughness different pressureless sintered silver interconnects during mixed-mode delamination tests have
Mode mixity been studied. Two sintered silver materials are used, one containing nanoparticles (NP) and
sinter?d silver one containing microflakes (uF). The adhesives are sintered between two 35 x 5 mm? copper
321}; e]::i(:;tion plates electroplated with a silver backside metallisation layer. The fracture behaviour has
Microstructure been monitored under in-situ optical microscopy using the miniature mixed-mode bending

setup, combined with post-mortem Scanning Electron Microscopy (SEM) fractography analysis.
The significant difference in microstructure between the two interconnect materials results
in a pronounced difference in failure behaviour, and resulting mixed-mode interface fracture
toughness. The two main competing failure mechanisms are interface delamination and bulk
fracture. The NP-interconnect exhibits the typical increase in interface fracture toughness with
increasing mode angle, whilst the pF-interconnect shows a never reported before dependency,
having a global minimum. The fracture morphologies of the delaminated samples are analysed
to explain the difference in failure behaviour using Scanning Electron Microscope (SEM) images.
This study offers valuable insights into the complex interplay between the microstructures of
the interconnect, failure mechanisms, and the resulting interface fracture toughness.

1. Introduction

For decades, lead-holding solders have been used successfully as package interconnect material in power electronics, e.g., Tum-
mala et al. [1]. However, European legislation, specifically the End-of-Life Vehicle (ELV) directive 2000/53/CE [2] and the
Restriction of Hazardous Substances (RoHS) [3], restricts the use of certain hazardous substances (i.e. lead, mercury, hexavalent
chromium, and cadmium). For die-attached interconnect materials in particular, an appropriate alternative has yet to be found;
hence, the RoHS has extended the exception for the use of lead-holding solders up until 2026, and the ELV directive exemption
from 2024 onwards is still under review by the time of writing [4,5]. The challenge is to find an alternative that can dissipate the
accumulated heat and cyclic thermal expansion while ensuring mechanical reliability and electrical connectivity.
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Nomenclature

r Fracture toughness

y Characteristic dimension of the MMMB
pF Micro flake

W Mode angle

BSM Back Side Metallisation

DIC Digital Image Correlation

ELV End-of-Life

FIB Focused Ion Beam

IF Interface

MMMB Miniature Mixed Mode Bending
RoHS Restriction of Hazardous Substances
SEM Scanning Electron Microscope

WoS Work of Separation

£ Dimensionless shape parameter

A Area

a Crack length

B Out-of-plane sample thickness

F Force

H Absolute position of the mode selector
K Stress intensity factor

t In plane thickness

U Energy

v Displacement

w Sample length

NP Nanoparticle

Already in 1997, sintered interconnects have been recognised as a very promising alternative to the above-mentioned solder
materials [6]. Here, micro- and nano-sized particles sinter, with or without pressure assistance, to a dense but porous microstructure
with the same melting temperate as its bulk structure [7,8]. For high-power semiconductor devices, silver- and copper-based sinters
are the most promising candidates [4,9]. Due to their excellent thermal conductivity (100 —400 [W/mK]), high melting temperature
(961 [°C]), acceptable shear strength (20— 80 [MPa]), and low processing temperature (as low as 150 [°C]), sintered silver materials
are of particular importance [10-20]. Note that the required sintering temperature depends on the initial particle shapes and sizes,
the use of additives, and the amount of pressure applied during sintering.

Evidently, to efficiently process sintered materials with desired properties, it is crucial to establish the correlation between the
microstructure of the material after sintering and the resulting relevant material properties at (macroscopic) product level. For
example, Ordonez Miranda et al. [21] quantified the thermal conductivity from measurements and models. Gillman et al. [22]
established the elastic and thermal properties directly from the microstructural statistics obtained from Focused Ion Beam (FIB)
milling combined with Scanning Electron Microscope (SEM) images, and computational homogenisation, assuming the macroscopic
mechanical and thermal properties for the intrinsic material behaviour of the silver particles. Chen et al. [23] studied the
temperature-dependent fracture behaviour in tension and shear through flat tensile specimens and die shear tests. More recently, it
became clear through die shear testing that the sintered silver-copper interface can be prone to failure [20].

Interconnect bonding properties have been experimentally characterised. For example, Lee and Yoon [24] compared the shear
strength of sintered silver with Cu, Ag and electroless-nickel-immersion gold surface finishes. It could be concluded that Ag surface
finish outperforms Cu and Au surface finishes, which was confirmed by Zhao et al. [25] and Wang et al. [26], where shearing
fracture toughness was measured as a function of sintering temperature and surface finishes (in this case, Cu, Ni, Au and Ag). Dai
et al. [27] studied the effect of micropatterning of the copper substrate on interface fracture toughness under mode II conditions
in the end notch flexure test. It was concluded that certain pattern geometries trigger the transition from interface to bulk fracture,
which enhances interface fracture toughness. This interface crack deflection mechanism has also been observed in copper—epoxy
moulding compound interfaces [28].

Almost all studies focus on the mode II fracture toughness of sintered silver interconnects [20,25,27,29-33]. Although it is logical
to look into these values due to the high shear stresses that occur around the sides of the die, this study will show that the entire
range of mode mixities is important for sintered silver interconnects, as it appears to be more complex than initially imagined.

Therefore, to elaborate on our understanding of the relevant dissipative mechanisms around the sintered silver-silver backside
metallisation (Ag-BSM) interface and the sintered silver bulk, mixed-mode interface delamination experiments will be performed. In
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particular, the Miniature Mixed-Mode Bending (MMMB) setup, as developed by Kolluri et al. [34,35], will be applied to quantify the
interface fracture data in the full range of mode mixities. By capturing the delamination process in situ under an optical microscope,
the fracture toughness for each mode angle is determined by the change in crack length, accurately obtained through digital image
correlation (DIC), and the measured force-displacement curve. In this paper, mixed mode fracture toughness data are obtained for
two distinct sintered silver materials: one containing nanoparticles (NP) and one mainly containing microflakes (xF). All samples
are sintered without pressure at 250 [°C] and 280 [°C]. Pressure sintering is not preferred for high-volume production in the
power packaging industry. The specific mode angles are determined through numerical simulations of the fracture process. After
delamination, the morphology of the fracture surfaces is investigated using a Scanning Electron Microscope (SEM) and an optical
microscope. In addition, the sintered microstructure is investigated using an SEM, after polishing and ion beam milling. Similar to the
work of Neggers et al. [36], this work distinguishes three scales: macro, meso and micro. At the macroscopic scale (i.e., the product
or sample scale) the load is applied. Consequently, the experimentally measured fracture toughness corresponds to the interface
fracture toughness value, also reported as work of separation (WoS). The mesoscopic scale is defined by the fracture process zone. At
this scale, the interconnect material is considered a uniform, homogenised material and the mode angle is calculated. The dissipative
mechanisms are active at the microscopic scale. Here, the material is heterogeneous due to the discreteness of the microstructure.
At this scale, the dissipative failure mechanisms are identified, such as cohesive and adhesive failure. As a result, the effect of these
different mechanisms on the macroscopic interface fracture toughness is quantified.

2. Experimental methods
Miniature mixed mode bending setup

To accurately characterise the interface fracture toughness of sintered silver interconnects as function of mode angle in multilayer
samples having representative dimensions for microelectronics applications, the Miniature Mixed Mode Bending Device (MMMB)
is used, which was specifically developed by Kolluri et al. [34,35] for high-resolution investigation of delamination and fracture in
microelectronic components. The device is schematically shown in Fig. 1. It allows for in situ characterisation of interface fracture
toughness over the full range of mode mixities at a constant mode angle during each test. Changing the mode selector (2) affects
the ratio of forces F, and Fjg, and thus the mode angle. In particular, the position at which & = H/y = 0 results in (far-field) mode
I loading, that is, w = 0°, while & = 1 corresponds to (far-field) end notch flexure test, i.e., w = 90°. Evidently, intermediate mode
angles are obtained by the positions 0 < ¢ < 1. The width of the setup is 36.5 [mm], while the sample dimensions are as follows:
length W = 35.0 [mm], width (in the out-of-plane direction of the setup) B = 5.0 [mm], copper layer thickness 7¢, = 0.5 [mm],
silver backside metallisation layer tgg,, ~ 5 [um], sintered silver interconnect thickness #54; ~ 40 [um], and pre-crack length a; = 5
[mm]. The setup is mounted in an in situ micro-tensile stage. Details on the MMMB setup can be found in the dedicated publications
of Kolluri et al. [34,35,37]. Note that the device has been carefully designed to minimise energy dissipation in the setup using
optimised elastic hinges and so-called dovetail connectors to take out all play from the system.

Sample manufacturing and preparation

Samples are made from two strips of leadframe grade C194 copper plates, electroplated with a silver backside metallisation
layer (BSM) and sintered together using Ag sinter. First, a large 0.5 [mm]-thick plate of copper is chemically cleaned and activated,
after which the 5 [pm]-thick BSM layer is applied by electroplating. Next, 35 x 5 [mm?] copper-BSM strips are cut out, using laser
cutting, and placed in a dedicated milled aluminium holder, and Kapton tape is applied over the last 5 [mm] of strip length to later
create the 5 [mm]-long (blunt) pre-crack. Subsequently, the strips are covered with a dedicated stencil device and silver paste is
applied and evenly distributed over the surface using a Japanese putty knife. The stencil and tape are then removed. To create the
5-layer sample structure, a second copper-BSM strip is precisely placed on top of the first strip, upside down, guided by a second
milled aluminium holder. The samples are then put in a sintering oven. To prevent the oxidation of silver during the curing and
the sintering phases, N2 gas flows through the chamber. The thus created blunt pre-crack is shown in Fig. 1d. The pre-crack length
varies with +0.5 [mm], which results in acceptable reproducibility, as the first loading cycle is omitted from the toughness analysis
in any case, as explained below. After sintering, the side of the 5-layer samples are sanded to remove excess sintered silver.

To accurately quantify the displacement field during mixed-mode bending, digital image correlation (DIC) is used at a
magnification of 12x corresponding to a pixel size of ~ 7 [um/px]. For this purpose, a speckle pattern is applied by spraying
conductive black paint off-axially through a tube, resulting in a dense, random speckle pattern. After applying the DIC pattern with
speckles between 6 and 10 pixels, the dovetails are glued onto the sample after which the sample is mounted into the MMMB setup.
It is important to note that the added speckle pattern is extremely thin compared to the 5 [mm] thick copper sample and does not
affect the fracture toughness results.

Initialisation of measurements

Prior to starting the experiment, a stereo microscope (ZEISS steREO Discovery.V20) with an Axiocam 506 mono camera, with
2752 x 2208 pixels, is focused on the applied speckle pattern on the sample and positioned so that the centre loading anvil
(corresponding to Fj in Fig. 1) and the dovetails are in the microscope field of view, of which an example is provided in Fig. 2.
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b) MMB forces

a) MMMB &) c) 5-layer sample

Fig. 1. (a) Schematic illustration of the MMMB setup developed by Kolluri et al. [34,35], with (1) the position selector, (2) the mode selector with dovetail
hinges, and the 5-layer sample in orange; (b) a schematic representation of the workings of the MMMB setup; (c) Cu/Ag/Cu material sample geometry; (d) SEM
image of the created blunt pre-crack. From top to centre: the copper plate, the backside metallisation layer, and the sintered silver layer. The surface roughness
is exaggerated in the SEM picture, as the BSE layer was smeared out due to a relatively rough sanding process to retain the blunt pre-crack shape ; (e) example
of a propagated sharp crack initiated from the blunt pre-crack.

Speckle pattern

Fig. 2. Example of a mode I delamination experiment (i.e., £ = 0) in the MMMB setup, where the interface crack propagates from right to left. Observe the
speckle pattern applied to the sample. DIC is performed on the region of interest indicated by the dashed line.

Measuring and processing
Multiple loading — interface crack propagation — unloading cycles are conducted until the crack tip approaches the centre loading
anvil. To calculate the fracture toughness for each mode angle, the resulting force—displacement curve is used. The fracture toughness
is calculated by Gdoutos [38]:
1 AU;

I'ci(w) = ~B A2 @™

where B is the out-of-plane sample thickness, AU, the area that represents the dissipated energy between the loading and unloading
lines for the different crack lengths Aa;, and 4a; = a,; — a; the change in crack length between the subsequent loading-unloading
curves, as shown in Fig. 3. For each mode angle a new experiment is performed. Multiple data points are obtained for each test, as
multiple loading — crack propagation — unloading cycles are performed. Note that fracture toughness is calculated during steady-
state crack propagation with a fully developed fracture process zone. Consequently, the initial loading cycle is omitted from the
analysis because this is when the steady-state fracture process zone evolves from the introduced pre-crack. The curves clearly show
irreversible plastic deformation, most likely occurring in the sintered silver layer. As a result, the calculated I'. values correspond
to the so-called macroscopic work of separation, which includes the energy dissipation caused by plasticity. As the scope of this
manuscript is to identify the dissipative mechanisms around the interface, it is not required to separate the individual energy
contributions to the macroscopic interface fracture toughness. It is remarked that a combined numerical-experimental approach
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Fig. 3. The areas that represent the dissipated energies AU, due to fracture between the subsequent loading and unloading lines 4; and g,,,. The curve’s initial
segment, where crack initiation occurs, is shaded in grey.

Fig. 4. The ¢,, DIC strain component field shown as an overlay on the delaminated sample. The full video can be found on: https://youtu.be/xXvyQqueStc.
Note that the example experiment shown here is a mode I experiment, where the mode selector is placed all the way to the right (¢ = 0). Hence, as indicated,
no forces are acting through point B, only through point A.

could be employed for the identification of the individual contributions (see, e.g., Kolluri et al. [39]).

In order to obtain the energy as the integral of the force over the displacement, as shown in Fig. 3, this displacement needs to
be obtained at the position of the load cell, which could be measured by the LVDT that measures the applied displacement at the
clamps, v,,, . However, it was found to be more accurate to determine v,,, from the displacement measured by DIC at anvil A and
B and converting those to v,,, using the kinematic equation of the MMMB elastic mechanism, as obtained by Samimi et al. [40],

Vappt, = 0a(1 = &) = Evp, @

where v,,, is the displacement without the elastic deformation of the MMMB, and v,, and vy are the displacements measured
using DIC. The change in crack length is also determined through DIC. The crack tip is tracked using the strain field peak obtained
around the centre of the sample, between the two individual plates. A snapshot example of the obtained DIC strain field is shown
in Fig. 4.

To establish the relation between the mode angle y and the dimensionless shape parameter &, 2D finite element simulations at
mesoscopic level of the full specimen geometry including the silver BSM layers and the two C194 copper plates are performed in
MSC.Marc. The model consists of a focused crack tip mesh with collapsed quadratic quarter point elements to accurately describe the
stress singularity at the crack tip [41-43], and is shown in Fig. 5. Due to the out-of-plane thickness of 5 [mm], plane strain is assumed
and frictionless contact is prescribed between the different materials to avoid material penetration. By varying ¢ and maintaining a
constant applied force F, the forces F, and Fy are given by F, = F-(1 — &) and F = F-¢. The mode angle is determined by the ratio
of the interface stress intensity factors K; and K,: w = tan™! % . The interface stress intensity factors are determined through the
interaction integral method [44-46]. The interaction integral method is validated through an extrapolation method in which the
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Fig. 5. The focused crack tip mesh used for the FE simulation to determine the SIFs for each £. The crack tip node is located in the centre, while the red line
shows the pre-crack q,.
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Fig. 6. The dimensionless shape parameter ¢ versus the mode angle y as calculated from the finite element simulations.

stress intensity factors are calculated from the crack tip opening displacements at different r values and subsequently extrapolated to
r = 0, where r is the distance from the crack tip node [47,48]. The result is shown in Fig. 6. Mesh independency is checked by refining
the mesh with a factor of 10 in both directions; the difference in the calculated mode angle is 0.03%, which indicates a converged
result. Note that pure mode II is obtained at ¢ ~ 0.8, similar to Kolluri et al. [37], while for higher ¢ an additional compressive
stress normal to the process zone exists, which increases with increasing & until the end-notch flexure (ENF) configuration is reached
at £ = 1. This is an important distinction of the MMMB setup compared to a regular ENF setup, as the sintered interconnects are
porous, thus creating friction along the cracked interface, which would increase the measured force response and the corresponding
fracture toughness.

Fracture surface morphology analysis

After testing, the samples are carefully cleaned using cotton swabs with alcohol to remove the DIC speckle pattern, while
preserving the crack. The samples are analysed in a FEI Quanta 600 SEM using the backscatter electron (BSE) mode to identify
the complex crack propagation path. In addition, the separated fracture surfaces are studied under a Zeiss V20 optical microscope
to identify regions of interface and bulk fracture through the greyscale levels of the obtained images. As illustrated in Fig. 7, the
fracture surfaces have a specific reflection. The bulk fracture is seen as much darker, whilst the interface fracture appears lighter.
The two sides of the interface fracture can be distinguished, see Fig. 7, as surface (3) reflects more of the silver backside metallisation
layer, therefore reflecting much whiter than surface (2). The relative area of these three surfaces is calculated from the peaks fitted
to the combined histogram image, as shown in Fig. 7.c, using the open source Matlab peak fitting toolbox provided by O’Haver [49].
Using the relative areas, the percentage of bulk failure is determined through Bulk% = & and the percentage of interface failure

through IF% = Mij(w.
total

3. Experimental results

Two sintered silver interconnect materials are considered in this study: one material is composed of nanoparticles (NP) while
the second material is mainly composed of microflakes (pF). Fig. 8 shows SEM images of typical microstructures of both unsintered
materials, from which the particle size difference is clearly visible. The particle size of the NP material ranges from 100 [nm] to 800
[nm], whereas the particle size of the pF material ranges from 3 [pm] to 10 [pm]. The resulting microstructures after sintering at
two different temperatures are shown in Fig. 9, together with an estimation of the porosity, obtained by converting the greyscale
BSE images to a binary value. Specific observations for the different materials are discussed in the corresponding sections below.
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Fig. 7. The process of determining the fracture morphology per sample, where a) represents a schematic cross-section of the fractured surface, b) the greyscale
distribution when visualising the three variants of fractured surfaces, and c¢) a measurement of the top and bottom of a fractured sample under a stereo light
microscope and the corresponding histogram together with the equations used to determine the area percentage of bulk fracture versus interface fracture.

€

20 um — \ 7 20 pm

(a) (b)

Fig. 8. SEM images of the microstructures of unsintered silver cured by evaporating the solvents under high vacuum for approximately 2 h to enable SEM
observation, (a) microflakes and (b) nanoparticles, with a factor 10 increased magnification to show the individual particles.

3.1. Nanoparticle sintered silver

From Fig. 9a,c, it can be observed that increasing the temperature increases the homogeneity of the microstructure of the
nanoparticle material. At 250 [°C], more small islands are visible, whereas these islands almost completely disappear at 280 [°C].
This can be explained by the fact that at lower temperatures, the smallest nanoparticles agglomerate whilst the activation energy
for agglomeration of the larger nanoparticles is not yet reached, therefore, at a higher sintering temperature particles tend to
agglomerate faster, forming a more homogeneous small-scale microstructure, and thereby also decreasing the porosity. The diffusion
coefficient obeys an Arrhenius equation resulting in higher diffusion values at higher temperatures [7,50]. This aligns with the
observation of reduced porosity with increasing sinter temperature, as shown by Knoer and Schletz [51] for pressureless sintered
silver nanoparticles.

The measured interface fracture toughness, or work of separation (WoS), values as a function of the mode angle, for the two
sintering temperatures, are shown in Fig. 10. As illustrated by the linear fits, the work of separation shows an approximately linear
dependency with the mode angle. This is somewhat uncharacteristic, as typical mixed-mode interface fracture data exhibit a highly
nonlinear relation with the WoS sharply increasing towards mode II loading [37,52,53].
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Fig. 9. SEM images of the microstructures of the (a,c) nanoparticle, and (b,d) microflake materials, sintered at two different temperatures. The SEM images
consist of a combination of SE and BSE, the bright hotspots are a result of brightness-contrast settings.
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Fig. 10. Interface fracture toughness of the nanoparticle sintered silver as a function of mode angle and sintering temperature. A linear fit was used for both
temperatures, which gives reasonable R? values.
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Fig. 11. Stereo light microscopy images of the top and bottom fracture surfaces of the delaminated nanoparticle sintered silver samples.

Due to the maximum force level of the MMMB, performing a pure mode II test was impossible. The sample width was already
reduced to 1.8 < B < 5 [mm] for the higher mode angle tests, e.g. v > 39°, but the maximum force is still reached for the pure mode
II test. Further reduction in the sample width was not possible as it resulted in contact between the hinges, which compromised the
integrity of the experimental setup.

It can be concluded that a higher sintering temperature results in a higher work of separation which can be attributed to the more
uniform microstructure of the sintered material. Moreover, the increasing fracture toughness as a function of the mode angle can
be attributed to the increased plastic deformation at, and in front of, the crack tip, as there is no change in the fracture morphology
of the specimens; see Fig. 11.

3.2. Microflake sintered silver

The resulting microstructures of the sintered silver containing microflakes, shown in Fig. 9b,d. It can be seen that both
microstructures have regions of fine particles amidst a “matrix” of larger, highly elongated particles, i.e. microflakes, a few
micrometres in size. Interestingly, these regions with fine particles are clearly more bonded for the 280 [°C] case, while for the
250 [°C] case many of these fine particles are loosely bonded. In contrast, no clear distinction can be observed in the degree
of bonding of the microflakes. The measured interface fracture toughness values as a function of the mode angle and the two
sintering temperatures are shown in Fig. 12. Several interesting observations can be made. Firstly, an atypical dependency of the
fracture toughness on mode angle is observed: a decrease in fracture toughness occurs at small mode angles, i.e., w < 10°. For
10° < w < 20°, I'> does not change significantly, while showing a minimum value. Subsequently, for 20° < y < 40°, the fracture
toughness increases, suggesting an additional, or different, mode angle-dependent dissipative mechanism for y > 20°, which is
also atypical. For v > 40°, the fracture toughness remains constant, which is also atypical as a sharp rise towards mode II was
expected as discussed above. Secondly, the fracture toughness values are at least one order of magnitude smaller than the values
for nanoparticle-based sintered silver, indicating a large change in the failure mechanism compared to those for nanoparticle-based
sintered silver. Finally, the interface fracture toughness does not show a clear dependency on the sintering temperatures, which is
in contrast to that of nanoparticle-based sintered silver. This can be explained by the above-mentioned fact that a clear difference
in the sintered microstructure is not observed for the two sintering temperatures and the lack of change in the failure mechanism
with increasing sintering temperature. This seems to suggest that the fracture occurs along the bonding between the microflakes,
avoiding regions with fine particles because a clear temperature dependence was found in the fine particles, but not for the matrix
of microflakes. This suggests that the regions of fine particles have a higher WoS, which may explain the factor of 10 higher WoS
of the nanoparticle sintered silver, as this consists completely of finer particles.

For this material, it was possible to perform pure mode II due to the significantly lower adhesion, it is possible in terms of
maximum force and hinge range, even without altering the width of the specimen. However, stable crack growth could not be
reached. The explanation for this is that during the first part of the test, the fracture process zone (almost) reaches the centre anvil,
which is a well-known problem for mode II experiments using a three-point bending test [54]. This was concluded as the resulting
force-displacement curve increased after the crack was initiated, indicating that the centre loading anvil interfered with the fracture,
effectively withholding it from propagating.

To explain the peculiar mixed-mode behaviour, the fracture morphology will be analysed in more detail.
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Fig. 12. Interface fracture toughness of the microflake sintered silver as a function of mode angle and sintering temperature. A smoothing spline fit was used for
the combination of both temperatures, which gives reasonable R? values and stresses the atypical behaviour of the fracture toughness across the mode mixity.

Analysis of fracture morphology

From the SEM pictures in Fig. 13, two fracture morphologies can be distinguished clearly: (1) bulk (cohesive) fracture in the
sintered silver material, (2) interface (adhesive) fracture at the interface between the sintered silver material and the BSM layers.
Specifically, for tests conducted at y = 9° and y = 18°, a pronounced preference for interface failure between the BSM and sintered
silver layers is observed. In these cases, the bulk fracture represented less than 10% of the crack surface. A combined bulk-interface
fracture pattern is visible and is referred to as interface crack deflection. The remaining mode angles, e.g. w = 0°, 2°, 26°, and 39°
exhibit predominantly bulk fracture and y = 61° a combination of both.

The occurrence of bulk and interface fracture is confirmed by stereo light microscope images of the top and bottom fracture
surfaces for the various mode angles, see Fig. 14. Here, the brighter grey on the top or bottom side of the fracture surface corresponds
to the BSM material which indicates interface failure, occurring mainly in y = 9° and y = 18°. In contrast, a darker grey at the top
and bottom sides of the fracture surface indicates bulk failure in the sintered silver material.

Consequently, Fig. 15 provides a quantitative calculation of the percentage of fracture morphology type as a function of the
mode angle. What can be seen from the quantitative calculation is that the dip in fracture toughness at 0° < y < 30° corresponds to
the peak in interface failure morphology of up to 70% at a mode angle of 9°. This calculation also showed more interface fracture
than previously expected from the SEM BSE side view images at 0°, 2°, and 18°. For the higher mode angles of y > 26°, while some
areas are inconclusive, there does not appear to be any indication of the presence of interface fracture of more than 10%.

Using the data presented in Fig. 15, an interesting observation can be made. Upon plotting the fracture toughness versus the
relative amount of interface failure, the fracture toughness at 100% interface failure can be estimated. This is presented in Fig. 16.
The best possible fit seems to be an exponential model. Given that the interface fracture toughness is equal to the thermodynamic
work of adhesion I}, and the micro- and macro-scale dissipative mechanisms I';, [43,53] through

I'e=Ty+ Ty, 3

it is possible to estimate the thermodynamic work of adhesion between the silver backside metallisation layer and the sintered
silver. This estimate is illustrated in Fig. 16, yielding Iy ~ 1.7 [J/m?] which appears to be a reasonable value. Interestingly, the
exponential fit in Fig. 16 would also mean that I'j, increases with decreasing interface fracture, which may indicate that a crack front
that partially runs over the interface restricts the bulk part of the fracture, thus limiting the extent to which dissipative mechanisms
can be activated in the bulk. For full bulk fracture, the crack front fully activates all dissipative mechanisms resulting in a work of
separation of I'j, ~ 25 [J /m?] for the microflake-based sintered silver material.

3.3. Comparison to literature

The obtained fracture toughness values are compared to values reported in the literature. Table 1 presents an overview of these
values, including the test method used, porosity, and failure type for fracture mode I and mode II. Mode I toughness values range
from 0.08 [J/m?] in 3-point chevron tests to 70.1 [J/m?] in double cantilever beam (DCB) tests of sintered silver reinforced with
nickel-coated multiwall carbon nanotube (NiC tube) with a porosity of 25%. In mode II, toughness values range between 5-330
[J/m?] in end-notch flexure (ENF) tests with porosities of 34-24%, and 277-969 [J/m?] in Ag-BSM-reinforced sintered silver with
porosities of 30 + 3-25 + 2%, also tested with ENF.

For nanoparticle-based sintered silver with 19-24% porosity measured in this work, I'; - values of 35-115 [J/m?] and I';; - values
of approximately 600-800 [J/m?2] are achieved. The results of Zhao et al. [25] suggest that these values fall within an aéceptable
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Fig. 13. The SEM BSE side view images of the samples after delamination as a function of mode angle T =280 [°C] for the microflake sintered silver. At most
mode angles, bulk fracture occurs primarily. However, at y = 9° and y = 18° mostly interface fracture between the sintered silver and the BSM layers occurs.
At y = 61°, combined bulk and interface fracture occurs.
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Fig. 14. Stereo light microscopy images of the top and bottom fracture surfaces of the delaminated samples 7" = 250 [°C] microflakes. The samples corresponding
to mode angles w = 0° and y > 26° do not show a significant difference. The samples of mode angles y =2°, w =9° and y = 18° differ: the left fracture surface
of the sample appears brighter, indicating the visibility of the BSM layer, thus suggesting interface failure.

range. Further differences could be due to the two different testing methods, ENF versus MMMB. The MMMB test measures the
pure mode II toughness, whereas the ENF test measures the mode II toughness under additional out-of-plane compression which
overestimates the real mode II toughness due to (additional) friction along the cracked interface, especially for porous materials
(note that in the application out-ofplane compression is not present).

The microflake-based sintered silver measured in this work shows a comparable toughness, with I'; . of 10-17 [J/m?] and I}, ¢
of approximately 25 [J/m?] at porosities of 30-26%. These results confirm the values reported in the literature, where lower porosity
correlates with higher fracture toughness for mode I and mode II. Although the pF-sintered silver is on the lower side compared to
the results of Dai et al. [55], who obtained a mode I fracture toughness of 36.9 [J. /m?2], the pF sintered silver’s layered microstructure

11
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Fig. 16. The percentage of interface failure versus the fracture toughness data obtained from the sintered silver interconnect containing microflakes to estimate
the thermodynamic work of adhesion I,.

might play the biggest role in the difference between the two values.
4. Conclusion

Motivated by the increasing need for reliable interconnect materials, this study presents results of the interface fracture toughness
of two different sintered silver materials, sintered at two temperatures. The experimental methods involved the sintering of two
different sintered silver materials: one containing microflakes and one containing nanoparticles. The interconnect materials were
sintered between two copper plates electroplated with a silver backside metallisation layer. These samples were used to provide
microstructural images of the sintered silver interconnects obtained before and after fracture, and were tested using a dedicated
mixed-mode delamination tester under in situ optical microscopy from which the fracture toughness was determined as a function
of the mode mix from mode I to mode II. The following conclusions are drawn from the current research:

1. The mixed-mode fracture toughness of the NP-based sintered silver follows an approximately linear relationship as function
of the mode angle. The sintering temperature does not influence the mixed-mode behaviour; only the magnitude is affected.
This was explained by the improved small-scale homogeneity with increasing temperature as observed in the microstructural
cross-sections. From the fractured samples, it was seen that the morphology remained consistent at various mode mixities.
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Table 1

Literature results of the fracture toughness for sintered silver and the porosity, as reported in the references given in the right column. Note that the porosity
range is reported from high-to-low, as these values related to the low-to-high range of the fracture toughness values. NiC tubes indicated a sintered silver
reinforced with nickel-coated multiwall carbon nanotubes. The observed failure mechanism is bulk (B), interface (I) or a combination, mixed (M).* denoted
extrapolated values from the mixed-mode fit.

Test I e [/m?] Iy e [/m?] Porosity [%] Failure

Micro-cantilever beam 1.8-4.2 B [56]
Dogbone test 7.68 B [56]
3-pt chevron 0.08 I [57]
Compact tension 0.074-0.226 1 [26]
ENF 5-330 34-24 I-B [30]
ENF (bare Cu) 21-334 30 + 3-25 + 2 I [25]
ENF (Ag-BSM) 277-969 30 + 3-25 + 2 M [25]
ENF tests 41 + 9-87 + 22 33-29 I [27]
DCB (virgin) 36.9 28 1 [55]
DCB (NiC tubes) 70.1 25 B [55]
MMMB (NP) 35-115 600-800* 19-14 M n.a.
MMMB (pF) 10-17 25% 30-26 M n.a.

Consequently, the measured increase in fracture toughness is caused by the increase in plastic deformation around the crack
tip in the interconnect.

2. The puF-based sintered silver displays a global minimum in fracture toughness between 0° < y < 38°, followed by an almost flat
dependence. Further examination uncovered that the fracture morphology changed with varying mode mixities. The samples
in the range of 0° < y < 26° showed a preference for interface failure, whilst the remaining samples showed a preference for
bulk failure. Samples close to the global minimum were shown to have the highest adhesive-to-cohesive ratio, up to 70% of
the sample’s surface. Subsequently, the thermodynamic work of adhesion was estimated to be around 1.7 [J/m?]. Combined
with the earlier conclusion that for the NP material, the fracture morphology remained consistent across the mode mixities,
it was concluded that the peculiar mixed-mode fracture behaviour can be attributed to a change in the microscopic failure
mechanism at low mode angles.

3. The fracture toughness values obtained in this study for both NP-based and pF-based sintered silver are in the same range as
those reported in the literature, indicating consistency with previously obtained results despite differences in testing methods
and material microstructures.

The findings of this study offer valuable insight into the complex interplay of sintering parameters, microstructure, and the resulting
fracture behaviour around adhered interfaces, such as the sudden activation of an additional microscopic failure mechanism that
depends on the mode angle. The clear dependence of fracture toughness on the mode angle and microstructure composition
underlines the need for microstructural mechanical research to couple the sintered silver microstructure to the macroscopic
behaviour.
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