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Abstract: Solder layer void is one of the main failure causes of power semiconductor devices, which
will seriously affect the reliability of the devices. In this study, a 3D model of IGBT (Insulated
Gate Bipolar Transistor) packaging was built by DesignModeler. Based on ANSYS Workbench, the
influence of void size, location, solder layer type, and thickness on the temperature distribution of
the IGBT module was simulated. The results show that the larger the void radius, the higher the
temperature of the IGBT module. The closer the void is to the center of the solder layer, the higher the
temperature of the module. The void on the top corner of the solder layer had the greatest impact on
the junction temperature of the IGBT module, and the shape of the void is also one of the factors that
affect the temperature of the module. The denser the void distribution, the higher the temperature of
the module. The temperature of the IGBT module was reduced from 62.656 °C to 59.697 °C by using
nanosilver solder paste, and the overall heat dissipation performance of the module was improved
by 5%. The temperature of the module increased linearly with the increase in solder layer thickness,
and the temperature increased by 0.8 °C for every 0.025 mm increase in solder layer thickness. The
simulation results have a guiding significance for improving the thermal stability of IGBT modules.

Keywords: void; maximum junction temperature; IGBT module; ANSYS finite element

analysis; reliability

1. Introduction

With the speedy development of social progress and productivity, IGBT [1] is a new
variety of power electronic devices widely used in the power electronics industry. It has
the advantages of high voltage resistance [2], easy driving, fast switching speed, etc., but
also the advantages of a bipolar power transistor with low saturation voltage and high
current handling capability. Thus, they are widely used in fields like solar energy, smart
home appliances, new energy vehicles, aerospace, etc. [3,4]. At present, there are two main
packaging forms for IGBT devices: soldering and crimping [5,6], of which soldering is
widely used. The structure diagram of the soldering type IGBT is shown in Figure 1.
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Figure 1. Schematic diagram of the soldering type IGBT package structure.
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In addition to being affected by the working environment, the module will also
be affected by long-term temperature changes during use. The high temperature will
lead to internal fatigue aging, and the reliability [7-9] will be reduced. The main fatigue
failure [10,11] of IGBT modules is the failure of the solder layer. The solder layer not only
plays a supporting and connecting role in the IGBT module but also serves as the main
heat dissipation channel. Voids are one of the main imperfections of the solder layer failure.
The existence of a void greatly reduces the effective cross-sectional area for heat transfer,
resulting in heat accumulation and the chip being too hot and failing. Studies have shown
that the failure rate will double if the temperature of the device rises by 10 °C [12]. Due
to the high cost of IGBT manufacturing and maintenance, the reliability of IGBT modules
has been a hot research topic in the field of packaging. It is particularly important to
extend the lifetime and improve the reliability of the module for the sustainability of power
electronic systems.

Researchers have conducted some studies on the effect of voids on IGBT modules.
Haifeng Sun [13] et al. established voids at different positions in the solder layer and found
that voids in the center of the solder layer have the greatest influence. Surendar [14] et al.
simulated IGBT modules under CTC (conventional thermal cycling) and TSC (thermal
shock cycling) impacts, and the results showed that the generation and formation of solder
layer voids are accelerated. Shengxue Tang [15] et al. studied the Cauer thermal network
model of void thermal resistance and its extraction method. He evaluated the degree of void
growth in the solder layer by the module thermal resistance increase rate. Their research
content and focus are different. However, there is no specific analysis of the influence of
void formation, void position, and solder type on the temperature of the IGBT module.
Since the IGBT module needs to be turned on and off continuously during operation, the
heat generated by the loss can directly affect the performance of the module. Therefore, the
on/off [16] state of the module was simulated in the paper.

2. Heat Transfer Calculation of IGBTs
2.1. Heat Transfer Theory

Since the IGBT will generate losses during operation, which will increase the overall
module temperature, the characteristics of the material are affected by the temperature.
Therefore, the current passing through the module will change, which will affect the
temperature distribution in the module. According to the theory of heat transfer, the finite
element of heat conduction is Equations (1) and (2) [17].

CIT+K'T=0Q )

Q=Q"+Q+Q85+0Q 2)
where C! is the specific heat matrix, Kt is the heat conduction matrix, T is the node tem-

perature vector, T is the temperature vector at the node that changes over time; Q" is the
heat flow rate vector at the node, Q° is convective heat vector on the surface, Q¢ is the
external hate flow rate vector, Q/ is the vector of the heat source generated by the internal
heat source. Equation (3) is electrical conduction theory.

KYv =1" ©)

where KV is the conductivity matrix, V is the node voltage, I " is the node current vec-
tor. Heat generation from internal heat sources Q/ can be obtained through the electric
field Equation (4).
. 2
Qf = / NV, [¢(T)]dvol )

vol
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where N is the shape function matrix, V; is the voltage gradient matrix, o'(T) is the conduc-
tivity matrix, vol is the integration variable.

Because of the special nature of the seven-layer structure inside the IGBT module, the
heat diffusion angle of each layer from top to bottom of the module is not exactly the same,
and the diffusion structure of each layer is shown in Figure 2. Due to the different heat
transfer angles of each layer, the heat transfer area is not the same. To accurately calculate
the effective heat transfer area of each layer structure, it is necessary to find out the heat
transfer angle of each layer by Equations (5) and (6).

A= (5)

_ 586InA+404, A<1
fF0) = {46.45 —6.048- 17099 1 > 1 ©)

where S is the effective contact area of adjacent two layers, L is the thickness of each layer,
and 6 is the thermal diffusion angle. Therefore, the heat transfer area is given by Equation (7).

A=(a+2-L-tanf)-(b+2-L-tanf) (7)

Figure 2. Thermal conductivity of the single-layer mechanism of the IGBT module.

2.2. Module Loss Calculation

The loss of the IGBT module mainly includes turn-on loss, through-state loss, and turn-
off loss. Figure 3 shows the process diagram of IGBT turn-on and turn-off. For the IGBT
module, the main consideration is the loss of the IGBT chip and current-continuing diode.

Voltage | | Current

|
| |
Turn-on I —l
process |

| | Conduction process | |

Turn-off
process |

Figure 3. The switching process diagram of IGBT.

The switching loss of the IGBT is expressed in Equation (8) [18].

1 [Ty/2
Pow,16BT = fsw,IGBT?O/ 00 (Eon,IGBT + Eoff,IGBT) dt 8
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where Py, 1GpT is the switching power loss of the IGBT, f;, 1cpr is the switching frequency,
Eon, 16T and Ey sy 16pT are the energy losses during turn-on and turn-off, T is one cycle
from turn-on to turn-off.

The conduction loss is expressed in Equation (9).

1 (Vegol | rI? Vepol — rI?
Pmd’IGBT—2< ) T Meosg =+ o )

The linearization of the output properties of the IGBTs is expressed in Equation (10).
VCE(t) = VCEO +rl sin(wt) (10)

where P 4, IGBT is the conduction power loss of the IGBT, Vg is the initial on-state voltage,
r is the pass-state resistance, M is the modulation indeXx, cos ¢ is the power factor, ¢ is the
phase difference between the current and voltage waves, w is the angular frequency of the
output current wave.

The switching loss of the diode is expressed in Equation (11).

i(t) . Vdc

Inom Vnom

1
Psw,FWD = ?OZ Erec (Inomr Vnom) (11)

where Py, pip is the switching power loss of the diode, Erec(Liom, Viom ) is the diode reverse
recovery energy loss, i(t) = isin(wt) is the sinusoidal load current, I, is the rated current,
Viom is the rated voltage, and V. is the DC bus voltage.

The conduction loss is expressed in Equation (12).

1 [Ty/2 .
Pz = 7 [ T Verw (0L~ T(0)ds (12)

where P4 rwp is the conduction power loss of the diode, V- is the collector voltage, and
7(t) is the opening time.

3. IGBT Finite Element Model and Parameters

The IGBT module is composed of seven layers of different structures: chip, chip solder
layer, DBC layer, DBC solder, substrate, thermally conductive silicone grease, and heat
sink [19,20]. In this paper, a model 1200 V/50 A device from the literature [21] was used
for the study. Since the device is a half-bridge structure [22] with two symmetrical diodes
and chips. 1/2 of the model can be selected for the study and analysis. The mesh of the
module is divided into tetrahedral cells, and the mesh of the solder layer part is carefully
divided. The finite element mesh model is shown in Figure 4.

Figure 4. Finite element mesh model.

3.1. Model Size and Some Material Properties

The simulation process is simplified accordingly: 1. The bonding wire [23] has a
small influence on the temperature of the whole module, so the bonding wire and other
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terminals are ignored. 2. Boundary conditions are set to simulate the heat sink. The material
parameters and dimensions of each component of the IGBT module are shown in Table 1.

Table 1. Material parameters [21,24] and dimensions of each component of the IGBT module.

Thermal Specific Heat

Components Material Conductivity Capacity /(2&.1;1?;) %;i:? 7(\23:11)1 Tl;:rcrl;':fss
[(W-m-1.K-1) /(JKg 1K) 8
IGBT chip Si 149 700 2300 9 9 0.32
Diode Si 149 700 2300 5 8 0.30
Chip Solder SAC305 32.7 150 7500 9 9 0.10
Layer
Cu 401 380 8900 0.30
DBC ALO; 35 600 3600 30 28 0.40
Cu 401 380 8900 30 28 0.30
Substrate SAC305 327 150 7500 30 28 0.20
solder layer
Substrate Cu 401 380 8900 455 31 3.00

3.2. Boundary Conditions and Load Application

In the finite element thermal analysis, the chip of the IGBT is used as the main heat
source. The chip is uniformly heated, and the loss of the IGBT chip is 70 W. Power loss of
the chip is expressed in Equation (13).

H_ P 70w

— _ 3

H is the heat generation rate, P is the loss power of the chip, V is the volume of the
chip. After calculation, the heat generation rate of IGBT is 2.7 W/mm?3. Setting the ambient
temperature at 25 °C. The convection coefficient of 4000 W/m?k is applied to the bottom of
the substrate, and the natural convection coefficient between the three sides of the substrate
and the air is 10 W-(m?-°C)~!. The IGBT module is simulated by turning on and off to
increase and decrease the temperature during operation. The simulation cycle is 60 s, and
the opening and closing times are both 30 s.

4. Analysis of the Mechanism of the Formation of Voids in the Solder Layer

Voids appear in the patch process step [25]. The patch process of the IGBT module
mainly uses Sn96.5Ag3Cu0.5 solder paste (SAC305) and vacuum reflow
soldering [24] process.

The melting point of SAC305 solder paste is between 217-219 °C, and the maximum
peak value of reflow solder is 240 °C. It stays in the liquid phase line [26] for 60 s, and the
heating coefficient [27] is 660 s °C. Therefore, the heating coefficient of the solder paste is in
the best range. Figure 5 shows the corresponding reflow curve of SAC305 solder paste.

The solvent of the solder paste and some additives in the soldering process are easy to
volatilize. The volatile part forms bubbles in the solder and cannot escape from the solder
layer due to the substrate constraint. Incompletely volatile components tend to be trapped
in the solder layer during melting and cooling, which can easily create voids. Solvents and
fluxes not only have strong adhesive properties but also absorb volatiles easily and form
solder joint voids.

The process of void formation is influenced by pressure. The pressure equilibrium
equation is expressed in Equation (14) [28].

where P; is the internal pressure [29] of the bubble, P; is the shrinkage pressure, P; is the
hydrostatic pressure, P, is the pressure in the vacuum welding furnace, 7 is the bubble
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surface tension, r is the bubble radius, and 27 /r is the pressure due to surface tension.
When P; + P; > Ps + P, + 217/, the bubble starts to grow bigger. When the buoyancy in the
bubble can overcome the constraint of the substrate, it can move to the surface of the solder.
However, this process requires a lot of energy and is not easy to control. If the energy is not
enough to make the bubble buoyant, the bubble leave the substrate. As a result, the solder
layer will cause voids.

250+

200

—_—

wn

(=3
T

Temperature/°C
S
(=}

W
(=}
T

0 0 50 100 150 200 250 300
Time/s

Figure 5. Reflow curve of SAC305 solder paste.
Type of Solder Layer Void

In the later simulation, a model containing a void is necessary. The shapes of voids
are circular, elliptical, and irregular. The types of voids include penetration and non-
penetration [12]. As shown in Figure 6, where a, b, and c are three different non-penetrating
voids, and d is a penetrating void. In the literature [30], it was found that penetration voids
have a greater impact on the IGBT modules. Cylindrical voids are symmetric. Thus, they
are easier to model and can simplify calculations to save time. Compared to other shapes,
cylindrical voids have less surface area and contact area. Therefore, they have less impact
on the strength and reliability of the solder. After considering various factors, a penetrating
cylindrical void was selected.

+~—— Chip

Chip ——

Solder layer «—— Solder layer

Top copper layer — +«—— Top copper layer

Chip —— +—— Chip

Solder layer —— +«—— Solder layer

Top copper layer —— +«—— Top copper layer

Figure 6. Penetrating and non-penetrating voids. (a) Non-penetrating void 1. (b) Non-penetrating
void 2. (c) Non-penetrating void 3. (d) Penetrating void.

5. Finite Element Analysis and Discussion
5.1. Temperature Distribution of IGBT Module in Open-Break State

After transient thermal analysis, the temperature distribution cloud diagram of the
IGBT module at 30 s under the loss power of 70 W is shown in Figure 7a. Due to the change
of power, the internal temperature distribution of the module is not uniform, and the
highest temperature is 62.656 °C in the center of the chip. Because of the thermal coupling
of the module, the heat generated by the chip can only be transferred from top to bottom
layer by layer. The lowest temperature at the edge of the copper substrate is 33.281 °C. As
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shown in Figure 7b, the junction temperature of the chip changes abruptly during the on
and off operating states and gradually stabilizes to ambient temperature over time.

B: Transient Thermal
Temperature
Type: Temperature
Unit: °C

Time: 30
2023/4/26 16:52

62.656 Max
5 59.392
56.128
52.864

496
46.336
43.072
39.808
36.544
33.281 Min

(a)

[V I e
(=) N (=} wn
o] T T T
~
\

Temperature/°C
& A W
(=} W
Forrrast

30
Time/s
(b)

Figure 7. Temperature distribution of the IGBT module at 30 s and the process of temperature rise

and fall. (a) Temperature distribution of the IGBT module at 30 s (b) The process of temperature rise
and fall.

5.2. Single Void Finite Element Analysis

Six positions in the solder layer of the chip are selected for analysis, and the radius
of the void r = 1 mm and K = 3.9% (K = Vypiq/ Vsolder 1ayer» K is the void rate) are taken.
As shown in Figure 8, position 1 is the center of the solder layer, position 2 is at the top
corner, position 3 is at the edge, position 4 is at 1/4 of the centerline, position 5 is at 1/4 of
the diagonal, and position 6 appears at the tip of the chip solder layer (part of the void is
inside the solder layer). The effect of void damage at different positions on the junction
temperature of the module is studied by transient thermal analysis.

Figure 8. Six void positions.
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Fourier’s law of heat conduction can be expressed in Equations (15) and (16).

Q= —-AAVT (15)
pro S 0o

where Q denotes the total heat flow during thermal conduction, A denotes the thermal
conductivity, VT denotes temperature gradient, A denotes the vertical cross-sectional area
of heat flow through. S is the area of the void, H is the power loss of the chip, C is the
circumference of the void. “ — ” indicates that the direction of heat transfer is opposite to
the direction of the temperature gradient.

As can be seen from Figure 9, positions 1-5 are complete voids. From the law of
heat transfer: the ratio of H/ A is kept constant, and the effect on the junction temperature
depends on the ratio of S/C. As the ratio of 5/C increases, the temperature gradient VT
perpendicular to the chip also increases, which eventually leads to the temperature of
the chip increases. The closer the void is to the center of the solder layer, the larger the
temperature gradient VT perpendicular to the direction of the chip.

85.0

82.693
82.5}¢

80.0

71.5

75.0

72.5
70.01 69‘397

ey 802
67.5} 22—
650l e 66.802

64’121
625 1 ) 1 1 1
1 2 3 4 5
Location

Junction Temperature/°C

o

Figure 9. Relationship between void positions and junction temperature.

The area and circumference of the void can be expressed in Equations (17) and (18).
Equation (19) can be deduced from Equation (16).

S = mr? (17)
C =2mr (18)
S-H r

where 7 is the void radius. Additionally, the position 6 part of the void has been beyond
the solder layer. The void is 1/4 cylindrical. From Equation (19), the heat generated above
the void is proportional to the radius of the void. The heat production increases with the
increase in the void radius. Thus, the temperature field distribution changes greatly, and
the junction temperature rises sharply. To keep the same void rate, the radius of the void
at position 6 is twice as large as the radius of the complete type void. When the void is at
position 6, the chip has the highest temperature. Therefore, the radius of the void affects
the junction temperature more than many other factors.
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Void generation is difficult to avoid. On the one hand, it is necessary to avoid the void
at the edges and top corners of the solder layer during the device production process. The
specific shape and radius of the void have a significant effect on the junction temperature.
On the other hand, when the same void rate is maintained inside the soldering layer. The
closer the void is to the center of the solder layer, the higher the module’s temperature.

5.3. Multiple Voids Finite Element Analysis

The solder layer voids will change during production or use. The changed voids may
appear as single larger voids or random and uneven voids. As shown in Figure 10, multiple
voids are distributed at the top corner, edge, 1/4 of the diagonal, and 1/4 of the center line
of the solder layer. The influence of the position distribution and size change of multiple
voids on the maximum temperature of modules are analyzed.

Figure 10. Distribution of multiple voids.

This simulation uses five sets of data (K = 3.9%, 7.6%, 15.5%, 26.2%, 34.9%; K is
the void rate) to analyze the effect of multiple voids’ position and size on the module’s
junction temperature.

As shown in Figure 11, when the radius of the void < 0.7 mm, the temperature of
the module rises gently. After the radius of the void > 0.7 mm, the module’s temperature
rises steeply. It was found that when the void rate of the solder layer was greater than 5%
in the literature [31] experiment, IGBT modules began to enter the failure state, causing
the characteristics of the module to change. A study [32] tested the reliability of IGBT
devices with different void rates through power cycle experiments and found that when the
void rate is greater than 5%, it can cause device failure directly. The void control standard
of the loading process is established through experiments. The single void rate is less
than 2%, and the total void rate of multiple voids is less than 5%. When the radius of
void = 0.7 mm (k = 7.6%), the module began to fail. Therefore, 0.7 mm is the special point
of these five sets of data. As the void rate increases, the solder layer material is replaced by
internal air with lower thermal conductivity, which reduces the heat dissipation capability.
Voids in } of the center line have the highest module temperature. Due to the relatively
concentrated distribution of the void and close to the center of the solder layer, more heat is
prevented from conducting downward, accelerating the accumulation of heat and making
the temperature of the module maximum. The top corner voids are far from the center
of the solder layer and distribute sparsely, which present less obstruction to heat transfer.
Thus, the module has the lowest temperature.
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Figure 11. Relationship between multiple voids radius and junction temperature.

5.4. Multiple Voids Spacing Finite Element Analysis

As shown in Figure 12: 16 voids are selected in the solder layer, and the radius of each
void is 0.5 mm (total void rate is 15.5%). The voids are distributed evenly. The void spacing
is taken as 0.2 mm, 0.4 mm, 0.6 mm, 0.8 mm, and 1.0 mm. The influence of the distance
between voids on the junction temperature of modules is analyzed.

Figure 12. Distribution of void spacing.

As shown in Figure 13, the void spacing is inversely related to the junction temperature
of the module. The smaller the void spacing, the higher the temperature of the module.

67.5

Junction Temperature/°C
(o)) (o)) (=) (=) [*))
SRR N = N
(=} (923 (=] N (=]

: T . T :
>
»

=)

:l;

N
T

—,

64.0 0.2 0.4 0.6 0.8 1.0

Distance/mm

Figure 13. Relationship between void spacing and junction temperature.

When the solder layer is without voids, the heat generated by the chip will pass
through the horizontal and vertical directions. Voids in the solder layer will block the
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vertical heat transfer path above the chip, and the heat dissipation efficiency of the module
will be reduced as a result.

The spacing of the void is small enough, and the surrounding voids can merge and
connect to form a larger void easily. The larger the void, the smaller the cross-sectional area
of heat conduction. From Equation (15), when the heat flux Q is constant, the cross-sectional
area A of heat passing through is smaller. The larger the temperature change rate in the
direction perpendicular to a given section, the larger the temperature gradient VT on the
lower surface of the chip. When the temperature gradient VT increases, the temperature of
the module will also increase. With the increase in void spacing, the junction temperature
of the module tends to be stable. The scattered voids can form individual temperature
centers above the chip, dispersing the heat buildup. This means that dispersed multiple
voids have a weaker effect than a single large void.

5.5. Effect of Solder Layer Voids on Module Junction Temperature under Different Materials

Studies showed that nanosilver solder paste had better creep resistance and shear stress
than solder alloys. Hensler et al. [33] found that the service life of the nanosilver solder
paste connection module was six times longer than the solder alloy through temperature
cycling tests. Chen [34] et al. found that sintered nanosilver joints have better resistance
to shear stress and cyclic loading than SAC305 in high-temperature environments. Thus,
nanosilver joints have longer fatigue life. Related studies [35-37] showed that the resistivity
and thermal conductivity of nanosilver solder pastes have better performance compared to
other solders, which makes the module generate less heat. Thus, nanosilver solder paste
can enhance the heat dissipation efficiency of the module and adapt to high temperatures.

As shown in Figure 14, the solder layer is in an ideal condition without damage. When
nano silver is the solder paste, the maximum temperature of the module is 59.697 °C. Com-
pared with Figure 7a, the temperature decreases from the original 62.656 °C to 59.697 °C.
When nano silver solder paste is used, the temperature of the module is reduced by 2.959 °C,
and the heat dissipation rate is increased by about 5%.

59.697 Max
56.723
53.749
50.774

47.8

44.826
41.851
38.877
35.903
32.928 Min

Figure 14. Temperature of the module when nanosilver is the solder paste.

From Figure 15, with the increase in the void, the temperature of the nanosilver solder
module is lower than that of the SAC305 solder module. Nanosilver solder paste has more
obvious advantages. The solder layer void radius is 1.5 mm, and the maximum temperature
of the module is reduced by about 7 °C with the nanosilver solder paste. The thermal
conductivity of nanosilver solder paste is 240 W/m-K, and the thermal conductivity of
SAC305 solder is 32.7 W/m-K. The thermal conductivity of the former is much greater
than that of the latter. Therefore, nanosilver as solder paste can make IGBT module heat
dissipation quickly, which can further improve the thermal performance and reliability of
the module.
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72k
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661

63r

Junction Temperature/°C
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04 0.6 0.8 1.0 1.2 1.4 1.6
Radius/mm

Figure 15. Temperature comparison between SAC305 solder and nano silver solder paste.

Thus, with or without voids, the nanosilver solder paste can demonstrate better
thermal stability and reduce the temperature of the module. However, the cost of high
thermal conductivity materials is high. The industry needs to make a balance between cost
and performance according to the actual needs.

5.6. Effect of Solder Layer Thickness on Temperature Distribution in the Presence of Voids

Referring to the chip placement soldering process of the IGBT module, the thickness
of the solder layer is analyzed in 0.1~0.2 mm for parameters, and the step is 0.025 mm. The
void is located in the center of the solder layer with a radius of 1 mm. Varying the thickness
of the solder layer to analyze the change in the module’s temperature.

From Figure 16, the thickness of the solder layer increases almost linearly with the
maximum temperature of the module. The thickness of the solder layer increases by
0.025 mm, and the temperature of the module increases by about 0.8 °C.

73.0

725} /’

~

N

(=]
T

N
AN

Junction Temperature/°C
>
(=]
T
*

D ~
© S
n o
T T

L 4

0.10 0.12 0.14 0.16 0.18 0.20
Thickness/mm

N
o

Figure 16. Relationship between the thickness of the solder layer and junction temperature.

According to the heat transfer theory, the thermal resistance of the IGBT module is
expressed in Equation (20) [38] and Equation (21) [39].

L
Ry, = — 2
=1 (20)
Tj =T+ Rth(jfa) * Ploss (21)

where Ry, is the thermal resistance of the solder layer, L is the thickness of the solder layer,
k is the thermal conductivity, A is the solder layer heat sink area. T} is the module junction



Micromachines 2023, 14, 1344 13 of 14

temperature, T, is the ambient temperature, Ry(;_,) is the thermal resistance between
junction temperature—ambient temperature, Py, is the power loss of the chip. As L
increases, Ry, also becomes larger, resulting in the accumulation of heat during the transfer
process and causing the temperature of the entire module to rise eventually. Therefore,
the junction temperature of the module can be controlled by thinning the thickness of the
solder layer.

6. Conclusions

In this paper, the effect of solder layer void damage on the temperature of the IGBT
module is studied by finite element simulation. The results indicate that the temperature
of the IGBT module increases linearly with the increasing void ratio of the chip solder
layer. The void at the top corner of the solder layer has the greatest impact on the junction
temperature of the module. Therefore, the thermal stability can be improved effectively
by using the technology to avoid voids occurring at the top corner of the solder layer. The
shape of the void is also one of the factors affecting the temperature of the module. The
smaller the void spacing and the denser the distribution, the higher the temperature of the
module. Compared with SAC305 solder paste, nanosilver solder paste has better thermal
conductivity and service life, which can improve the thermal stability and reliability of the
module effectively. The heat dissipation of the module has been improved by about 5%.
The thickness of the solder layer can also affect the temperature distribution of the whole
module. The temperature of the module grows linearly with the thickness of the solder
layer, and the temperature increases by 0.8 °C with increasing the thickness of the solder
layer by 0.025 mm. Therefore, we need to choose the right thickness of the solder layer to
further improve the reliability of the IGBT module.

Author Contributions: Conceptualization, P.X.; Data curation, PX.; Formal analysis, L.Y. and Z.Z,;
Methodology, P.X. and L.Y.; Supervision, P.L.; Validation, P.X.; Writing—original draft, P.X.; Writing—
review and editing, P.X. and P.L. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by Joint Project of Nantong University and Jiangsu JieJie Micro-
electronics Co., Ltd. (N0.22ZH498).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zhang, W.G.; Zhang, ].; Tang, S.G. IGBT structure and development trend. Electron. Compon. Inf. Technol. 2021, 5, 76-78.

2. Li, H.; Liao, X;; Zeng, Z.; Hu, Y,; Li, Y; Liu, S.; Ran, L. Thermal Coupling Analysis in a Multichip Paralleled IGBT Module for a
DFIG Wind Turbine Power Converter. IEEE Trans. Energy Convers. 2016, 32, 80-90. [CrossRef]

3. Chen, D.F; Sun, C.Y,; Chen, L. Design and testing of motor controllers for new energy vehicles. Mot. Control Appl. 2021, 48, 95-99.

4. Cui, Y.B,; Feng, W,; Yao, Y. Power drive design and verification techniques for aerospace high-power electric servo systems.
Shanghai Aerosp. 2022, 39, 51-57.

5. Lai, W,; Li, H. Investigation on the Effects of Unbalanced Clamping Force on Multichip Press Pack IGBT Modules. IEEE ]. Emerg.
Sel. Top. Power Electron. 2019, 7, 2314-2322. [CrossRef]

6. Li, H,; Wang, X,; Yao, R. Reliability modeling and analysis of press-pack IGBTs considering internal material fatigue. Electr. Power
2019, 52, 30-37.

7. June-Seok, L.; Ui-Min, C. Comparison of Heat-Pipe Cooling System Design Processes in Railway Propulsion Inverter Considering
Power Module Reliability. Energies 2019, 12, 4676.

8.  Choi, U.-M.; Blaabjerg, F.; Jorgensen, S. Power Cycling Test Methods for Reliability Assessment of Power Device Modules in
Respect to Temperature Stress. IEEE Trans. Power Electron. 2018, 33, 2531-2551. [CrossRef]

9. She, CH,; Yang, L.L,; Tan, L.P; Liu, P.S. Study on the Stress and Warpage of Flip Chip Package Under Current Crowding. J.
Nantong Univ. (Nat. Sci. Ed.) 2020, 4, 42-48.

10. Abuelnaga, A.; Narimani, M.; Bahman, A.S. A review on IGBT module failure modes and lifetime testing. IEEE Access 2021,

9, 9643-9663. [CrossRef]


https://doi.org/10.1109/TEC.2016.2614526
https://doi.org/10.1109/JESTPE.2018.2876768
https://doi.org/10.1109/TPEL.2017.2690500
https://doi.org/10.1109/ACCESS.2021.3049738

Micromachines 2023, 14, 1344 14 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Degrenne, N.; Delamea, R.; Mollov, S. Temperature Evolution as an effect of Wire-bond Failures in a Multi-Chip IGBT Power
Module. In Proceedings of the 22nd European Conference on Power Electronics and Applications (EPE20 ECCE Europe), Lyon,
France, 7-11 September 2020; pp. 1-8.

Hao, J.H.; Su, L.C. Effect of void in solder layer on IGBT chip temperature. Mod. Electron. Technol. 2018, 41, 151-156.

Sun, H.E; Yang, S.M. Effect of solder layer voids on the temperature distribution of insulated gate bipolar transistor (IGBT)
modules. Sci. Technol. Eng. 2018, 18, 189-194.

Surendar, A.; Kavitha, M.; Arun, M.; Panwar, V. Reliability Assessment of Solder Joints in Electronic Devices Under Extreme
Thermal Fluctuations. IEEE Trans. Compon. Packag. Manuf. Technol. 2020, 10, 1394-1400. [CrossRef]

Tang, S.X.; Ma, Q.; Chen, D. Analysis and evaluation method of IGBT module solder layer void growth. J. Instrum. 2020,
41,244-254.

Guo, Q.Y. Study on Fatigue Failure Mechanism of Solder Layer of IGBT Module; Tianjin University of Technology: Tianjin, China, 2020.
Yang, G.; Liu, D.; Li, Z.; Wang, W.; Wang, T.; Heng, X. Analysis of the influence of voids in solder layer on IGBT failure based on
ANSYS. In Proceedings of the 2021 IEEE 16th Conference on Industrial Electronics and Applications (ICIEA), Chengdu, China,
1-4 August 2021; pp. 768-773.

Wu, Z.H.; He, Y.H. Estimation of IGBT Loss Model and Junction Temperature. Small Spec. Electr. Mach. 2022, 50, 24-28.

Tan, L.P; Liu, PS.; She, C.H.; Xu, P.P. Heat Dissipation Characteristics of IGBT Module Based on Flow-Solid Coupling. Microma-
chines 2022, 13, 554. [CrossRef]

Liu, PS.; She, C.H.; Tan, L.P. Development of LED Package Heat Dissipation Research. Micromachines 2022, 13, 229. [CrossRef]
Xiao, F.; Luo, Y.F; Liu, B.L. Effect of solder layer voids on the thermal stability of IGBT devices. High Volt. Technol. 2018,
44,1499-1506.

Wang, C.; Tao, ].Y.; Wang, Y. Topology and fault ride-through strategy of a hybrid half-bridge-full-bridge sub-module bridge-arm
multiplexing MMC. Chin. J. Electr. Eng. 2022, 42, 8297-8309.

Amir, EM.; Mark, J.C. In-service diagnostics for wire-bond life-off solder fatigue of power semiconductor packages. IEEE Trans.
Power Electron. 2017, 32, 7187-7198.

Tan, L.P; She, C.H.; Liu, PS.; Xu, P.P. Stress warpage analysis of IGBT module package reflow soldering. |. Xi’an Eng. Univ. 2021,
35, 74-80.

Yang, T.; Jiang, Y.Q. Evaluation study of SMT placement process for SAW filters. Electron. Packag. 2021, 21, 32-36.

Gao, Z.T.; Hu, R.,; Guo, W. Effect of isothermal treatment of liquid phase lines under electromagnetic field on solidification
organization and segregation of nickel-based high temperature alloys. Chin. J. Nonferrous Met. 2019, 29, 990-997.

Vesely, P.; Horynova, E.; Stary, J. Solder joint quality evaluation based on heating factor. Circuit World 2018, 44, 37—44. [CrossRef]
Xu, L. Research on Package Reliability of IGBT Power Module; Huazhong University of Science and Technology: Wuhan, China, 2016.
Tan, L.W.; Niu, G.P,; Shi, W.D.; Shi, Z.H.; Chen, C. Experimental Investigation of Pressure Fluctuations for Centrifugal Pumps at
Different Rotational Speed. |. Nantong Univ. (Nat. Sci. Ed.) 2020, 2, 56-63.

Wang, G.M,; Li, C.C.; Niu, L.G. Application of Acoustic Scanning Microscope in Soldering Defects Inspection of IGBT Module.
Electron. Process Technol. 2019, 40, 29-34.

Li, H.R.; Lai, W,; Li, H,; Yao, R.; Yu, K;; An, J.P. Research on solder layer void evolution mechanism for IGBT module of electric
locomotive in service. Electr. Drive Locomot. 2022, 289, 138-148.

Shi, J.G.; Sun, W.E; Jing, W.P. Failure Analysis of Voids in Automotive IGBT Die Attach Process. Electron. Packag. 2010, 10, 23-27.
Hensler, A.; Lutz, J.; Thoben, M. First power cycling results of improved packing technologies for hybrid electrical vehicle
applications. In Proceedings of the International Conference on Integrated Power Electronics Systems, Nuremberg, Germany,
16-18 March 2010; pp. 1-5.

Chen, G.; Yu, L.; Mei, Y.H. Reliability comparison between SAC305 joint and sintered nanosilver joint at high temperatures for
power electronic packaging. J. Mater. Process. Technol. 2014, 214, 1900-1908. [CrossRef]

Fu, S;; Mei, Y.; Li, X. Reliability Evaluation of Multichip Phase-Leg IGBT Modules Using Pressureless Sintering of Nanosilver
Paste by Power Cycling Tests. IEEE Trans. Power Electron. 2017, 32, 6049—-6058. [CrossRef]

Wu, Y.B.; Dai, X.P; Wang, Y.G. Advances in advanced interconnection technologies in IGBT power module packaging. High Power
Var. Curr. Technol. 2015, 7, 6-11.

Yang, C.C.; Li, X.; Kong, Y.F. Performance study of nanosilver solder paste encapsulated high-power COB LED modules. ].
Photolumin. 2016, 37, 94-99.

Wu, R.; Wang, H.; Pedersen, K.B.; Ma, K.; Ghimire, P; lannuzzo, F.; Blaabjerg, F. A temperature-dependent thermal model of
IGBT modules suitable for circuit-level simulations. IEEE Trans. Ind. Appl. 2016, 52, 3306-3314. [CrossRef]

Deng, E.P; Zhao, Z.B.; Zhang, P. Comparative Study on Method of Thermal Resistance Measurement for Press Pack IGBT Devices
and IGBT module. Smart Grid 2016, 4, 631-638.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/TCPMT.2020.3005215
https://doi.org/10.3390/mi13040554
https://doi.org/10.3390/mi13020229
https://doi.org/10.1108/CW-10-2017-0059
https://doi.org/10.1016/j.jmatprotec.2014.04.007
https://doi.org/10.1109/TPEL.2016.2619118
https://doi.org/10.1109/TIA.2016.2540614

	Introduction 
	Heat Transfer Calculation of IGBTs 
	Heat Transfer Theory 
	Module Loss Calculation 

	IGBT Finite Element Model and Parameters 
	Model Size and Some Material Properties 
	Boundary Conditions and Load Application 

	Analysis of the Mechanism of the Formation of Voids in the Solder Layer 
	Finite Element Analysis and Discussion 
	Temperature Distribution of IGBT Module in Open-Break State 
	Single Void Finite Element Analysis 
	Multiple Voids Finite Element Analysis 
	Multiple Voids Spacing Finite Element Analysis 
	Effect of Solder Layer Voids on Module Junction Temperature under Different Materials 
	Effect of Solder Layer Thickness on Temperature Distribution in the Presence of Voids 

	Conclusions 
	References

