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Abstract: In the DC-6 GHz band, low-insertion-loss packaging materials were investigated to ef-
fectively reduce the heat generated during the working process of the attenuation chip. Based on
the working principle of the attenuation chip, when the signal passes through the attenuation chip
resistor network, it results in energy loss. This means that the insertion loss of the chip generates heat,
which leads to an uneven heat dissipation of the chip and thus functional failure. The microwave
characteristics of the packaged joints were investigated using different packaging techniques. The
results show that the S21 and S11 of the attenuation chip after nano-silver and Au80Sn20 packaging
are optimal in the frequency band of DC-6 GHz, and the insertion loss is low compared with the
commonly used packaging materials Sn60Pb40 and Sn96.5Ag3.5, which reduces the heat loss and
improves the reliability of the attenuation chip packaging.

Keywords: chip packaging; attenuation circuits; insertion loss; reliability

1. Introduction

Chip packaging is a core part of semiconductor technology, which has a wide range
of applications in aerospace, electric vehicles, industrial control and other fields [1]. With
the increases in chip package density and the reductions in chip size, the problem of chip
heat dissipation has become a hot research issue, so the packaging technology connecting
the chip and the carrier board is also facing great challenges [2]. In the encapsulation
process, the role of the encapsulation material is to connect the chip and the carrier board
closely together to form a reliable electrical connection. In order to meet the performance
requirements, the packaging material must have excellent electrical conductivity, heat
resistance and reliability [3,4]. In addition, the loss generated during the chip’s operation is
caused by the resistivity and thermal conductivity of the packaging material, resulting in
an increase in the chip temperature, thus affecting the power output and reliability [5].

In recent years, scholars domestically and internationally have also conducted a lot
of research on the impact of packaging materials on chip packaging. Zhou B. et al. [6] ad-
dressed the use of Sn60Pb40 solder for PBGA soldering experiments, through the real-time
detection of the failure mechanism of solder joints under the load of temperature cycling, as
a way to predict the fatigue coefficient and life of the solder layer. To lay the foundation for
reliability research. Xiang Luoyi et al. [7] selected Sn99.3Cu0.7, Sn96.5Ag3.5 and Sn95Sb5,
which are three kinds of welding materials, for welding experiments, through a comparison
of the void rates of Sn99.3Cu0.7 solder and Sn96.5Ag3.5 solder, the void rate was lower
than that of Sn95Sb5 solder for the selection of the welding layer material to provide a
certain theoretical support. Depiver Joshua A et al. [8] Sn63Pb37 and SnAgCu(SAC)305,
387, 396 and 405 solders were used for the characterization simulation of the random
vibration response of BGA solder joints, and the results showed that the deformation of
Sn63Pb37 solder was the smallest, while the equivalent force was the largest, the fatigue
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life of SAC405 solder was the highest, and the fatigue life of SAC387 solder was the lowest.
Lee Jing Rou et al. [9] used three kinds of solder, SAC305, SAC405 and SnBi, to analyze the
deformation and stress of BGA solder joints, and they found that the deformation and stress
in the reflow soldering of SAC305 solder were much better than those of SAC405 and SnBi
solder. Michael Thomas Craton et al. [10] focused on active, passive devices integrated
on a carrier board that were packaged in such a way that the microwave performance
did not degrade after stressing the part through power cycling and temperature cycling
(temperature gradient of 10 °C/min to 200 °C).

Previous studies have focused on exploring the reliability of packaged chips with
different packaging materials in terms of soldering, temperature cycling and mechanical
vibration. In this paper, the effects of different packaging materials on the microwave
performances of attenuation chips in the DC-6 GHz band are presented, and experiments
were conducted to investigate the effects of four packaging materials, including Sn60Pb40,
Au80Sn20, Sn96.5Ag3.5 and nano-silver, on the reliability of the encapsulation of atten-
uation chips. Firstly, the interconnection of the chip with the carrier board was carried
out according to the vacuum eutectic welding process and nano-silver sintering process
for different packaging materials to provide samples for the study on the microwave
performances of power chips. Second, a microwave parameter test board was designed
to interconnect the microstrip line and the encapsulated completed attenuation chip by
bonding alloy wire. Finally, the effects of different packaging materials on the insertion loss
(S21) and return loss (S11) of the attenuation chip were investigated using the unpackaged
attenuation die as a control group.

2. Methods
2.1. Experimental Model

The package connector structure consists of three parts: a chip layer, connection layer
and carrier board layer. The chip layer is a fixed GaAs attenuator chip with 5 dB attenuation
in the DC-6 GHz band, with a size of 0.5 × 0.7 × 0.02 mm3 , a protective layer on the front
and a gold-plated ground on the back, which is used through the package and gold wire
connection. In order to maintain the symmetry of the attenuation network, the design
process has the two resistors in series be equal in resistance (R1 = R3 = 14.006 ohm and
R2 = 82.214 ohm) [11]. The thickness of the connecting layer was 0.025 mm, and the area
was matched to the chip. The substrate was a copper substrate of Mo85Cu15 with a size of
1 × 1 × 0.05 mm3. A model diagram is shown in Figure 1 below.

Figure 1. Overall view of the model.

Microwave circuits are usually high-frequency, so the grounding condition of the chip
affects the circuit crosstalk and insertion loss, as well as brings additional capacitance and
oscillation. The GaAs substrate material of the high-power microwave chip in the trans-
mitting part of the microwave assembly has poor thermal conductivity, so the connection
between the high-power microwave chip and the substrate must have a good microwave
grounding capability (low ohmic contact) and resistivity. Therefore, the physical parame-
ters of the experimental model have an important role in the packaging of the chip, and the
physical parameters of each layer in the model [12–14] are shown in Table 1 below.
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Table 1. Material parameters of the encapsulation model.

Makings Density
(g/cm3)

Coefficient
of Thermal
Expansion
(10−6/◦C)

Thermal
Conductivity

(W/mk)

Young’s
Modulus

(GPa)

Poisson’s
Ratio

Conductivity
(1/ohm × m)

Resistivity
(ohm × m)

GaAs 5.32 5.9 46 80 0.29 2 × 10−6 10−8

Sn60Pb40 8.5 25 51 34.5 0.4 6.1 × 10−7 22.4 × 10−8

Au80Sn20 14.7 16 57 68 0.41 4.5 × 10−7 16.4 × 10−8

Sn96.5Ag3.5 7.4 30 33 118.7 0.38 4.7 × 10−7 21.3 × 10−8

nano-silver - 22 150 18 - 6.62 × 10−7 5 × 10−8

Mo85Cu15 10 4.8 160 110 0.34 5.71 × 10−7 1.72 × 10−8

2.2. Experimental Model

For the entire vacuum eutectic welding process, its flow chart is shown in Figure 2
below. The sample was placed in a eutectic furnace, and steps concerning vacuuming,
nitrogen filling, preheating insulation, temperature rises, welding insulation and water
cooling were followed. The substrate and the pad were placed in glassware, the substrate
was cleaned using ultrasonic waves, the pad was cleaned using plasma cleaner, and the
cleaned substrate and pad were packaged within two hours.

Figure 2. Vacuum eutectic welding flow chart.

According to the parameters of Sn60Pb40, it could be seen that the melting point was
183 ◦C, the temperature set in the vacuum eutectic furnace should be higher than the
melting point temperature of the soldered piece, and the welding time was 60 s or less. The
sample would be a eutectic test; the final determination of the welding temperature was
220 ◦C, the welding time was 30 s, and the pressure was fixed at 50 g. As shown in Table 2,
the process curve temperature T (◦C), time CT (s), pressure F (g), vacuum V (Pa) and
whether to fill the furnace with nitrogen N2 were variables set before the formal welding
was set to the process curve for the empty run once, as well as before the temperature in
the furnace was down to room temperature to begin welding.
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Table 2. Process curve settings.

Serial Number T (°C) CT (S) V (Pa) F (g) N2

1 50 20 90,000 50 0
2 50 60 10 50 0
3 150 240 80,000 50 1
4 150 120 80,000 50 1
5 200 210 80,000 50 1
6 200 60 80,000 50 1
7 220 30 30 50 0
8 50 150 100,000 50 1

The welding experiments were carried out according to the welding process curve,
and a welded sample and void rate X-ray are shown in Figure 3. The welded samples were
complete with no obvious defects, and the voiding rate was tested to be less than 15%.

Figure 3. Sn60Pb40 post-soldering samples and void rate detection.

According to the parameters of Au80Sn20, the melting point is 280 ◦C. The welding
temperature was finally determined to be 320 ◦C, with a welding time of 45 s, and the
pressure was fixed at 50 g. Table 3 shows the process curve temperature T (◦C), time CT (s),
pressure F (g), vacuum V (Pa) and whether or not to fill with nitrogen N2.

Table 3. Process curve settings.

Serial Number T (◦C) CT (S) V (Pa) F (g) N2

1 50 20 90,000 50 0
2 50 60 10 50 0
3 180 240 80,000 50 1
4 180 120 80,000 50 1
5 300 210 80,000 50 1
6 300 60 80,000 50 1
7 320 45 30 50 0
8 50 150 100,000 50 1

According to the welding process curve for the welding experiments, the sample after
the welding and the void rate X-ray are shown in Figure 4. The welded state under the
welding process curve is complete, and the void rate detection was less than 15%.

According to the parameters of Sn96.5Ag3.5, the melting point was 221 ◦C. The
welding temperature was finally determined to be 240 ◦C, the welding time was 30 s, and
the pressure was fixed at 50 g. Table 4 shows the process curve temperature T (◦C), time
CT (s), pressure F (g), vacuum V (Pa) and whether or not to fill with nitrogen N2.
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Figure 4. Au80Sn20 post-soldering samples and void rate detection.

Table 4. Process curve settings.

Serial Number T (◦C) CT (S) V (Pa) F (g) N2

1 50 20 90,000 50 0
2 50 60 10 50 0
3 140 240 80,000 50 1
4 140 120 80,000 50 1
5 220 210 80,000 50 1
6 220 60 80,000 50 1
7 240 30 30 50 0
8 50 150 100,000 50 1

The welding experiments were carried out according to the welding process curve,
and a post-welding sample and a void rate X-ray are shown in Figure 5. The welded state
was complete, nwith o gaps, and the void rate detection was less than 15%.

Figure 5. Sn96.5Ag3.5 samples after soldering and void rate detection.

2.3. Nano-Silver Sintering Experiments

The nano-silver sintering process refers to the use of nano-silver to form a layer
of interconnected material between the chip and the substrate. In utilizing the high-
temperature hot-melt properties of the nano-silver particles, through conditions such as
elevated temperature sintering, chemical changes occur within the nano-silver to form a
firm bond between the nano-silver particles and the metal surface. During the sintering
process, the state of the nano-silver changes from a liquid to a solid, creating reliable
mechanical, electrical and thermal functionality. The specific sintering method of nano-
silver is as follows. (1) Pretreatment: the surface of the substrate to be welded is cleaned and
polished to ensure surface finish and cleanliness. (2) Spot-coating nano-silver: nano-silver
is placed on the cleaned substrate with a 0.01 mm dispensing needle. (3) Temperature
baking: the samples are placed in an electric thermostat blast-drying oven and kept at
200 ◦C for 120 min, and under a certain temperature and time for heat treatment, in order
to make the nano-silver fully melt and flow with the metal surface to form a strong bond.
(4) Cool down: the melted nano-silver is left to cool down to room temperature for 60 min
after taking it out of the oven to complete the welding. As shown in Figure 6 below, there
was no obvious defect in the welding, and the void rate was less than 15% in the test.
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Figure 6. Curing diagram of nano-silver paste.

3. Performance Testing and Analysis
3.1. Performance Testing

In order to simplify the model, this study utilized bonding alloy wires to make the
input/output ports of the chip connected to a 50 ohm microstrip line, and the input/output
signals were used to test the effects of each state of the chip after soldering on the mi-
croassembly solder. The dielectric substrate was selected from Rogers RO4003C, the mi-
crostrip line was made of nickel-plated copper plating, the bonding wire was made of gold
wire with a diameter of 0.025 mm, the middle part simulated the straight-through transmis-
sion of a GaAs chip, and the upper layer of the chip was a microstrip line with 50 ohm of
impedance. Figure 7 below shows the modeling diagram of the bonding established using
Ansys HFSS 2022 software.

Figure 7. Model diagram of double-bonded alloy wire interconnected with microstrip line.

It is important to note that when the thickness h and width wp of the microstrip
line are varied, the characteristic impedance of the microstrip line changes for the same
relative dielectric constant. A large number of researchers have found that the microstrip
line’s characteristic impedance is only related to the width of the microstrip line’s wp, the
thickness of the microstrip line h and the relative dielectric constant, and the following
specific formula has been proposed [15,16].

If wp/h < 2, then the microstrip line thickness wp is as shown in Equation (1):

wp = (8eAh)/(e2A − 2), (1)

where the coefficient A is shown in Equation (2):

A = 2πZ0/Z f

√
((ϵr + 1)/2) + (ϵr − 1)/(ϵr + 1)(0.23 + 0.11/ϵr), (2)

If wp/h > 2, then the microstrip line thickness wp is as shown in Equation (3):

wp = 2h/π{B − 1 − ln(2B − 1) + (ϵr − 1)/(2ϵr)[ln(B − 1) + 0.93 − 0.61/ϵr]}, (3)

where the coefficient B is shown in Equation (4):

B = (πZ f )/(2Z0

√
(ϵr)), (4)
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The Rogers RO4003C dielectric substrate with a relative dielectric constant of 3.4 and
a thickness of h = 0.20 mm was used as the test plate designed in this study. Therefore, ac-
cording to Equations (12) and (13), the line width Wp = 0.41 mm and thickness h = 0.20 mm
using a 50 ohm microstrip line were calculated. The relative dielectric constant of the GaAs
chip was 12.9, and the line width Wp = 0.03 mm and thickness h = 0.10 mm using the
50 ohm microstrip line were calculated through computer-aided calculations, as can be
seen in Figure 8 and Table 5 below.

Figure 8. Microstrip design drawing.

Table 5. Process curve settings.

Parameters Material Properties Sizes (mm)

L1 Nickel-Plated Copper Plating -
L2 Core RO4003C -
L3 Core -
Wp - 0.414
H - 0.412
h - 0.203

In this design of the test board for testing the electrical performance, a double-bonding
span with a 0.8 mm height and the 0.05 mm bonding method were selected. After selecting
a suitable bonding method, an insertion loss and return loss simulation was carried out for
different packaging materials to understand the effect of the different packaging materials
on the microwave performance of the whole chip after the packaging was completed. As
can be seen in Figure 9 below, in the DC-6 GHz band, the error of the Au80Sn20 and silver
nanomaterials in the insertion loss (S21) with the whole band of the unencapsulated state
was less than 0.001 dB, and the error of the whole band of the unencapsulated state was
less than 1 dB under the return loss (S11), while the Sn60Pb40 and Sn96.5Ag3.5 solders had
errors of less than 0.02 dB from the unencapsulated state across the band at the insertion
loss (S21) and less than 2 dB from the unencapsulated state across the band at the return
loss (S11).

According to the simulation design of the test board, a suitable plate and bonding
method were selected, and the CAD drawings of the test board were processed. After the
processing of the test board was completed, the packaged attenuation 5 dB chip was placed
in the middle groove of the microstrip line, and the input and output terminals of the chip
were double bonded. Figure 10 below shows the completed test board and the completed
chip-bonding effect.
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(a) (b)

Figure 9. Comparison of microwave performances of different solders: (a) simulation of model S21
with different solders; (b) simulation of model S11 with different solders.

Figure 10. Enlarged view of fabricated test board and chip bonding.

3.2. Analysis of Results

The fabricated test board was connected to the vector network analyzer using coaxial
cable, and the main parameter indicators were the S21 and S11 of the attenuation chip, as
shown in Figure 11 below, which compares the parameter indicators of the four different
encapsulation materials with the performance of the unencapsulated bare chip.

As the attenuation circuit is composed of different resistors, the resistivity of different
packaging materials in the encapsulation process is different, resulting in the resistance
of the signal transmission being affected, so different packaging materials have a certain
impacts on the parameters of the attenuation chip. Specifically, these impact are as follows:
insertion loss in four states (S21) in Au80Sn20 and nano-silver in the 0–1 GHz band (and
the bare chip parameters reach the same values); in the 1–6 GHz band, the error is less
than 0.003 dB; and the Sn60Pb40 and Sn96.5Ag3.5 soldering state errors in the entire test
frequency band were less than 0.02 dB. The return loss (S11) values in Au80Sn20, Sn60Pb40
and nano-silver were basically consistent with the parameters of the die in the frequency
band of 0–1 GHz; the error was less than 1 dB in the 1–6 GHz band; and the error was less
than 2 dB in the whole frequency band for Sn96.5Ag3.5.



Electronics 2024, 13, 1785 9 of 10

(a) (b)

Figure 11. Actual measurement and analysis diagram: (a) measured parameter S21 (b); measured
parameter S11.

4. Conclusions

In this study, Sn60Pb40, Au80Sn20, Sn96.5Ag3.5 and nano-silver were selected to
research the microwave performance of attenuated chip encapsulation. Samples with a low
connection resistance, high heat transfer efficiency, complete packaging and a low void
rate were obtained through a vacuum eutectic process and nano-sintering process. Aiming
at the heat generated through insertion loss, which leads to high temperature rises in the
chip, the low-insertion-loss packaging technology was innovatively studied. In designing
microwave performance test boards, the performance parameters of the attenuated chips
encapsulated in different packaging technologies were tested. The results show that in the
DC-6 GHz band, the insertion loss of the attenuated chips after nano-silver packaging was
the lowest and that the Au80Sn20 and nano-silver materials reduced the insertion loss of
the chip by 85% and the return loss by 50 % compared with Sn60Pb40 and Sn96.5Ag3.5. The
packaging of a low-insertion-loss attenuated chip can effectively control the temperature
rise and improve the reliability of the attenuating chip package.
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