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Sintered materials have been widely applied, as an alternative to soldering, for power electronics packaging. One
key issue for such die-attach material is to characterize the actual porosity, which is difficult to obtain through
SEM cross-section analysis. Therefore, in this work, the optimized Quartet Structure Generation Set (QSGS) al-
gorithm was applied to sintered copper joints under various porosity levels to reconstruct 3D porous structures
based on 2D SEM images. Firstly, copper joints with varying porosities were fabricated under different sintering

conditions. Reconstructed 3D porous copper models were then generated through the QSGS algorithm to match
experimental observations, including porosity and pore size. Finite element analysis (FEA) simulations were
further conducted to explore the effects of pores on thermal and electrical performance. This work provides a
method for accurately predicting the thermoelectric properties of sintered copper joints and insights for opti-
mizing copper sintering in power electronics applications.

With the development of wide-bandgap semiconductor materials
such as SiC and GaN, power devices are facing harsher operation envi-
ronments, including larger current capacities, higher voltages, and
elevated working temperatures [1-3]. To meet these demands, sintering
has emerged as a novel die-attach technology, offering superior thermal
and electrical performance [4-7]. In recent years, copper sintering has
gained increasing attention for die-attach applications as a cost-effective
alternative, delivering thermal and electrical performance comparable
to silver [8-10].

One distinctive feature of such sintered copper joints is their porous
structure, which arises from the evaporation of organic solvents and the
volume shrinkage of copper particles during densification [11,12].
These air-filled pores significantly affect the overall performance of the
joints, influencing both their thermal and electrical properties [13,14].
Therefore, understanding the role of pores in heat and current transport
is critical for optimizing the performance of sintered copper joints in
practical applications. However, most existing studies focus on the
process parameters and material compositions for the porosity of sin-
tered copper, limited attention is addressed for the quantitative rela-
tionship between porosity, pore size, and joint performance [15-20].

Meanwhile, the characterization of pore structures has mainly focused
on 2D analysis, and a more convenient and accurate method for 3D
structural analysis is needed.

In this study, copper joints with three different porosity levels were
first fabricated and characterized by cross-sectional Scanning Electron
Microscope (SEM). Subsequently, the Quartet Structure Generation Set
(QSGS) algorithm proposed by Wang et al. [21]. was optimized and
applied to 2D SEM images to reconstruct 3D porous copper models
matching the experimental pore features. Afterward, finite element
simulations were performed on the reconstructed models to predict their
thermal and electrical performance. Finally, the simulation results were
compared with the experimental measurements, and the model was
further refined accordingly. This approach not only revealed the rela-
tionship between pore characteristics and joint performance but also
achieved a robust method for accurately predicting the thermoelectric
properties of sintered copper joints.

Firstly, to fabricate sintered copper samples with varying porosities,
three cylindrical specimens (1 mm thick, 12.7 mm in diameter) were
prepared using copper sintering paste provided by Heraeus Shanghai
Ltd. The samples were sintered using a Boschman SinterStar machine at
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250 °C under a constant pressure of 10 MPa for durations of 10, 20, and
30 min, respectively. Subsequently, cross-sectional SEM was used to
characterize the microstructures of the sintered samples.

Cross-sectional images under different sintering durations revealed
distinct variations in porosities and pore sizes (i.e., pore areas). As
shown in Fig. 1, the average porosities for sintering durations of 10, 20,
and 30 min were 30.75 %, 23.02 %, and 16.50 %, respectively, based on
analysis using ImageJ. These porosity values were categorized as
Porosity Levels A, B, and C. Correspondingly, average pore sizes,
calculated using MATLAB (2023a), were 0.0074 um?2, 0.0090 pm?2, and
0.0105 pm? . The results showed that insufficient diffusion occurred
between copper particles at shorter sintering durations. This resulted in
greater particle separation and a looser internal structure, leading to
higher porosity and smaller pore sizes. In contrast, longer sintering
durations promoted the formation of sintering necks and enhanced
particle bonding. Smaller pores gradually coalesced into larger ones,
resulting in more condensed sintered structures. Thus, at a sintering
duration of 30 min, the sintered joints exhibited the lowest average
porosity and the largest average pore size.

Secondly, the QSGS algorithm was employed to generate 3D models
of sintered copper with random pore distributions, owing to its high
accuracy in representing actual porous structures. The algorithm was
refined to establish models with pore features closely matching SEM
cross-section observations, including porosity and pore size obtained
from previous experimental results.

In the reconstruction process, considering particle volume shrinkage
and pore growth during the sintering process, the initial matrix was
assumed to be the pure solid phase, while the porous phase was
considered to be the growing phase. The reconstruction process can be
divided into the following steps, as shown in Fig. 2:

(1) Input initial reconstruction parameters: define the model di-
mensions (ly, ly, 1), the initial directional growth probabilities
(Dy), the pore seed probability (Cqq), and the initial volume
porosity (P3d.sim)-

(2) Input target 2D porosity and pore size: define the target mean
porosity (Pad.targer) and mean pore size(Aad.target) based on three
SEM images.
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(3) Perform reconstruction and filter optimization: A number of pore
seeds are randomly generated based on the seed distribution
probability C4qq. Then, these seeds grow into neighboring cells in
all directions. Each neighboring cell is assigned a random number
between 0 and 1. If the number is less than the corresponding
directional growth probability Dj, the cell is “occupied” by the
growing pore phase. This process continues until the target vol-
ume porosity P3q.sim is reached. To improve structural quality, a
kernel-based noise filter is applied to smooth the edges of the
generated pores.

(4) Slice and analyze the reconstructed model: the reconstructed 3D

model is sliced into ten uniform 2D layers along the y-direction to

match the angle in practical SEM observations. Then, calculate
the mean porosity and mean pore size for each slice.

Compare simulated results with experimental data: calculate the

average simulated 2D porosity (P2g4.sim) and pore size (A2d.sim) of

the ten sliced 2D layers and compare them with the experimen-
tally obtained values (P2gd.target and Azd.targer) from SEM images.

Check whether the error is within 5 %. If the error is not within 5

%, return to step (1) to adjust reconstruction parameters. If the

error is within 5 %, proceed to step (6).

Output the final porous reconstruction model: generate the final

3D reconstruction model and output the results, including P34-sim,

Pod.sim, and Asq.sim, to validate the reconstruction.

(5)

(6

-

Based on such a reconstruction process, 3D porous models were
established in MATLAB (2023a) to investigate the pore effects on the
thermal/electrical performance of sintered copper joints. Each model
was constructed with a size of 40 x 40 x 40 voxels. The scaling ratio
between the actual dimensions and the simulation model was set as
l:\/ 10, implying that the actual pore areas obtained from the SEM im-
ages were magnified tenfold to reconstruct the 3D porous model.

Thirdly, FEM simulations were conducted based on the established
3D reconstruction models. The simulations focused on both thermal and
electrical analysis using COMSOL Multiphysics 6.1, with the Heat
Transfer and AC/DC modules, respectively. To ensure a uniform distri-
bution of heat and current inputs, two thin copper layers were added to
the top and bottom of the model to mitigate the edge effects caused by
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Fig. 1. Cross-sectional SEM images of sintered copper joints with varying porosity levels.
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Porous Sintered Structure 3D Reconstruction Based on QSGS Algorithm
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Fig. 2. Illustration of the workflow for 3D reconstruction of sintered porous structures.

surface pores. These layers were subsequently removed in the analysis to
focus on the intrinsic properties of the porous regions. Thermal and
electrical insulation conditions were applied to the pore boundaries and
the other surfaces of the models. An adaptive meshing method using the
standard setting in COMSOL was applied to improve accuracy near re-
gions with sharp gradients.

For the thermal simulations, a heat flux density of 1 W/mm? was
applied to the top surface (hot end), while the bottom surface was
maintained at a fixed temperature of 293.15 K (cold end). The thermal
conductivities of the porous models were calculated using Fourier’s law,
as shown in Eq. (1):

dTr

— k=

iz (€Y

where q is the heat flux density, k is the thermal conductivity, dT is the
temperature difference, and dz is the heat transfer distance.

For the electrical simulations, a current density of 1 A/m? was
injected through the top surface, while the bottom surface was groun-
ded. The electrical conductivities of the models were calculated using
Eq. (2):

du

J=06E=0—

iz (2)

where the J is the current density, o is the electrical conductivity, E is the
electrical field, dU is the potential difference, and dz is the current

transfer distance.

During the FEM simulation analysis, different pore locations and
porosity levels were considered.

Firstly, to analyze the influence of pore location, the QSGS stochastic
algorithm was used to generate three different sintered structures for
joint performance analysis under the same porosity level (i.e., Porosity
Level B). Fig. 3 presents the simulated temperature and electrical po-
tential distributions, along with the calculated results for each model. It
revealed that under the same porosity level but different stochastic pore
distributions, the simulated thermal conductivities were 245.52 W/
(m-K), 259.49 W/(m-K), and 241.93 W/(m-K), with an average value of
248.98+3.04 % W/(m-K). Similarly, the electrical conductivities were
3.68E7 S/m, 3.89E7 S/m, and 3.63E7 S/m with an average value of
3.73E7+3.02 % S/m. These results indicated that the thermal and
electrical conductivities exhibited only minor fluctuations (within 5 %),
suggesting that the random spatial distribution of pores has a limited
effect on the thermal and electrical performance of the joints.

Subsequently, models with varying porosity levels were established
to investigate heat and current conduction processes. To enhance the
accuracy of the calculations, three models with randomly distributed
pore locations were constructed in parallel for each porosity level.
Table 1 summarizes the average temperature and electrical potential at
the top and bottom interfaces, along with their respective differences. As
presented, with an increase in porosity, the average temperature/elec-
trical potential at the upper interface (heat/electrical current input side)
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Fig. 3. Temperature and potential distribution of the reconstructed model under Porosity Level B: (a-c) temperature distribution; (e-g) potential distribution.

Table 1

Average temperature and electrical potential at the top and bottom interfaces,
along with the corresponding temperature and potential differences between the
two interfaces.

Porosity Tiop Thottom lefference Utop Ubottom Udifference

(Simulation) K) ) X) W) W) W)

Level A 293.35  293.15 0.20 1.33E- 1.66E- 1.32E-12
12 15

Level B 293.31 293.15 0.16 1.07E- 1.66E- 1.07E-12
12 15

Level C 293.27  293.15 0.12 8.18E- 1.66E- 8.16E-13
13 15

gradually increased, while the average temperature and electrical po-
tential at the lower interface (cold end/grounded side) remained almost
unchanged. This led to a larger temperature and electrical potential
difference between the two interfaces.

Fig. 4(a-1) shows the three-dimensional spatial distributions of tem-
perature, heat flux, electrical potential, and current density within the
sintered joints. As porosity increased, the distribution of temperature
and electrical potential became increasingly non-uniform, indicating
that the heat transfer process within the material was significantly dis-
rupted. Additionally, as shown in Fig. 4(d-f,j-1), both heat flux and
current tended to concentrate around pores.

To more precisely quantify the relationship between porosity and
thermal/electrical performance, the thermal and electrical conductiv-
ities of sintered joints at varying porosity levels were calculated using
Egs. (1) and (2), and subsequently compared with experimental data.
The experimental measurements were conducted using a four-probe
tester (Nuolexinda RTS-8) for electrical conductivity and a laser flash
apparatus (Netzsch LFA-467) for thermal conductivity. As shown in
Fig. 4(m-n), the fitting curves for both the simulated and experimental
data were nearly parallel. This indicated a strong linear correlation
between porosity and both thermal and electrical conductivity, with
adjusted R-squared values exceeding 0.96.

However, the simulated values consistently exceeded the experi-
mental results. This discrepancy can be attributed to idealized assump-
tions in the simulations, which did not account for factors such as
residual organic solvents in the sintering paste, the formation of copper

oxides, and other potential imperfections. These unmodeled factors may
significantly influence the observed thermal/electrical properties of the
joints. To bridge this gap, correction factors, including scaling (F) and
offset factors (Ag), were introduced to adjust the simulation results for
better agreement with the experimental data. The revised mathematical
models are expressed as follows:

k&xperimenml =1.04« ksimulated —101.55 (3)

Oexperimental = 0.86 * Osimulated — 0.63 (4)

After calibration, these mathematical models provide a more accu-
rate representation of the thermal and electrical conductivities. The
calibrated results, shown in Table 2, were compared with the experi-
mental results as well as the 2D-simulated results based on the QSGS
calculation, demonstrating an improved accuracy in the 3D simulations.
Thus, this work provides valuable insights for optimizing sintering pa-
rameters and accurately predicting the performance of sintered joints in
practical applications, demonstrating the precision and effectiveness of
the proposed method.

All simulations revealed that the presence of pores disrupted heat
and current transport pathways within the sintered material. This effect
became particularly pronounced at higher porosity levels, where the
pathways available for heat and current transfer were significantly
reduced. As a result, heat and current were forced through the narrow
solid-phase connections, leading to localized accumulation, as illus-
trated in Fig. 5. In high-temperature and high-voltage environments,
such localized accumulations imposed excessive stress on the already
weakened solid-phase connections. These stresses may increase the risk
of failure, particularly due to mismatches in the coefficient of thermal
expansion between the sintered material and adjoining components.

Future research could focus on integrating advanced in situ charac-
terization methods, such as synchrotron-based X-ray computed tomog-
raphy, to dynamically monitor pore evolution during the sintering
process. This approach provides insights into the time-dependent
behavior of porous structures and their impact on the thermal and
electrical performance of sintered materials, bridging the scientific
mechanism and industrial application of porous interconnects in high-
performance electronic packaging.

In conclusion, this study presented a refined QSGS algorithm,
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Table 2

Comparison of experimental and simulated thermal and electrical conductivities
at different porosity levels.

Porosity

Thermal Conductivities (W/m'K)

Experimental

results

2D-simulated results
by [11]

3D-simulated results in
this work*

Level A 97.04
Level B 157.57
Level C 237.34

158.43
230.99
285.77

98.03
157.39
238.80

Porosity  Electrical Conductivities (E7 S/m)
Experimental 2D-simulated results 3D-simulated results in
results by [11] this work*

Level A 1.86 2.36 1.97

Level B 2.86 3.46 2.58

Level C 3.46 4.29 3.59

“ After calibration.

Current Density (b)
Distribution

Heat Flux  Electric Current

(a) Heat Density
Distribution

Fig. 5. Aggregation effect of heat and current in porous sintered copper joints:
(a) simulated model under Porosity Level C; (b) illustration of the effect.

enhanced to reconstruct three-dimensional porous models of sintered
copper that precisely reflect actual pore characteristics, such as porosity
and pore size distribution. A linear relationship between the porosity
and the thermal/electrical performance of sintered joints was estab-
lished through finite element simulations, providing a quantitative
foundation for understanding the influence of porosity on material
behavior. Moreover, this study explored the mechanisms of heat flow
and current aggregation within porous structures, offering valuable in-
sights into the thermal/electrical behavior of sintered copper. By
introducing correction factors to align simulated results with experi-
mental measurements, the study demonstrated that such a method
provided high-accuracy prediction of the thermal and electrical con-
ductivities of sintered copper joints. This methodology established a
robust framework for investigating and optimizing the thermal and
electrical properties of porous materials, paving the way for more effi-
cient sintering techniques in power electronics applications.
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