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Continuum conductive paths efficiency, health safety, and superior thermal conductivity, which is crucial for the increasing

Thermal conductivity computational speeds and thermal management in microelectronics. Hence it is imperative to

X-ray microscopy undertake a comprehensive analysis of these materials. In this work, the inner structure of a silver
adhesive applied in splicing electronic components was investigated to reveal the mechanisms
and factors of its thermal and electrical conductance. Transmission X-ray microscopy (TXM) with
nanoscale resolution (for three-dimensional (3D) imaging) was used to characterize the samples.
The results demonstrate that the regularly concentrated silver particles, mostly with a length less
than 1 pm and with a volume less than 1 pm® with flaky shape, are arranged to form the con-
tinuum conductive paths inside the matrix materials. The thermal and electrical conductance of
this adhesive have been studied and analyzed, and proven to be superior along the surface-normal
direction. The nearly-perpendicular grain orientation of the inner silver particles and the parallel
orientation of the particles next to the adhesive surfaces both act to optimize the conductance of
the heat and electrons of this materials.

1. Introduction

Since 1980, research and development of the conductive adhesives was credited with saving the production costs of a large number
of electronic products. In addition, conductive adhesives could reduce the health hazards associated with conventional lead-tin solder
technology, which is a significant advantage [1]. With the continuing advancement of microelectronics, there is a fast growing interest
in advanced adhesive materials with excellent thermal conductivity. This is due to a second important issue, namely thermal radiation,
which is unavoidably connected with the ever-increasing speed of computation and processing of microelectronics, especially for the
coming artificial intelligence (AI) era. Thermal radiation can directly affect the lifetime and efficiency of the electronics. An increase in
temperature by 10-15°C could result in halving the device life [2]. Therefore, materials are urgently needed for fast thermal con-
ductivity to protect electronic devices [3-5]. Among them, silver-based electrically conductive adhesives (ECAs) have gained wide-
spread use. Compared with other types of adhesives, silver-based ECAs have many advantages such as lower toxicity, fewer processing
steps, excellent thermal conductivity and excellent stability to various substrates. These have made silver-based ECAs a major adhesive
used in electronic products such as liquid crystal displays, light-emitting diodes, integrated circuit chips, and radio frequency iden-
tification tag antennas [6-8].

In general, silver-based ECAs consist mainly of two components: a polymer matrix (such as epoxy) and a conductive filler (i.e. silver
particles), providing the mechanical strength and the desired conductivity, respectively. Commonly-used conductive fillers are nano/
micro-sized silver with granular, flake, ribbon, and wire shapes. To improve the thermal conductivity of epoxy resin adhesives, highly
conductive fillers, such as graphene nano-sheets and MXene fillers, are also incorporated into the epoxy matrix to enhance its heat
dissipation capabilities [9-12]. The superior thermal conductivity of silver-based ECAs can be originated from the primary heat
carriers in the materials, i.e. electrons and phonons [13-15]. Hence, the addition of fillers with very high thermal conductivity such as
silver metals into polymer based adhesives becomes the main method to improve their thermal conductivity. They form a thermally
conductive network that facilitates rapid heat transfer, thereby enhancing the adhesive’s thermal conductivity.

In recent years, to optimize the network structures of the conductive fillers, lots of investigations have been focused on improving
the size of the silver particle fillers or using synthetic composites such as functional graphene materials with silver-containing particles
as fillers [16,17]. Other studies have proposed nanowire structures for thermally conductive silver adhesives, which can enhance both
the thermal conductivity and mechanical properties of the silver adhesives through the high specific surface area and unique electronic
structure of nanowires [18]. In addition, some researchers have sought to enhance the thermal conductivity and stability of the silver
adhesives by introducing organic and inorganic hybrid structures [19,20]. Zulkarnain et al. studied the influence of the ratio of silver
particles to silver nanoparticles on their thermal conductivity [21]. Li et al. prepared a three-dimensional (3D) silver-filled structure of
ECAs using silver fractal “flowers” (Ag-FFs) as the main fillers and silver nanowires (Ag-NWs)/silver nanoflakes (Ag-NFs) groups as
auxiliary fillers [22]. These ECAs prepared by constructing 3D conductive networks have good conductivity and resistance stability,
and the content of silver particles needs to be moderate to balance conductivity and adhesive performance [23,24]. Although various
research has been done on ECAs, the main silver fillers of most commercial adhesives available today are still in the micro-scale
[25-28]. Meanwhile, conventional micro-silver filled adhesives suffer from some drawbacks, such as the silver fillers are usually
produced by ball milling and covered with insulating (organic) lubricants, thus their tunnel resistance is quite high [29]. In addition,
these ball milled silver sheets always with rough surface that easily lead to greater resistance which results from the point-to-point
contact among this shape of particles [26]. These would reduce the thermal and electrical conductivity of the adhesives. Secondly,
micron-sized silver particles would always generate more gaps, i.e. more pores in the adhesives, when they are contacted in the
network thus reducing the thermal conductivity. While, nano-silver particles for filling can effectively improve this situation.

As a thermal and electrically conductive adhesive, the primary applications of the silver epoxy adhesives are attaching silicon chips
to substrates or heat sinks, while also ensuring mechanical integrity [30]. In these instances, it is the thermal conductivity, not
electrical conductivity, that is most crucial, as the performance of modern integrated circuits is largely determined by the efficient heat
dissipation from the active semiconductor structure.

When the concentration of the silver particles in the epoxy matrix surpasses a critical threshold, a conductive path is established
[31]. Right at the critical concentration, a “percolation transition” occurs, which means the conductive “paths” begin to form in the
insulating matrix. With further increases in the concentration of silver particles, a richer 3D spatial network of the conductive paths
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established, and the conductivity of the cured adhesive coating layer further increased until reaching a peak value and remaining
nearly constant [31]. A high ratio of silver filler can be effective in achieving sufficiently high electrical conductivity. However, higher
filler content also implies lower adhesion [32]. It naturally follows that the next problem is how to strike a balance between the amount
of silver and epoxy used in the formulation to create a satisfactory silver epoxy adhesive having decent thermal conductivity and
adhesion. The orientation of the particles on the micro- and nano-scale is highly relevant, which would refine the conductive
efficiency.

Percolation theory [33,34] can be used to explain the thermal and electrical conductivity of the silver epoxy adhesive and its
variation pattern with particle concentration. To apply this to understand the conductivity origin of the materials, information about
the real 3D structure is needed. This study employed X-ray tomography to analyze a silver epoxy adhesive [35,36] at the nanoscale to
visualize the 3D spatial network of the conductive silver particle paths within it. The sample consists of two main parts: flake-shaped
silver particles and matrix epoxy resin. The silver particles, usually a few microns in size, account for about 80% of the weight of the
(dried) adhesive sample. X-ray nano-tomography measurements provided detailed 3D images of the silver particles’ shapes, sizes, and
spatial distribution, revealing the conductive network made by these particles that provide pathways for percolation of heats and
electrons within the materials [37-39], which governs its thermal and electrical properties. Our work further reveals and suggests the
conductive adhesive of a structure containing the fillers with parallel orientation near surfaces and with vertical alignment within the
internal body. The dedicated structure presents an approach to enhancing thermal and electrical transfer performance. This study fills
the gap of correlations between the 3D spatial nano-structure of the conductive adhesives and their thermal and electrical
conductivities.

2. Materials and methods

The measured samples were dry silver epoxy adhesive films that have been applied on surface-treated glass slices and been cured
over a year at room temperature. The acquisition of the X-ray tomographic data and the 3D image reconstruction were performed by
using a transmission X-ray microscopy (TXM), Zeiss Xradia X-ray Nano-CT (Ultra series).

Before measurement, the samples were peeled off from their substrates to become free-standing films. Then, the films were cut into
smaller pieces and fixed on the tips of pins by cyanoacrylate glue. The fixed samples were then fabricated into tiny triangle-shaped
samples that were then mounted in the TXM sample holders for measurements. During the tomographic measurements, the refer-
ence 2D projection images with the X-ray beam only were collected for use as the background image of the final tomographic scan data.
The final tomographic scan was performed with 0.15° angular step in a scanning angular range from —90° to 90°, giving in total 1201
absorption contrast projections of the sample for the 3D reconstruction. The measurements were performed under absorption contrast
(only) mode using a quasi-monochromatic X-ray source of 8.05 keV (A ~ 1.54 A) at 40 kV acceleration voltage from a copper rotating
anode target. The field of view (FoV) of 66 x 66 pm2images of the samples were generated with 1024 x 1024 pixels which gives out the
reconstructed pixel size of 64.45 nm x 64.45 nm.

3. Results and discussion

Raw X-ray projections at a series of different angles (—45°, 0° and 45°) of a free standing film sample are shown in Fig.s 1a, 1b and
1c, respectively. The size of the projections is 66 x 66 pm?.

As the projection images were collected in the absorption contrast mode during tomographic scan, the epoxy appears nearly
transparent to the X-rays and could hardly contribute to the absorption images. Hence, in Fig. 1, the darker regions (in the middle) are
the silver particles that exhibit significantly higher X-ray absorption than that of the epoxy resin.

Fig. 2 presents the tomogram slice images of the sample. Because the sheet-shaped sample was positioned vertically to the hori-
zontal plane (i.e. parallel to the rotation axis Z), with its surface also perpendicular to the horizontal (shown in Fig. 3b as well). These
tomogram slices (in Fig. 2) illustrate the sample’s structure from its film surface to the film-substrate interface. Ideally, the cross-
sections of the sample slices should be close to rectangle-shaped, rather than the wedge-shaped shown in these images. As the

Fig. 1. A series of raw projections of the silver epoxy adhesive. (a) A projection at —45°. (b) A projection at 0°. (c) A projection at 45°.
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Fig. 2. The reconstructed X-ray tomogram slices of the 3D image of the silver epoxy adhesive in the zx plane (perpendicular to the tomography
rotation axis Z).

Fig. 3. 3D structural image rendering of the silver adhesive. (a) Side view of the image in xy plane (perpendicular to the rotation axis Z). (b) Side
view of the image in xz plane (parallel to the rotation axis Z). (c) & (d) The simplified centerline network of the connected silver particles along the
same orientations in panels a & b.

broken yellow lines indicated in Fig. 2, the (ideal) surface and interface should be parallel to each other. However, during the sample
fabrication, part of the interface region was cut, and hence produced the wedge-shaped sample.

For the following 2 reasons, it was concluded that the marked higher side (in Fig. 2) is the intact peeled surface. The sample directly
adheres to the substrate coated with release agent so that the peeled-off surfaces cannot be totally flat and straight because of the
deformation during the peeling-off operation. In contrast, the cut side of the sample can be rationally flat because of the inertia in force
direction during the cutting process, especially at the tiny scale.

Fig. 3 presents a rendering of the reconstructed 3D spatial structure of the sample, in which Fig. 3b shows the presumed peeled
surface. The silver particles within the sample were rendered in silvery color (in Fig. 3). From 3D perspective, these images show that
the particles have a plate-like shape, rather than the pellet-liked shape as shown in the 2D slices as well.

The preserved surface obviously shows many bulks of Ag particles in flake-shape with relatively larger area (Fig. 3b), but the other
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side, i.e. the damaged cut side, is different (Fig. 3a). For the damaged side, the closer to the thicker side (Fig.s 3a & 3b) where more
parts of the sample surface were conserved, the more silver bulks appear. This indicates the damaged side has lost many information
which is possible in consonance with the preserved surface where many plate-shaped silver particles with large area existed. Near the
preserved surface, the plate-shaped silver particles tend to align almost parallel to the surface (see the higher parts in Figs. 3a and 2).

After 3D digital image segmentation, every segmented Ag particle was labelled, and then the centerlines of the contacted labelled
objects, i.e. the Ag particles, were extracted and rendered as a network (Fig.s 3¢ & 3d). The Euclidean distance from the points of the
centerline of the labelled object to the nearest object boundary is stored as thickness of the object at each point. These values were used
as an estimate of the local thickness and reflect the color brightness and thickness of the object. The rendered skeleton-like result
clearly shows the connectivity with orientation distribution and the general relative thickness of the Ag particles, and the color-map of
the presented skeleton is determined by the thickness of each point (Fig.s 3¢ & 3d). It is found that the centerlines on the higher side (of
the preserved surface) are almost parallel to the surface plane, interweaving like a net structure (Fig. 3c). As to the lower side (in
Fig. 3c), the centerlines orientation of its left part (partly preserved interface) is similar to the preserved surface, but the right part (cut
part) is quite different, containing many lines with a vertical orientation. Moreover, the points with higher color saturation, i.e. of
higher thickness, are mainly distributed near the surface. These indicate that the orientation arrangements of the silver particles are
quite different among the surface parts and the inner parts, and that the larger silver particles tend to congregate near the surface along
the direction parallel to the surface.

The length and volume distributions of the silver particles are presented in Fig. 4. The silver particles are divided into 11 groups by
length from 1 pm to 10 pm with 2 extra groups of lengths less than 1 pm and longer than 10 pm, and they are divided into 9 groups by
volumes from 1 pm? to 35 pm® with 2 extra groups of volumes less than 1 pm® and larger than 35 pm?. It can be seen that more than half
of the particles (63.50%) are smaller than 1 pm, with decent portion of particles of a few microns and very small amount of particles
larger than 10 pm.

To further investigate the local internal structure, a representative part of a cube (Fig. 5b) which includes a part of the preserved
surface was cropped from the measured sample (Fig. 5a) for study. The particle centerline network path was calculated as well. The
segment color-map of the centerlines is also indicated by the thickness at each point (Fig.s 5a-5c). Within the cube, it is showing that
the centerlines of the silver particles cross-contacted and their connections are generally aligning towards the surface normal. At the
same time, along the surface parallel direction, the particle connections are frequently interrupted. Along the direction perpendicular
to the sample surface, the occupied areas of the silver particles of each tomogram slice were measured (Fig. 5d). It is easy to understand
that the rapid rise of the occupied areas from slice 0 to slice 25 which resulted from the uneven surface, whose initial slices were
fragmented. Ruling out the beginning interference items (about slice 0 to slice 25), the statistical area was divided into two parts. One
is from about slice 25 to about slice 100, where the average area per slice occupied by silver particles was about 1.25 pm?. The other
part is from about slice 101 to the end, where the area per slice was about 1.12 pm? with a slight fluctuation. The former part is closer to
the surface with more parallel-oriented particles, so it has larger average area than that of the latter part. This also indicates that the
orientations of the silver particles are different between the surface regions and internal regions as mentioned above.

Based on the measured structure, Fig. 6 shows a schematic model of the desired structural arrangement of the silver particles within
the adhesive which could enhance its thermal and electrical conductive properties. For this structure, the adhesive films would obtain
superior thermal and electrical conductivities because the (device-generated) heat and electrons can propagate directly through the
cured films along the inter-connected conductive silver particles that lie perpendicular to both interfaces (at device and heat-sink
sides). Meanwhile, the near-surface-normal orientation of the silver particles in the inner parts of the cured adhesive could form
shorter conducting paths, which means shorter conducting distances and shorter cooling time for heat. Furthermore, the near-parallel
arrangement of the silver particles close to the interfaces increases their contact area with both external interfaces, namely the
semiconductor device and the heat sink. This enhances the heat and electron transfer capabilities of the devices, as the silver particles
establish larger contact areas on both side that can absorb the heat or receive electrons at one side quicker and release the heat and
electrons at the other side quicker as well.

In terms of improvements in adhesives, there are mainly studies on fillers. Wang et al. use AIN nanoparticle additive modified silver
particles as fillers [39] to improve the performance of the thermal and electrical network, as well as the use of autocatalytic perfor-
mance of the Cu to improve the thermal conductivity [27,28]. Ma et al. studied the silver particles sintered with different composite
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Fig. 4. Histogram of distribution of the sizes of the silver particles. (a) The length distribution of the particles. (b) The volume distribution of
the particles.
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Fig. 5. 3D structural image rendering of the cropped part. (a) Cropping diagram with the green Rol box which represents the cropped part. (b) The
3D structural image of the silver particles of the cropped part. (c) The centerline network of the silver particles of the cropped part. (d) Line chart of
the occupied area of the silver particles per slice (in the y direction).
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Fig. 6. Diagram of the desired internal structure of the silver epoxy adhesive. (a) 3D viewing of one of the conductive paths. (b) 2D section viewing
of the structure (The grey region represents the epoxy resin matrix in the adhesive).

powders to form strong coordination bonds with silver to control the structure of the conductive filler to improve the performance [40,
41]. These studies are rather costly compared with the approaches of using structural improvement only method for the (thermal)
conductive network enhancement. However, the study on using structural optimization to increase the contact areas of the contact
surfaces of the adhesives still very little, most of them working on increasing the number of paths between the number of contacts and
contact points. In our work, the structural improvement is aimed at increasing the contact area on the (inter) surfaces and building
more networks in the interior bodies to enhance the efficiency of the thermal conductivity, and hence to save the cost. At the same
time, this work presented silver particles with improved sizes compared with the traditional commercially used micron-sized silver
particle fillers (usually having a length of 4-55 pm and a thickness of 0.2-5 pm) [26,42], i.e. most of the silver particles here are
nano-sized with a length less than 1 pm and a volume less than 1 pm®, which is more effective in improving the thermal and electrical
transfer efficiency.
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4. Conclusions

X-ray nano-imaging using TXM was employed to reveal the 3D spatial structure of the conductive silver epoxy adhesive, which was
proved to be an effective tool for visualizing the spatial structures of these samples containing features with heavy X-ray absorption
coefficient such as silver particles. The spatial conductive path network formed by the silver particles in the adhesive was clearly
visualized and analyzed. It has been found that over 60% of the silver particles are smaller than 1 pm and with a flaky shape. The results
indicate that the thermal and electrical conductivity properties of this two-phase composite materials are improved by the optimized
spatial arrangement of the conductive fillers: the near-perpendicular orientation of the silver particles (against the interfaces) within
the inner bulk of the materials and the near-parallel orientation of these particles (against the interfaces) close to the both surfaces/
interfaces of the cured dry films. Based on these observations, a schematic proposed model of the desired internal structure of the silver
epoxy adhesive is suggested. Wherein a vertically percolating silver backbone coexists with surface-parallel lattice layers at the core of
the 3D network. This arrangement effectively reduces interfacial thermal resistance and electron injection barriers. The suggested
model provides critical insights for designing silver epoxy adhesives with optimized conductive properties through precise control of
the filler orientation and network connectivity.
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