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Resin-reinforced Ag sintering materials represent a promising solution for die-attach applications in high-
power devices requiring enhanced reliability and heat dissipation. However, the presence of resin and intricate
microstructure poses challenges to its thermal performance, and improvement strategies remain unclear. This
work utilizes 3D FIB-SEM nanotomography to reconstruct the microstructure of this material under various
process conditions. The analysis reveals that, even with an Ag volume fraction as low as 47.3%, Ag particles
form a robust 3D network. Geometric tortuosity quantifies the effect of different sintering conditions on the
Ag particle network in all spatial directions. Effective thermal conductivity is simulated based on realistic
microstructure models. Results show a significant negative correlation between tortuosity and effective thermal
conductivity. Increasing sintering temperature in Model B notably reduces tortuosity and enhances effective
thermal conductivity. Sensitivity analysis underscores the dominant role of Ag volume fraction in regulating
effective thermal conductivity. Finally, transient thermal impedance measurement of this material as a thin die-
attach layer in actual high-power devices demonstrated its application potential. This article strives to explore
the relationship between process, microstructure, and thermal properties of this material to provide a reference
for further development.

High-power application

1. Introduction 130 GPa, exposes them to susceptibility regarding thermo-mechanical
stresses, which may lead to potential adhesive and cohesive fractures
[5,6]. In response, many novelty composite die-attach materials have

emerged to trade-off between thermal and mechanical properties, such

With the rapid development of power electronics technology toward
higher power density and miniaturization, devices face more severe

thermal performance and reliability challenges. Recognizing the signifi-
cance of enhancing the thermal and electrical conductivity, the industry
is transitioning from Gold-tin and Pd-based solder alloy (with a thermal
conductivity of 57 W/m-k) to Silver (Ag) and Copper (Cu) based sinter-
ing materials. This transition has notably elevated the thermal conduc-
tivity of die-attach materials to over 100 W/m-k, rendering them more
suitable for high-power applications [1-4]. However, the inherent hard-
ness of traditional sintering materials, ranging approximately from 80 to

as SiC-reinforced, Graphene-reinforced, thermoplastic resin-reinforced
Ag sintering materials, even Ag-Cu foam sheets, etc., [7-10].

The resin-reinforced Ag sintering material is one of the new compos-
ites where thermoplastic resins are added to the metal paste to occupy
the porous regions, thereby tuning the mechanical properties of the ma-
terial [11,12]. Nonetheless, the advent of thermoplastic resins has made
the thermal properties of this material challenging to determine due to
the sensitivity of many parameters related to composition and process
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Fig. 1. The framework of this study and the schematic of the device structure.

conditions. Furthermore, the method to evaluate the effective thermal
conductivity (ETC) of composites at the micro-nano scale remains elu-
sive. The lack of clarity in understanding the regulatory mechanism of
ETC makes it difficult to carry out the next step of material development
and device-level applications.

The dilemma in estimating the ETC of this composite material
arises from the complexity of its microstructure and a remarkable phe-
nomenon, thermal percolation. The microstructure is composed of resins
and a mixture of nano- and micron-sized Ag particles with irregular
shapes, as shown in Fig. 2, and it can be found that Ag particles ap-
pear dispersed in the cross-sectional image. However, as the Ag volume
fraction approaches the percolation threshold, there exists the potential
for the formation of a three-dimensional (3D) network. The percolation
threshold is the critical point at which the dispersed phase (in this case,
Ag) forms interconnected pathways within the matrix (in this case, the
resin), and this geometric transition can lead to nonlinear enhancements
in properties such as electrical conductivity and thermal conductivity
[13-15]. The difficulty of choosing a method to estimate thermal prop-
erties mainly comes from two factors. One is that the traditional effective
medium theoretical model based on the assumption of uniform field and
low concentration (40%) will fail at higher volume fractions [16,17].
Second, conventional strategies, treating the particles as regular shapes
or obtaining ETC from the 2D cross-sectional images of the Ag paste, are
only suitable for high Ag volume fraction (> 80%) and are insufficient
to describe the contribution of the 3D Ag particle network to ETC when
the Ag volume fraction is lower [18-21].

Advanced characterization techniques play a pivotal role in unrav-
eling the complexity of microstructure. Among these techniques, the
3D Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) Nanoto-
mography emerges as a powerful tool, offering unprecedented insights
into the 3D nanoscale morphology, connectivity, and geometric tortu-
osity of the microstructure [22-24]. This technique is higher resolution
than micro-CT and is less time-consuming and cheaper than 3D X-ray
and the tomography techniques based on Electron Backscatter Diffrac-
tion (EBSD) and Transmission Electron Microscopy (TEM) [25-27]. The
novelty of this work is to obtain continuous microstructural slices of
resin-reinforced Ag sintering materials directly from the die-attach layer
of functional RF devices, reconstructing the Ag particle connection net-
work with a resolution of about 50 nm. At this fine resolution, we have
achieved for the first time the discriminative analysis of the differences

in material microstructure under different process conditions, while pro-
viding a reliable and realistic 3D model for simulation.

Clarifying the regulatory mechanism of the ETC will help to optimize
the thermal properties. As acknowledged, the ETC of composites is in-
tricately influenced by process and the sizes, shapes, volume fractions,
and even topologies of composition [28]. Here, we use the Porous Mi-
crostructure Analysis (PuMA) with the support of a high-performance
cluster to perform the ETC calculation of 3D realistic microstructural
models over 430 million voxels [29]. This approach facilitates a nuanced
exploration of the impact of various Ag volume fractions while provid-
ing insights into the impact of selecting resins with different thermal
conductivities as the matrix on ETC.

Exploring the practical application potential of this material as a thin
die attach layer has the challenge of measuring thermal performance at
the micro/nano-scale. [30,31]. Conventional steady-state measurements
are common techniques for measuring the thermal properties of bulk
materials [32,33]. For transient thermal measurement, the Laser Flash
method can measure the thermal conductivity of bulk materials with a
thickness of ~1 mm [34]. The 3w method can be used for the thin film
of ~10 pm, but it needs to prepare samples, and wire and sheet metal
require evaporation [35]. However, the thickness of the die attach layer
is usually 100 pm. In this case, we chose the transient dual interface
test method to perform transient thermal impedance measurements in
actual devices to demonstrate its application potential [36,37].

Overall, we strive to achieve a comprehensive understanding of the
intricate relationships linking the processing, microstructure, and ther-
mal performance of this material [38-41]. The process involves the
integration of 3D FIB-SEM nanotomography, quantitative microstruc-
ture analysis, numerical simulation, and device-level measurement. The
framework was shown in Fig. 1. The Methodology section documents
the preparation process of the samples, the steps involved in utilizing
FIB-SEM and 3D modeling, and the subsequent methods of geometric
tortuosity calculation and transient thermal impedance measurements.
Microstructure analysis, ETC calculation results, and transient thermal
resistance measurements are discussed in Section 3, Results and Discus-
sion. These insights contribute to the fundamental understanding of this
material’s microstructure and thermal performance and pave the way
for the design and optimization of advanced materials for high-power
electronic packaging.
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f. Image collecting

Fig. 2. The workflow of FIB-SEM 3D nanotomography on the resin-reinforced Ag sintering layer.

2. Methodology

2.1. Samples preparation

The devices in the sample are Silicon-based Laterally Diffused Metal
Oxide Semiconductor (LDMOS) high-power RF devices. The chips were
sintered to the Cu substrate using resin-reinforced Ag sintering material.
The complete stack is wire-bonded and assembled in Over-molded Plas-
tic (OMP) packages. The schematic of the device’s exterior and interior
is shown in Fig. 1. There are three different sintering profiles to analyze
the influence of sintering conditions: (i.) Sintering 2 hours under 200 °C,
(ii.) sintering 2 hours under 250 °C and (iii.) sintering 4 hours under
200 °C. The Bond-Line Thicknesses of Ag sintering layer is about 60 um
+ 10 pm. All sintering procedures are pressureless processes within air
ambient.

2.2. FIB milling

The workflow shown in Fig. 2 was followed to reconstruct the mi-
crostructure of the sintered Ag layer. In the preparation stage, the de-
vices with the OMP package were diced and potted with epoxy resin,
like step (a) and (b). In step (e), the surface of the samples was ground
and polished, and ion milling was used for surface cleaning. Since the Ag
sintering layer contains resin, a 20 nm thick gold layer is sputtered on
the sample’s surface for better conductivity and stable imaging quality.
After that, the sample was sent into the vacuum chamber of FIB-SEM,
like step (d). A FIB-SEM system named Helios G4 CX from FEI was used
for SEM image stack collection. Under the view of SEM, as shown in
step (e), the Region of Interest (ROI) was chosen, and a Platinum (Pt)
protective layer of 1 um was deposited on xz plane using an ion source.
A wide and deep U-shaped trench was milled around the ROI using the
maximum FIB current of 21 nA. The distance between inter-slices (Az)
was established through the utilization of a reference mark positioned
on the upper section of the Pt layer. To mitigate the risk of overlooking
minuscule Ag particles, the determined inter-slice distance has been set
at 50 nm. Next, the FIB milling was performed with an ion beam cur-
rent of 2.5 nA at 30kV. Finally, we collected more than 500 continuous
SEM images for all samples. These images have been done tilt correction
in the Y direction due to the SEM imaging being realized at an angle of
52°. The automatic FIB milling process was implemented with the help
of Auto Slice & View 4 Software [42].

2.3. 3D reconstruction and analyzing

For image processing, the tilt of SEM images was corrected for align-
ment, and a Gaussian filter was chosen to enhance the SEM image. The
phase segmentation of the Ag and the resin was implemented based on
gray-scale thresholding. Finally, the rendered images were stitched to-
gether as a 3D model. Here, the actual length of each voxel along the
x-axis, y-axis, and z-axis is 19.64 nm, 19.64 nm, and 50 nm, respectively.
To understand the connected network of Ag particles, The Separate mod-
ule and the Generate Pore Network Model module in AVIZO, a materials
characterization software, are used to identify the particle volume size
and connectivity [43].

To compare and verify, two methods were used to obtain the geomet-
rical tortuosity that characterizes the morphological properties. First,
the Centroid Path Tortuosity module (CPM) in AVIZO calculated the
centroid path tortuosity, a type of tortuosity calculated by tracking the
center of mass of each phase on each slice and comparing the length
of this path to the straight path in the same [44]. In addition, another
type of geometric tortuosity factor is calculated by a Matlab code based
skeleton shortest-path search method (SSPSM) called TORT3D [45,46].
This method first extracts the skeleton of Ag particles from the binary
image and then applies Dijkstra’s algorithm to the skeleton to identify
the shortest path. The skeleton is formed by the medial axis of the Ag
particle network, which simplifies the path search task and largely re-
tains the topological and geometric characteristics of the Ag particle
network. TORT3D will mark the start point of all possible paths and

search their shortest paths, finally, geometric tortuosity, ,, is defined as
_ <Lg>
Tg = T,
ticles network. L is the straight-line length for each axis. The schematic
diagram of the TORT3D processing process is shown in Fig. 3.

< L, > is the average length of all paths through the Ag par-

2.4. Transient thermal impedance measurement method

Here, we chose the transient dual interface test method, a standard-
ized procedure outlined by JEDEC51-14 for characterizing semiconduc-
tor devices’ thermal performance, i.e., to determine the Junction-to-
Case thermal resistance [36,37]. The semiconductor device’s Tempera-
ture Sensitive Electrical Parameters (TSEP) enable measuring the device
junction temperature by translating the electrical output to temperature
readings. The Junction-to-Ambient transient thermal impedance of the
devices in the OMP package was determined by measuring the device
junction temperature, and then the thermal performance of the mate-
rial was analyzed at the device level. Similar experiments for thermal
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Fig. 3. Schematic of the image processing in TORT3D. (a). Obtained the binary image of the SEM image and optimized it with operations like removing and filling
isolated pixels. Here, the black area is Ag, and the white area is resin. (b). Obtained the skeleton structure of the Ag particle network from the binary image. (c).
Determined the start points of all possible paths based on the skeleton structure. Here, the blue area is Ag, and the green area is resin. (d). Run TORT3D to mark and

record all possible connected paths to calculate z,.
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and measuring points are indicated in blue. (b). The voltage drop across the body diode (V) was measured at five different temperatures between 0°C to 100°C,

to identify the temperature sensitivity.

resistance evaluation of Pb solders, Pb-free solders, and Ag sintering ma-
terials have been studied in [47-50].

First, the high-power RF device with an over-molded package was
electrically connected with 4-point kelvin contacts for accurate mea-
surements. A schematic of the OMP package mounted on a water-cooled
heat sink is shown in Fig. 4(a), along with an electrical layout of the
LDMOS device. The LDMOS is a voltage-controlled device (i.e.,) the de-
vice is forward biased when a positive voltage is applied between the
gate-source (+Vgg) and drain-source (+ Vpg) terminals, reverse biased
when the gate is closed (Vg = 0) and a negative voltage is applied be-
tween the drain-source terminal (—Vpg = Vgp). When reverse-biased
the device operates through the intrinsic body diode (a PN junction
formed between the source-drain terminals) which has a higher sen-
sitivity to temperature. The temperature sensitivity of the body diode
voltage (Vgp) was measured at five different temperatures between 0°C
to 100°C and shown in Fig. 4(b). Then, a continuous source current Ig
of 3A was supplied through the body diode for 100 seconds, and the
resultant change in the diode voltage Vg, was measured at a sampling
rate of ~15 pus per data point. The device was measured with and with-
out Thermal Interface Material (TIM) by mounting it on a water-cooled
heat sink. The water temperature is recorded, and the device tempera-

ture is measured, which enables extracting the junction-to-case thermal
resistance of the package. The measurement results are shown in the
subsequent results and discussion section.

3. Results and discussions
3.1. Microstructure analysis

3.1.1. Representative volume element test

Three 3D models were generated for different sintering conditions
based on the FIB-SEM nanotomography, as shown in Fig. 5. They are
Model A - 2 hours at 200 °C, Model B - 2 hours at 250 °C and Model
C - 4 hours at 200 °C. The actual side length of these models is about
17 um (875 voxels X 19.64 nm in the x/y-axis, 340 voxels X 50 nm
in the z-axis). Through naked eye observation, it is only clear that the
number of tiny particles in model B is less than in the other two models,
and it is still difficult to distinguish differences in the microstructure of
all models, such as the Ag volume fraction (VF Ag) and particle size.

The Representative Volume Element (RVE) represents a fundamental
unit within a material that includes its essential structure and properties,
thus allowing the representation and simulation of material behavior
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Fig. 5. (a) Model A (2 hours at 200 °C) and its One-eight Ag particles network. (b) Model B (2 hours at 250 °C). (¢) Model C (4 hours at 200 °C). The black area is
the resin, and the gray area is Ag. Models A, B and C all have a side length of 17 pm.

at larger scales. The role of RVE becomes more critical when study-
ing composite materials in this work, as we want to consider as many
microstructural features as possible, whether they are irregular or rod-
shaped particles. Here, the initial 3D model was set up as a cube with
a side length of 6 pm. The side length is gradually expanded to 20 pm,
and the volume fraction of Ag is measured simultaneously. As shown
in Fig. 6 (a), when the total volume gradually increased, the VF Ag of
all three models was observed to be stable at 46.2%, 47.0%, 45.0%, re-
spectively. In Fig. 6(b), the VF Ag of more than 400 FIB slices in each
model were counted, and the slice size is 17 um X pm. Although the Ag
area fraction in each slice varied, the final average area fraction of each
model was 46.12%, 47.30%, and 45.38%, respectively, which were close
to the results of 3D models. The final models’ total volume in Fig. 5 are
4924.57 pm>, and these models are reasonable RVEs.

The difference in VF 4, corresponding to different sintering condi-
tions is within 2%. Based on this result, it is difficult to determine
whether different process conditions cause this difference or whether
the distribution of Ag particles is uneven. Moreover, the VF,, in the
three models is less than 50%, which may mean that the ETC of this
material is not ideal like other Ag sintering materials with high VF 4,
reported in Ref. [51]. In the next section, the connectivity and size dis-
tribution of the Ag particles in all models are examined to understand
whether possible Ag connect networks exist and the influence of sinter-
ing conditions on these.

3.1.2. Particle size distribution and connectivity

Microstructure contains a wealth of invaluable information, includ-
ing the distribution of Ag particle size and the connectivity among
these particles. To identify the interconnecting network of Ag parti-
cles, the 26-neighbor-connectivity criterion (6 faces, 12 edges, or eight
vertexes), 18-neighbor-connectivity criterion (6 faces, 12 edges), and
6-neighbor-connectivity criterion (6 faces) were defined for the connec-

tion between voxels [44]. The results indicated that the connectivity
of the Ag particles was above 99% for all three models so that those
seemingly separated particles in 2D cross-sectional SEM images were
interconnected within a 3D space. Fig. 7 shows isolated Ag particles
that are not connected to the main Ag particles network in three mi-
crostructural models.

Subsequently, we investigate the particle volume and area distribu-
tion obtained by separating the connected Ag particles. The Separate
Module-based Chamfer-Conservative method in Avizo is used to sepa-
rate Ag particles for all models, and the particle volume size distribution
diagram is shown in Fig. 8. The particle size distribution of model A and
model C are nearly identical. Still, comparing that of model A and model
B, it can be found that the number of particles less than 1 um? is greatly
reduced, and the number of particles with the size from 1 to 2 pm? is
increased. According to Fig. 8(d)(e)(f), which are the zoom-in images
at 0 to 1.8 um range of Fig. 8(a)(b)(c), we can obviously found that the
sintering at 250 °C makes the tiny particles (volume less than 0.2 pm?)
fuse with the large particles more, and the extension of sintering time at
200 °C makes the tiny particles form more particles with volume of 0.2
to 0.4 um?>. The effect of temperature increase on sintering coarsening
is also limited by particle size.

To compare, the area size of dispersed Ag particles in 2D SEM images
with a side dimension of 30 um were counted using Image J, and the
particle area size distribution diagram is shown in Fig. 9. By comparing
Fig. 9(a) and (b), increasing the sintering temperature from 200 °C to
250°C increased the area of dispersed Ag particles, and the number
of particles in large areas increased significantly. Comparing Fig. 9(a)
and (c¢), it can be found that when the sintering temperature is kept at
200 °C, only extending the sintering time has limited promotion to the
formation of larger particles, and the particle distribution trend is almost
the same. Here, we obtain consequences consistent with the particle
volume distribution analysis, but our discussion is based on dispersed
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Fig. 10. (a) Calculated tortuosity factors by using TORT3D along X/Y/Z axes for all models.(b) Relationship between Centroid Path Tortuosity (x) and Effective

Thermal Conductivity (y). (c) Relationship between Average Geometrical Tortuosity (x) and Effective Thermal Conductivity (y).

Table 1
The physical dimensions, the total volume, the fraction of Ag and Resin volume, and the Ag particles’
connectivity under different voxel neighbor-connectivity criteria for all models.

Model A

Model B Model C

3D Reconstruction Size (X X Y X Z) (um)

Total Volume (um?) 4924.57
Ag Volume Fraction (%) 46.12
Resin Volume Fraction (%) 53.88
26-Neighbor Connectivity (%) 99.88
18-Neighbor Connectivity (%) 99.86
6-Neighbor Connectivity (%) 99.85
Centroid Path Tortuosity 2.71

Geometrical Tortuosity (X/Y/Z)

17.02*17.02*17.00

3.05/4.16/5.07

17.02*17.02*17.00 17.02%17.02*17.00

4924.57 4924.57
47.30 45.38
52.7 54.62
99.73 99.82
99.73 99.81
99.70 99.79
2.30 2.83

3.13/3.39/3.88 3.57/4.00/5.31

particles in 2D slices and does not involve the influence of sintering
conditions on the Ag particle network.

3.1.3. Geometrical tortuosity factors

In the study of porous materials, tortuosity contributes to a deep
understanding of transport processes in porous media by calculating
the degree of bending of the flux motion path in porous media with
respect to the straight path [44]. In this work, to avoid introducing time-
consuming physical diffusion simulations in such complex microstruc-
tures, geometric tortuosity is employed to understand the microstruc-
ture and quantify the impact of sintering conditions on the Ag particles
network.

For Model A, B, and C, their centroid path tortuosity obtained by
tracking the Ag area’s centroid of each slice is 2.71, 2.30, and 2.80,
respectively. This implies that in the slice direction (z-axis), the Ag par-
ticle network in Model B has the lowest tortuosity, and the network is
denser. However, due to simple implementation, the centroid path tor-
tuosity is limited in the distance globally, omitting the local variations
in the structure, such as can arise from bottlenecks and discontinuities.
Therefore, we further used TORT3D based on SSPSM to obtain the ge-
ometric tortuosity in order to reflect more topological and geometric
features of the Ag particle network.

As shown in Fig. 10(a), the tortuosity of three models along the
X/Y/Z direction shows different degrees of anisotropy, but they all fol-
low 7, > 7, > 7,, which may be an inherent feature of the microstructure
of this material. The highest tortuosity along the z-axis might result from
the fact that the actual length of a voxel (19.64 nm X 19.64 nm X 50
nm) is longer in the z-axis than in the x/y axis. In other words, the image
sampling density is low in the z-direction. Notably, Model B exhibits tor-
tuosity values within 4.00 in all directions, and the difference between
the maximum and minimum values is 0.75. Compared with the obvious
differences between the other two models, the Ag particles network in
Model B has shorter transport paths along all directions. It is consistent
with the centroid tortuosity result.

All microstructure findings are summarized in Table 1. The results
indicate that all the aforementioned sintering conditions can achieve
99% connectivity of Ag particles, though the volume fraction of Ag is
lower than 50%. Particle size distribution and geometrical tortuosity
results based on 3D FIB-SEM nanotomography quantified the different
sintering degrees of Ag particles under different sintering conditions.
Extending the sintering time at 200 °C has a limited effect on the coars-
ening of Ag particles. It only promotes the combination of tiny particles
(volume less than 0.2 pm?) into larger tiny particles (0.2 to 0.4 um?).
In particular, in Model B, during the two-hour sintering at 250 °C, tiny
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Ag particles are more combined with larger particles, obviously reduc-
ing the tortuosity of the Ag particles network along the y-axis and z-axis
and making this network more compact. Obtaining geometric tortuos-
ity based on digital microstructures is more intuitive, cost-effective, and
friendly to larger systems than physical tortuosity. In future work, the
phenomenological relationship between geometric tortuosity and phys-
ical tortuosity can still be established through correlation analysis.

3.2. From microstructure to thermal behaviors

To bridge the results of the microstructure analysis to the thermal
performance, ETC calculations of this material and transient thermal
impedance measurements in the actual device are performed in the fol-
lowing.

3.2.1. Calculate effective thermal conductivity

In this work, the finite volume solver in PuMA performs the ETC
calculation of three microstructure models. First, PuMA discriminant
voxel according to the gray threshold for Ag or resin then generates a
thermal conductivity matrix to store the conductivity values for each
phase. Here, the thermal conductivity of Ag is set to 429 W/(m-K), and
that of resin is 0.5 W/(m-K). For each simulation, a temperature gradient
field along the x-axis is forced and converged to a steady state, and the
x-axis is the direction of heat dissipation from Die to Substrate in the
actual device. The boundary condition in the non-simulation direction is
set as periodic. The iterative solver we used is the Conjugate Gradients
iterative method, and the tolerance is set as 10~*. Despite performed
RVE test, each 3D model still has approximately 430 million voxels,
so the calculation was implemented on DelftBlue, a high-performance
computer cluster at Delft University of Technology [52]. According to
the thermal percolation theory, when the thermal conductivity of the
filler particles is much higher than that of the matrix, it can be assumed
that most of the heat will be transferred through the particle chains.
Since Ag particles have high connectivity and their thermal conductivity
is much higher than that of the resin, the interfacial thermal resistance
between Ag and resin is not considered here.

With these settings, the ETC of Models A, B, and C are 76.85, 80.48,
and 76.19 W/(m-K), respectively. Combined with the previous tortu-
osity results, the relationship between microstructure and ETC can be
further analyzed. Fig. 10(b) depicts the relationship between centroid
path tortuosity (x) and ETC (y). A linear regression fit yields the equation
y=—8.29x +99.50 with an R? value of 0.994, indicating a strong nega-
tive correlation between centroid path tortuosity and ETC. The Pearson
correlation coefficient is -0.997, further confirming the high degree of
correlation. Fig. 10(c) shows the relationship between average geo-
metrical tortuosity (x), which is the average geometric tortuosity of all
directions of a model, and ETC (y). The linear regression fit, in this case,
results in the equation y = —5.31x + 98.80 with an R? value of 0.992.
Similar to the previous figure, this indicates a strong negative correla-
tion, supported by a Pearson correlation coefficient of -0.996.

Overall, these figures suggest that both centroid path tortuosity and
average geometrical tortuosity exhibit a significant negative correlation
with ETC. As the tortuosity decreases, the ETC increases. This find-
ing is crucial for revealing the influence of process conditions on the
microstructure and can be used to quickly judge the thermal conductiv-
ity by geometric features, thus guiding the optimization of the thermal
properties of this material.

For comparison, traditional empirical models such as the Maxwell-
Garnett (MG) model and the Lewis-Nielsen (LN) model were used to
calculate the ETC at different VF 4,s. The thermal conductivity of Ag
and resin was the same as the setting in PuMA. These models do not
consider any effects related to the interface between the resin and
Ag. Furthermore, the material is treated as isotropic in these models.
Maxwell-Garnett Model:

2k + k,, —2¢,,(ky — k)

K, = 1
ST ok ke, + By (K — K,) )
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Lewis-Nielsen model:
1+ AB¢

Keff = I—BW(i)’ (2)
where,
_ ki/k,—1
o= (iaeea):
1—
w=1+( fm) )

Here, K, f f is ETC, k,, is the thermal conductivity of the matrix, and
k; is the thermal conductivity of the dispersed phase. ¢ and ¢,, are the
volume fraction of the dispersed phase and matrix, respectively. In the
Lewis-Nielsen model, the particle shape is considered the sphere, and
distribution factor A is set as 1.58, meaning randomly [28].

In the zoom-in area of Fig. 12(a), we can find the ETC results of
the MG model and LN model are both lower than 5 W/(m-K) when
the volume fraction of Ag lower than 50%. As mentioned previously,
these models are clearly unsuitable for describing thermal conductiv-
ity changes in thermal percolation phenomena because they are based
on assumptions of uniform fields or low concentrations. Although com-
pared with other models, the Lewis-Nielsen model already takes into
account the influence of particle shape and dispersed phase connection
network. For the material involved in thermal percolation phenomena,
simulation based on 3D digital microstructure models represents the
promising direction.

Here, Model B is selected as the study case due to it having a rel-
atively close geometric tortuosity in all directions. Additionally, it is
further assumed to be isotropic so that it can be compared with the
MG and LN models. The VF,, in Model B changes from 10% to 80%
by adjusting the gray value during threshold segmentation, as shown in
Fig. 11. In Fig. 11(a), the rod-shape and flake Ag particles still exist af-
ter reducing the VF 4,. The blue line in Fig. 12(a) shows the ETC of the
model with different VFs when the T,,;, is set to 0.5 W/(m-K). Obvi-
ously, the nonlinear enhancement of ETC already occurs when the VF 4,
is quite low, so we can’t define the thermal percolation threshold by the
ETC enhancement from linear to nonlinear as mentioned in Ref. [13].

In Fig. 12(b), the connectivity of the Ag particle network under
different volume fractions based 6-neighbor-connectivity criterion is cal-
culated. When VF is only 10.27%, the connectivity of the Ag particle
network is as high as 83.81%. This means that at quite low VF 4, the
Ag particles network still was configured by rod-shape or flake Ag parti-
cles with only a small amount of Ag dispersed. In the following section,
we delve into examining the influence of VF 4, s variation and different
resin thermal conductivities (T,,;,) on the ETC.

3.2.2. Sensitivity analysis

Generally, the thermal conductivity range of resin materials is rel-
atively low, typically between 0.1 and 0.5 W/(m-K). That’s because of
the long chainlike structures and gaps in the polymer molecular struc-
ture, resulting in the obstruction of heat transfer. And, this is the reason
many thermal management materials are skeptical about the ETC of
resin-reinforced composites. In this material, we have to make a trade-
off between reliability and thermal performance by adding or reducing
resin. Therefore, it is essential to study the ETC of this material under
different VF 4, s and different resin matrices with different thermal con-
ductivity.

We implemented the sensitivity analysis to examine the impact of
variations in VF,, and T,,, on ETC. The resin’s thermal conductiv-
ity was assumed to change from 0.1 to 10 W/(m-K) on a logarithmic
scale. All ETC results under different T,,;, and different VFs are shown
in Fig. 13(a). The reference configuration is T, = 0.5 m-K and VF,
= 47.3%. Fig. 13(b) illustrates the ETC changes (AT, 1/ Tes fO) caused
by the variation in the resin thermal conductivity (AT,,;,/T,esin0) UnN-
der different VF 4.s. Fig. 13(c) shows the ETC changes caused by the
variation in VF 4 S (AVF 4 < /VE() when choosing different resin thermal
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(a) (b) (c)

Fig. 11. Adjusting the gray value during threshold segmentation to change the Ag volume fraction to (a) 40.10%, (b) 60.20%, (c) 80.16%.
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Fig. 14. (a). The Junction-to-Case package thermal resistance was extracted by measuring the device mounted onto a water-cooled heat sink with and without a
thermal interface material to identify the separation point as highlighted. (b). Packages with diverse sintering conditions exhibit no significant differences. The subtle
changes observed between packages processed at different sintering conditions are negligibly small to be considered a variation due to different sintering conditions.

conductivities. Comparing the variation range of ETC in Fig. 13(b) and
(), we can see that ETC is greatly affected by the change of VF ,,. When
the T,,;, is increased by 20%, the increases of ETC under different VF 4 s
are all within 2%. However, when VF Ag 1S increased by 20%, ETC under
different T,,;,s all mostly increased by about 50%.

The slope of ETC change in Fig. 13(b), caused by different resin ther-
mal conductivity changes, is regarded as the sensitivity. For example,
when the VF 4 < is 30.6%, the sensitivity is 0.063. Fig. 13(d) describes
the change of sensitivity with VF 4,s. With increasing VF 4,, the sensi-
tivity sharply decreases, and when the VF,, is 80%, the sensitivity is
almost close to 0. This is also consistent with the results of Sasaki et
al., when VF ,, is 85%, the remaining 15% is pores or filled with resin,
which has little effect on materials’ thermal conductivity [11,12]. These
results provide a reference, at a volume fraction of 60%, the change of
resin thermal conductivity has no obvious effect on the ETC of this ma-
terial (sensitivity < 0.01), and the calculated ETC is also higher than
136 W/(m-K). This result, combined with other factors, such as the me-
chanical stiffness and plasticity of the material at different VF 4,s, can
help determine the optimal volume fraction.

3.2.3. Transient thermal impedance measurement results

Fig. 14(a) indicates the separation point (when measured with and
without a thermal interface material), indicating the junction-to-case
package thermal resistance. The experimental results are plotted on a
logarithmic scale to visualize the interface thermal resistance contribu-
tion. The interface thermal resistance, in this context, encompasses the
cumulative impact of various resistances, including the backside metal
resistance of the die, the die-attach material resistance, the metalization
resistance on the lead frame, and the contact resistances. Hence, pack-
ages with different sintering conditions (temperature and time) were
further measured with thermal interface materials and the experimen-
tal findings are shown in Fig. 14(b).

In all three samples subjected to varying sintering conditions, the
aggregate resistance (die and interface) remained less than ~0.1 K/W,
which initially meets the application requirement by comparing with
Ref [66-68]. However, no significant measurable differences were ob-
served between different sintering conditions. The subtle variations
observed among the diverse sintering conditions are negligibly small,
possibly due to the inherent variability among individual devices and
not necessarily due to different sintering conditions. This implies that
the conventional method of determining the junction-to-case package
thermal resistance method outlined by JESD51-14 may not be sensi-
tive enough to detect variations from diverse sintering conditions on
extremely thin interfaces (~60 pm). Further research is required to
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improve the transient thermal impedance measurement resolution by
estimating the delta transient AZ,, (7, Ax) with Ax indicating the die-
attach thickness. This can be achieved by using two thermally sensitive
devices interfaced using the die-attach material, thereby the cumulative
resistance-capacitance network would indicate changes due to different
process conditions and different thicknesses.

Hence, it can be inferred that the 3D FIB-SEM nanotomography used
in this study is effective and important for comprehending the influence
of varying sintering conditions on the thermal behavior of extremely
thin interfaces.

3.3. Discussion

The experimental thermal conductivity and shear strength ranges
of traditional solder alloy, metal-based pastes, and new reinforced or
doped metal-based pastes used for die-attach materials are summarized
in Table 2. Due to variations in measurement methods and the influence
of sample dimensions, direct comparison of thermal conductivity values
across these materials is challenging. Nevertheless, it can still be found
that the thermal conductivity of the material with a high resin volume
fraction (50%) is still better than that of traditional solders like Au-
based and Sn-based solder alloy, and the material with a lower resin
volume fraction (15%) has thermal property close to that of Ag hybrid
pastes. Reinforced materials, such as those doped with 1 wt% AIN or
reinforced with 0.25 wt% Graphene, achieve shear strengths exceeding
50 MPa. Notably, from Table 2, it shows that the Ag volume fraction of
these reinforced materials is mostly keeper than 90%, which means the
researchers are still conservative about how much Ag volume to replace
the mechanical properties they want to achieve.

This work aims to provide a control strategy of VF 4, based on ther-
mal properties to inspire the development of new composite sintering
materials. 3D FIB-SEM Nanotomography presents the characteristics of
the microstructure and thermal properties, indicating that the highly
connected Ag network can still provide a thermal conductivity of 80.48
W/(m-K) when the VF,, is only 47.3%. At the same time, it is also
pointed out that under the highly connected Ag network, when the ther-
mal conductivity of Ag is much higher than the thermal conductivity of
the resin, there is no need to consider the influence of interfacial ther-
mal resistance. When the Ag volume fraction is higher than 60%, the
thermal conductivity of the filled resin has little effect on the ETC of the
material. Reducing the Ag volume fraction can not only be used to re-
place the desired mechanical properties but is also an important means
of reducing costs.
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Table 2
Thermal conductivity and shear strength at room temperature of die attach materials for high-power application.
Type Name Thermal Conductivity (W/m.K) Shear Strength @RT (MPa) Ref.
Solder Alloy Au-based 27-59 130 [3]
Sn-based Pb-free 20-66 28-64 [4,53]
Sn-based Pb-bearing 23-53 8-28 [4,54]
Zn-based 77-110 60-100 [55,56]
Metal Paste Ag nanopaste 200-240 20-80 [3,51,57]
Ag hybrid paste 166-265 15-49 [58]
Ag micropaste 80-220 20-40 [59,60]
Cu nanopaste - 65-115 [61,69]
Cu micropaste 94 9-17 [62]
Ag-Cu nanopaste 159 70-80 [4,63]
Reinforced 20 wt% Si-doped - 35 [64]
1 wt% AIN-doped - 54 [65]
5 wt% SiC-reinforced 35 46 [71
0.25 wt% Graphene-reinforced 200 55 [10]
15 wt% Resin-reinforced 186 35 [11,12]
90 at% Ag-Cu foam sheet - 28-41 [8,9]
50 %wt Resin-reinforced 80 - This work

4. Conclusion

Using 3D FIB-SEM nanotomography, we reconstructed the mi-
crostructure of resin-reinforced Ag sintering material under different
sintering times and temperatures at the nanoscale. After quantitatively
analyzing the microstructural and thermal properties, some insights
were obtained:

a. 3D FIB-SEM nanotomography accurately identified microstruc-
tural differences during pressureless sintering at different temperatures
and times. Microstructure analysis quantified these differences by ob-
taining geometric tortuosity and particle size distribution. Increasing the
temperature from 200 to 250 °C promotes Ag particles coarsen, thus re-
ducing the tortuosity. However, extending the sintering time from 2 to
4 hours at 200 °C shows no significant structural changes.

b. Using high-performance cluster computing, ETC simulations
based on 3D realistic microstructural models were implemented. The
Ag particles network’s connectivity in the 3D microstructural model re-
vealed a robust network formation and made ETC reach 80.48 W/(m-K),
despite the VF 4, being just at 47.3%. The ETC of Models A, B, and C
are 76.85, 80.48, and 76.19 W/(m-K), respectively.

c. Both the centroid path tortuosity and the average geometric tor-
tuosity are significantly negatively correlated with ETC. Increasing the
sintering temperature enables Model B to obtain the lowest tortuosity
and the highest ETC among the three models. This analysis helps to op-
timize the pressureless sintering process to obtain better ETC.

d. Sensitivity analyses revealed that the regulatory mechanism of
ETC is dominated by the VF 4,, where the influence of resin thermal con-
ductivity can even become negligible under a high VF 4. For instance,
when VF 4, is 60%, the sensitivity is lower than 0.01. Combining the
material’s mechanical properties in future work will help determine the
optimal volume fraction during material development.

e. Transient thermal impedance measurements indicated that the
thermal resistance of this material, when applied to an actual high-
power RF device, is less than 0.1 K/W. The influences of unknown
factors such as bond line thickness and contact resistance on the mea-
surement results are also pointed out, and improvement strategies are
provided.

In future work, to provide a specific material optimization solution,
we will introduce mechanical properties and reliability tests such as
thermal storage or cycling to fully evaluate the performance of this
material. Methodologically, although 3D FIB-SEM nanotomography is
shown as a powerful solution to investigate complex microstructure, it
is still limited to long slicing and modeling time for the industry. Fu-
ture improvements include exploring the feasibility of generating a full
3D reconstruction of resin-reinforced Ag sintering material using mi-
crostructural parameters obtained from a single 2D cross-sectional SEM
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image. Leverage advanced characterization and simulation technologies
to accelerate new material development for the advanced packaging of
high-power semiconductor devices.
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