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1 | INTRODUCTION
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Yong Kang' | Stig Munk-Nielsen®

Abstract

In the medium-voltage silicon carbide device power module, the higher voltage level will
induce higher electric field stress in critical internal points such as the edge of the
conductor on the direct bonded copper (DBC) substrate. This can lead to partial
discharge and subsequently accelerated ageing of the insulating medium in the module.
Therefore, it is important to reduce the high electric field strength. Herein, the related
technical methods of electric field control are reviewed and compared by combining the
ease of implementation in real power module and the field control effect. In addition,
systematic explanations of the electric field drift and influencing factors of the electric
field strength under different voltage types within different module structures are pre-
sented. Finally, for half-bridge power modules with different substrates structures, sug-
gestions on how to implement non-linear field-dependent materials to reduce the electric
field strength ate given.

important to reduce the activity of PD in power module
design and new insulation solutions are required.

The 4H-SiC material for power devices has an order of
magnitude, higher critical electrical breakdown field (2 x 10°
to 4 x 10° V/ cm) and higher switching frequency than
conventional silicon materials [1]. These characteristics make
SiC devices gain more attention for medium-voltage (MV)
applications, such as high speed MV motor drives, MV dc
micro-grids and traction solid-state transformers [2-5]. Some
customised MV power modules and MV converters have
been designed based on 10-15 kV SiC MOSFETs or SiC
IGBT [6-8]. One of the challenges of applying high voltage
SiC devices is the higher risk of unacceptable partial
discharge (PD) activities within the module compared with
Si-IGBT devices, especially when the devices are packaged in
the compact size with higher voltage. High activity of PD
degrades the insulation materials [9-11]. Besides, repetitive
PD will lead to the failure of the cover and substrate mate-
rials, such as cracking of the ceramic substrate [12]. Thus, it is

In the power module, there are two kinds of insulation
materials: ceramic substrate and silicone gel as presented in
Figure 1. Direct bonded copper (DBC) substrate is used to
realise the electric connection and the isolation from the circuit
pattern to the baseplate. The ceramic material in the DBC
substrate is usually aluminium nitride (AIN) or alumina
(Al,O3). Silicone gel is used to encapsulate the inside of the
module to prevent electrical discharges in air and to protect
semiconductors, DBC substrate, and connections against hu-
midity, dirt, and vibration.

G. Mitic and G. Lefranc have proved that the highest
electric field strength in a power module is typically localised at
the metallisation edge of the ceramic substrates [13, 14]. This is
also called triple point where the ceramic, the copper and the
encapsulation material meet [15]. Higher electric field strength
means higher probability of PD. Besides, when the electric field
exceeds the limitation of insulation media, breakdown of
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dielectric material might happen in the form of complete
breakdown or partial discharges, which will degrade the ma-
terial permanently. Thus, many researchers focussed on how to
control the high electric field at the triple point.

Usually, increasing the insulation distance can reduce
electric field stress. However, the relationship between the
maximum electric field strength and the thickness of the
ceramic is not a linear correlation [16]. This method will lead to
higher thermal resistance of the chips. Besides, the maximum
thickness of the ceramic substrate has been limited in practice
due to the process’ feasibility. Stacking DBC substrates can
expand the total thickness of the ceramic substrate. Thus, it can
be used to reduce the electric field strength at the triple point
[17-20]. PD tests revealed that the partial discharge inception
voltage (PDIV) of the stacked DBC substrates is neatly two
times higher than that of a single Al,O3 with the same total
ceramic thickness [17]. This method has been implemented in
a high-density 10 kV SiC MOSFET power module, which
realised good thermal performance by using advanced cooling
design [19]. Moreover, Amol Deshpande et al. proposed
stacked DBC cavitied substrates, which allow bypassing the
need for a voltage-clamped interlayer metallisation. However,
they did not address the challenges in avoiding PD sensitive air
pockets in these cavities during the encapsulation of real power
module architectures [20]. By using the field plate at the edge
metallisation of DBC substrates, the PDIV can be increased by
about 15% [18]. However, field plate structure requires a lot of
space, as shown in reference [18], which reported that for a
ceramic thickness of 1 mm, the length of the field plate with
the maximal effect is about 4 mm. This contradicts the
compact volume design of the power module. Some other
novel modifications of ceramic substrates have also been
proposed to control the electric field, such as protruding
substrate [19], mesa structure at the ceramic [22, 23], and 3D
module layout [24]. these require
complicated processing techniques, which is not feasible in the

However, structures
current fabrication process.

Except for the geometric methods above, applying func-
tional materials in the high-stress region is also an effective way
to control the electric field. Functional materials include linear
functional materials and non-linear functional materials. G.

Mitic proposed that using the linear resistive functional layer
(amorphous silicon coating) deposited on the top of the DBC
substrate could help reduce the electric field stress [14]. In
order to homogenise the electric field strength, the electric
conductivity of the resistive layer should be carefully selected.
Very high conductivity will lead to non-negligible leakage
current, and very low conductivity will have no effect of
modifying the electric field. Besides, linear resistive field con-
trol depends on the frequency and its advantage reduces with
increasing frequency [25]. For these reasons, non-linear field-
dependent conductivity (FDC) materials have been devel-
oped to control the electric field. In Ref. [26-28], Thomas
Christen et al. systematically describe the characteristics, the-
ories, simulations and applications of non-linear FDC mate-
rials. Mona Ghassemi et al. also present a number of
simulation-based studies on non-linear FDC fillers application
in power module packaging [29-32]. In paper [29], they indi-
cated that FDC filler is more effective under DC voltage rather
than under AC condition but did not elaborate on the reasons
and how to apply FDC filler to the real power module.
Capacitance field control is another way of electric field con-
trol. In Ref. [33], U. Waltrich et al. use high dielectric constant
epoxide resin (relative permittivity 4.4) as the linear permit-
tivity functional material to cover the DBC trench. This
epoxide resin coating layer works as a refractive field control
and reduces the field strengths in the most critical section
around the triple point. Phase-tesolved partial discharge
(PRPD) measurement results showed that this could lead to
improvements in PDIV of at least 20% [33]. The high
permittivity coating layer relieves high electric field stress
adjacent to the copper metallisation, However, it leads to
higher electric field stress in the gel and in particular the weak
interface between the layer and the gel encapsulation [34]. This
means a high permittivity material as a coating layer may not be
efficient [34]. Wang et al. used barium titanate as a field-
dependent permittivity (FDP) material to fill the silicone gel.
They reported that the silicone gel containing 15% by volume
of barium titanate can achieve 60% improvement in
PDIV [35]. However, FDP fillers are only useful for AC
voltage stress [35].

In the real power module, the operation voltages contain
both AC and DC voltages. Besides, the power module based
on stacked DBC structure brings the new voltage stress type
between the power terminal and the baseplate. Although the
functional materials have great potential to control the electric
field strength, it is still not clear how to use it in the power
module with different voltage stresses. Thus, we will system-
atically analyse the effect of the linear and the non-linear field-
dependent functional materials on the different voltage types at
room temperature and give recommendations for applying
functional materials to power modules with different
structures.

This paper is organised as follows: Section 2 will review
the state of electric field management and evaluate the feasi-
bility of practical applications in power module. Different
voltage stress types in real module with different configura-
tions also have been cleatly identified. In Section 3, a brief
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explanation on electric field evolution will be given to explain
how conductivity and permittivity of covering matetials influ-
ence the electric field under different voltage types. In Sec-
tion 4, the effect of field-dependent materials on electric field
management will be evaluated by simulations, and recom-
mendations for implementation of field-dependent materials in
power modules with different substrate configuration will be
presented. Finally, the conclusion will be presented in
Section 5.

2 | STATE OF ELECTRIC FIELD
MANAGEMENT AND THE VOLTAGE
STRESS TYPES IN THE REAL POWER
MODULE

2.1 | State of the electric field management

Several ways have been proposed so far to reduce the
maximum electric field strength at the triple point in the power
module, which can be divided into three categories: (1) stack
DBC substrates, (2) modify the DBC geometric patrameters,
and (3) modify the characteristics of the insulation material
around the triple point.

According to the processing difficulty in the real module
and the effect on controlling the electric field, the comparison
results of different methods are given in Table 1. Stacked DBC
substrates can be joined by soldering, sintering or by direct
bonding [17], which is not complicated to realise. However,
thermal resistance will increase with the increase of total

TABLE 1 Comparison of different electric field control methods

thickness of ceramic; it needs to be optimised by good thermal
management [19]. Some other methods of modifying geo-
metric parameters of DBC substrates are also easy to imple-
ment in real modules, but with little effects on the electric field
strength because for a given ceramic thickness the voltage
stress across the ceramic is a key contribution to the electrical
field at the triple point. Some novel DBC substrates could
significantly reduce the maximum electric field, such as the
protruding substrate [21] and the mesa substrate [22, 23], but
these technologies are currently difficult to implement in real
power modules. Field grading substrate was first proposed by
Z.. Valdez-Nava directly integrated a new region with different
dielectric properties into the basic ceramic substrate [23].
However, at present, this technology has not yet been ach-
ieved, and there are no achievable samples.

Non-linear FDC and FDP fillers can be mixed within sil-
icone gel or epoxy resin, as long as a suitable method is used to
ensure dispersion into solution and prevent aggregation and
sedimentation. Moreover, these fillers also have a good effect
on electric field control. So, the effect of linear fillers as well as
non-linear FDC and FDP fillers on electric field control is
focused on here, and the attempts to connect these fillers with
actual modules with different electrode configurations.

2.2 | The voltage stress types in real power
module

All the above-mentioned field management methods are aimed
at reducing the maximum electric field at the triple point.

Category Methods

Easy of Processing Effect on E, .«

Stacked DBC Stacked DBC [17-20]

Geometric parameters Thickness of conductor [16]
Thickness of ceramic [106]
Shape of the edge [16]
Fillet the metal corner [12, 37]
Conductor layer offset [12, 16]
Protruding substrate [21]
Mesa substrate [22, 23]
3D module layer [23]
Field plate [18]
Material parameters
Linear resistive layer [14]
Linear permittivity layer [28, 33]
Field grading substrate [23]
Non-linear FDC fillers [26-32]

FDP fillers (FDP) [35]

Higher dielectric constant coating layer [33, 36]

Fk kK FKAFK KA
KA *

KA AFK KA

* *x
KAFKFKFK

K AKAFK KA

* FA KK
* KA

* KA

KR Kk

K HHK KAHK
Kk KA
KAk KAHK

* KA
KKK KA KKK
KA KK KA F KA

Note: More stars mean easier to process or better effect.

Abbreviations: DBC, direct bonded copper; FDC, Field-dependent conductivity; FDP, field-dependent permittivity.
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However, so far little considerations have been given to the
actual voltage stress types in the real power module, and it has
little connection with the configuration of the terminals within
the power module.

The half-bridge (HB) power module is set as a study case
to show the real voltage stresses clearly. Conventional HB
power module is based on a single DBC substrate. However,
recently more power modules based on stacked DBC sub-
strates have been developed [17-20], which brings new
voltage potential combinations. Two basic DBC substrates
and voltage stress types for different terminals in an HB
power module structure are shown in Figures 2 and 3,
respectively. Figure 2 represents the single DBC substrate as
case A. In case A, the voltage stress type between
DC + terminal metal and bottom ground baseplate is DC
voltage; for Output terminal, there is always unipolar square
wave voltage stress; there is no voltage stress for DC- ter-
minal. Figure 3 is the stacked DBC substrates as case B. It
should be noted that it is better to fix the middle copper
layer at 0.5 X Vp voltage in stacked DBC substrates [19]. It

(a)

DC+ Output

Silicone gel

Copper

Ceramic
Copper

Baseplate

DC-

is possible to mainly eliminate the electric field stress from
horizontally adjacent copper areas by securing sufficient track
width. In this case, the most critical field stress is mainly
caused by two adjacent conductors across the ceramic with
different voltage potentials. Thus, Figure 3 only shows the
voltage stresses between top coppers from different termi-
nals and the middle copper with a fix 0.5 X Vp¢ voltage
potential. The voltage stresses in case B are different from
case A. The voltage stress from the DC + terminal copper
to the middle copper layer has been reduced to half of Vp,
while the voltage stress from the DC terminal to the middle
layer has changed from no voltage stress to negative 0.5 X
Vpc voltage. Besides, there is bipolar square wave voltage
stress for the output terminal. Here, all these voltage stresses
can be divided into three types: (1) DC voltage; (2) pure AC
voltage (zero average voltage), like bipolar square wave
voltage as shown in Figure 3(b); (3) DC + AC voltage, like
unipolar square wave voltage, as shown in Figure 2b. All
these square wave voltages used in simulation comprise 50%
duty cycle for simplification.

(b) Voltage/V- A DC+ terminal
DC
t/s
Voltage/V o Output terminal
VDC
t/s
Voltage/V .
DC- terminal

t/s

FIGURE 2 Single DBC substrate module: (a) schematic of basic substrate structure, (b) illustration of different voltage stress types

(@

DC+ Output

Silicone gel

Copper
Ceramic
Middle copper layer fix at 0.5*Vpe

Ceramic

Baseplate

DC-

(b)

Voltage/V,
DC+ terminal
VDc/z
t/s
Voltage/V , Output terminal
Vpc/2
v U4 L t/s
Voltage/V,
DC- terminal
t/s
-Vpc/2

FIGURE 3 Stacked double bonded copper substrate module: (a) schematic of basic substrate structure, (b) illustration of different voltage stress types
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3 | NUMERICAL CALCULATION OF TABLE 2 Material properties and relaxation time [16]
ELECTRIC FIELD DISTRIBUTION AND Relative Electric
EVOLUTION permittivity conductivity Time
Material € 6 [S/m] constant 7 [s]
In this section, prior knowledge about electric dynamic will be AIN ceramic 8.9 10~ 79
reviewed, a clear explanation about evolution of the electric field
Silicone gel 2.7 107" 239

under different voltage stresses and how it is influenced by the
characteristics of the encapsulation material will be shown. The
discussion is supported with simulations performed in Comsol
® Multiphysics. For that reason, the represented equations
follow the nomenclature used in this software.

3.1 | Charge relaxation theory

We assume that the involved materials have uniform conduc-
tivity and permittivity. The fundamental equation involved is
Ohm's law for the electric conduction current density J.

—

. =oE (1)

~

where o is the conductivity of the involved material, and E is
the electric field. According to Charge Conservation Law,

ST -dS =2 [pdV, 2)

whete p is the electric charge density, V; in Equation (2) pre-
sents the volume, and S = 0V is the surface of the volume V.
Then, Equation (2) can be formulated in the following form:

op —
Liv.] =0 3
P yv-T. 0

According to Gauss's law from Maxwell equations,
V. (SE’) =p (4)
where € is the permittivity of the involved material. By
combining Equations (1), (3) and (4), the following differential

equation for the space charge density in a homogeneous me-
dium can be given:
op o

PLl,—0 5
5 TP (5)

For an initial excess charge p, this equation has the

solution
p(t) = poe (6)
where
= £ _ Er€ (7)
c o

where g5 = 8.854 X 107" F/m is the vacuum dielectric con-
stant and &, is the relative permittivity of the material. 7 is the
charge relaxation time, also called time constant. It characterises
the relaxation time for exponential convergence of the sur-
rounding material to screen or redistribute the excess charge.

When modelling real-world devices, there is not only the
intrinsic time scale of the charge relaxation time but also an
external time scale 7 at which a device is energised. It is the
relationship between the external time scale and the charge
relaxation time that determines which formula is to be used to
solve the charge distribution. Table 2 shows the characteristics of
AIN substrates and silicone gel commonly used in power mod-
ules at room temperature. It can be seen that the time constant is
very large compared with the switching cycle in the operation of
the power module, which is in the order of 10* larger.

In most applications of the HB power module, the switching
frequency is very high, generally greater than a few kHz, even
hundreds of kHz. Thus, the petiod time T of the pure AC
voltage (like bipolar square wave voltage) is satisfied 7' < 7, the
space charge density has no sufficient time to adopt to the new
voltage distribution before the polarity of the external potential
is inverted. In this case, the electric conduction current can be
neglected compared to the displacement current. The classical
Poisson's equation can be derived as shown in formula (8), the
space charge density is governed by the permittivity of the
involved materials. Since the space charge density will change
the electric field distribution, the electric field strength is
determined by the permittivity of the involved materials.

—V-(sOVV—?):p (8)

whete V is the voltage potential, and P is the polatization
strength.

If the external time scale is much larger than 7, as 7 > 1,
the stationary solution to the equation of continuity has been
reached. In the stationary state, a general form Ohm's law
states that

—

J =cE 9)

where J is the electric conduction current density. The static
form of the equation of continuity then reads

V- T ==V-(6VV)=0 (10)

For DC voltage stress, the time scale can be seen as infinite,
so there is enough time to reach the static situation. The
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electric field distribution is determined by the conductivity of
the material as formula (9) described. That means resistive field
control could be used to change the electric field strength
under DC voltage stress.

If the charge relaxation time is comparable to the external
time scale or the observation time, the involved equation is

—V-%(SOVV-FP)—V-(GV V)y=0  (11)

In this situation, the electric field strength is determined by
the permittivity as well as the conductivity of involved materials,
which necessitates systematic numerical analysis. Further, as will
be discussed, in heterogeneous structures like power modules
geometry and material combinations add to the complexity.

3.2 | Electric transient simulation

In order to understand the effect of conductivity and permittivity
on the dynamic electric field’s evolution, a step voltage is used to
simulate the process of the electric transient to explain which
parameters influence the electric field and when it happens.
Figure 4 shows the 2D simulation model structure. Four mea-
surement points P1-P4 with a distance of 50 um from the triple
point were used to ensure a mesh-independent evaluation pro-
cedure [14]. The upper metal was energised by a step voltage
which starts from 0 V and rises after 0.1 s to 10 kV during 1 ps.
Afterwards, the voltage level stays at 10 kV until 1000 s.

In the simulation, the mesh size at the triple point is 50 pm,
and it is assumed that the material parameters of silicone gel
can be changed. Figure 5 shows the trends of electric field
strength at four measurement points with time under different
relative permittivity and different conductivity of the silicone
gel. As shown in Figure 5, during the voltage transition time,
the electric field value is mainly determined by the relative
permittivity, and the electric field value decreases with the in-
crease of the relative permittivity of silicone gel. After the
voltage is stable, the electric field strength is determined by
the conductivity. The higher the conductivity of silicone gel,
the lower the steady state electric field strength. Besides, the
time of electric field changed to the settled value is different,
which is influenced by the time constant of involved materials.

45° Silicone gel
Pll‘.'fil High voltage excitation
e P2
P3 Ceramic
) ]
Ground

FIGURE 4 Simulation model structure

Figure 6a,b illustrates the electric field distribution at the
edge of the DBC metallisation during the transient time and
settled time, respectively, using the non-modified material pa-
rameters presented in Table 2. In order to view the electric field
distribution at the interface between silicone gel and ceramic, the
electric field lines between the edge of the high-voltage electrode
(solid red line) and the edge of the ground electrode (red dashed
line) were selected in the Comsol ® Multiphysics simulation
results. It can be seen that the electric field changes from
refractive dominant to current sharing/expanding dominant.
These figures also show how the field redistribution is governed
by both geometric structures as well as the different material
properties which combined, dictate a more complex transient
behaviour than that predicted from the pure material relaxation
time constants. In an electric circuit analogy, this is like the dy-
namics of a multicomponent capacitive/resistive network which
may not be explained fully from single RC pair dynamics.

3.3 | Electric field under bipolar square

wave voltage

Consider the stacked DBC substrates case B shown in
Figure 3. There is bipolar square wave voltage stress between
the output terminal and middle copper. In practical applica-
tions, the power module will continue to switch, so it is
important to understand how the electric field changes over
time. Figure 7a is the electric field value at measurement point
P1 under 1 Hz 10 kV bipolar square wave voltage excitation.
Figure 7b is the enlarged view of Figure 7a and contains the Ey
and E,. Ey represents the component of the electric field in the
x direction, E,, represents the y-direction component. The
directions of Ex and Ej, are opposite in the positive and
negative half cycles, indicating that the direction of the electric
field is also opposite in the positive and negative half cycles.
Under 50% duty cycle bipolar square wave voltage, the average
voltage value is zero (which means pure AC voltage stress). As
a consequence, it is observed that the electric field does not
display any long-term drift. The reason, as commented above,
is that for small time scales like switch period, the charges do
not have time to redistribute to any significant degree because
the switching period time is much small than the relaxation
time. For large time scales comparable with relaxation time, the
distribution of charges has enough time to change. However,
the average value of 50% duty cycle bipolar square wave
voltage excitation is zero, so the charges are still not changed,
the electric field is changed only by the changing of excitation
voltage and polarization induced displacement currents.

Since polarization effects dominate under pure AC stress
conditions, for the stacked DBC substrates case B and electric
field around the output terminal, the way to reduce the electric
field is to optimise the relative permittivity of involved cover
materials. Assuming that the dielectric constant of the silicone
gel can be adjusted, Figure 8 shows the maximum electric field at
P1-P4 with different relative permittivity of silicone gel under
50% duty cycle bipolar square wave voltage excitation. The
electric field strengths at all measurement points are reduced by



842 |

HUANG ET AL.

23.2kV/mm

==--21.3kV/mm

15. %LV/mm

£

£

>

X<

—

n‘ e
®15 ©
ko)

Q

=

1%

E

(53

@

w

ceee o=10"1S/m, e=2.7
11 3kV/mm—— s =10"3S/m, e=17 4

5 — o =10"""S/m, e=2.7
0 T T T T
0 200 400 600 800 1000
time (s)

’g 17. %lx.V/mn}_A
gm- P R e s

£ ', C--12.4kV/mm 10.61{\]/ s
B12] : “e

% o eee= 0= =10""S/m, 8_2 7
g 10.0kV/mm— 5 =10 ’13S/m e=17.4
i —5=10""S/m, e=2.7

a~
!

T L4 T T ¥ T
0 200 400 600 800 1000
time (s)

N
o
|

18 .ZKY/mm
087k V/mm >4

-
o

- L

>

. 15.0KkV/mm. 16.5kV/mm

eem=5=10"18/m, e=2.7
— =10:’13S/m, e=174
— 5 =10""8/m, =27

T T T
0 200 400 600 800 1000
time (s)

Electric field at P2 (kV/mm)
® IN]

I
!

em==c=10"1S/m, e=2.7
—_—c= 10“13S/m e=17.4
---12.0kV/mm__ ° =10""8/m, £=2.7
6.9kV/mm

o
\>4

-
(2]
1

©
!

Electric field at P4 (kV/mm)
N

IS
o

P 4kV/mm

7 T ¥ T ¥ T 5 T T
0 200 400 600 800 1000
time (s)

FIGURE 5 Electric fields under step voltage with different relative permittivity and conductivity of gel: (a) P1, (b) P2, (c) P3, (d) P4

increasing the relative permittivity of the silicone gel. That means
for the output terminal in case B configuration, if the voltage
stress is 50% duty cycle bipolar square wave voltage, increasing
the relative permittivity of covering material is an effective way to
reduce the maximum electric field. However, according to the
authot's best knowledge, there are no commercially available
silicone gels or other types of encapsulation with a higher relative
permittivity, most of the encapsulation materials have a low
relative permittivity small than 3. However, the permittivity of
the encapsulation can be increased by adding filler particles of
higher permittivity. Fillers could be linear, high permittivity solid
particles or could be non-linear permittivity particles. There is
one way to increase the relative permittivity of silicone gel as
reported in Ref. [35]; using barium titanate as non-linear
permittivity particles into the base silicone gel could increase
the relative permittivity and form the FDP stress-relieving
dielectric material. This implies that high permittivity or non-
linear FDP type fillers are suited to mitigate the electric field
strength under this type of voltage stress.

3.4 | Electric field under unipolar square
wave voltage

In the HB power module based on a single DBC substrate, the
voltage stress between the output terminal and baseplate is the

unipolar square wave voltage. Figure 9 shows the electric field
under 1 Hz 10 kV unipolar square wave voltage and the
electric field under 5 kV step voltage, using the material
characteristics of the non-modified material parameters pre-
sented in Table 2. Figure 10a is the electric field value dif-
ference between these two electric field values. Figure 10b is
the electric field under 5 kV bipolar square wave voltage.
Upon comparing Figure 10a,b, it can be seen that the absolute
value of electric field strength is equal, which means that the
electric field under 10kV unipolar square wave voltage can be
seen as the sum of the electric field under 5 kV bipolar square
wave voltage and electric field under 5 kV (Vpc X duty) DC
voltage. Thus, the mix DC + AC voltage excitation can be
divided into two parts, one is the DC voltage (Vpc X duty),
the other is the AC voltage part.

1Hz square wave voltage is used for long-term obser-
vation of the simulation results. A square wave with a
kilohertz frequency could also be used. However, it will
consume a lot of computer resources and even run out of
memory. For example, if a 1 kHz square wave voltage
excitation is used and the simulation end time is set to
100 s, it means 100,000 cycles need to be calculated, and the
massive data also need large memory to be stored. Figure 11
compared the electric field intensity under 1 kHz square
wave voltage and 1 Hz square wave voltage at different

simulation times. The electric field value under 1 Hz
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FIGURE 6 Electric field distribution (a) during the voltage transient time and (b) after the voltage has been settled

frequency is equal to that under 1 kHz (or higher fre-
quency). The reason is that for the selected material, the
time constant of the material far exceeds the period of 1 Hz
and 1 kHz frequency, and for the material with a time
constant between these different periods this observation
will not hold. Therefore, a 1 Hz square wave voltage fre-
quency is adopted in the simulation to avoid the limitation
of computer resources and save simulation time.

Since the mixed DC + AC voltage excitation can be
decoupled into a DC part and an AC part, it is interesting
to see how the dielectric constant and conductivity of sili-
cone gel influence the electric field under unipolar square
voltage. Figure 12 depicts the electric fields at P1 under
1 Hz 10 kV unipolar square wave voltage and 5 kV step
voltage when the gel relative permittivity is 17.4. Compared
with Figure 9, the average electric field (12.65 kV/mm) is
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FIGURE 8 Maximum electric field value at four measurement points
under bipolar square wave voltage with different relative permittivity of
silicone gel

not changed and is still equal to the electric field (12.5 kV/
mm) under Vpe X duty (5 kV). However, the peak-to-peak
electric field value is decreased from (21.2 kV/mm) to 11.3
kV/mm by the increase of the relative permittivity of sili-
cone gel, which may have a beneficial effect on the electric
field stress in the material. The electric fields at P1 under
1 Hz 10 kV unipolar square wave voltage and 5 kV step
voltage when the conductivity of silicone gel is changed to
107" S/m are shown in Figure 13. Because the conductivity
determined the electric field value under DC voltage, the
increase of conductivity of gel decreases the electric field
value under Vpe X duty (5 kV), thus also decreasing the
maximum electric field value by reducing the long-term
average electric field value.

Corresponding to the output terminal in the power
module with a single DBC substrate, when the converter
continues to operate, the average electric field value will drift
towards the electric field under an equivalent steady voltage,
which is corresponding to the average voltage (the duty cycle
multiplied with Vpc if the pulse width is constant). As the
simulation results are shown from Figure 9 to Figure 13, the
maximum electric field is not only determined by the average
electric field value but also the peak-to-peak electric field
value. Thus, both relative permittivity and conductivity of the
silicone gel should be increased in order to efficiently
decrease the electric field strength under unipolar squatre
wave voltage.

4 | RECOMMENDATIONS FOR
IMPLEMENTING NON-LINEAR FIELD-
DEPENDENT MATERIAL IN POWER
MODULES

Although many research papers have simulated the effect of
non-linear FDC and FDP materials in electric field management,
little considerations are given to how to implement these mate-
rials in the real module. In this section, after showing two
simulation results about the influence of non-linear FDC and
FDP materials on electric field control, recommendations for
the implementation of non-linear electric field-dependent ma-
terials in the power module with different substrate configura-
tions are presented.

4.1 | Simulations of FDC and FDP fillers

For the non-linear FDC material, the relation between its con-
ductivity, o(E), and E(X, y) within the layer is given by [28, 32].
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)')
where o is the linear conductivity. Assuming zinc oxide (ZnO)
microvaristor as the fillers, 6, = 3.3 x 107'" S/mm [27]. To

achieve an effective electric field grading effect independent of
frequency for most applications, & > 10 should be chosen [27,

(12)

o(E(x,y)) = o0 * (1 N (E(;;w

28]. Thus a = 12 is considered for simulation. The simulation
model is shown in Figure 14, the silicone gel around the edge of
the DBC are filled by field-dependent material. Since the non-
bridging, non-linear FDC layer will result in electric field
enhancement in the bottom copper layer edge [32], the bridging
non-linear FDC layer is adopted in this simulation. The
switching field £, should be equal to the ratio of the maximum
applied voltage to the layer length [28]. In this simulation, for an
applied voltage of 10 kV and layer length of 5 mm, E}, is set as

100
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(a) Electric field value difference between electric field under 10 kV unipolar square wave voltage and electric field under 5 kV step voltage.

2kV/mm. According to Ref. [38, 39], £, of the non-linear FDC
material can be adjusted by the percolation level [38], the shape
and size of fillers [39]. Table 3 lists the electric field strength at
P1-P4under 10kV DC voltage. By using a non-linear FDClayer,
the electric field values with a non-linear FDC layer at all of the
measurement points have been reduced similar to the effects that
were obtained in a hypothetical high conductivity silicone gel.
That is because the non-linear FDC material modified the
conductivity of the silicone gel in the high electric field region,
and increased the conductive current of this region, thus
reducing the local electric field strength.

Table 3 also showed the electric field under the linear
conductivity layer. Assuming that the conductivity of the
covering layer could be increased to 3.5 x 1077 S/m, the
electric field will also be decreased to the same level as non-
linear FDC layer. However, it is not sure how to get such
high conductivity homogeneous silicone gel or another
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FIGURE 12 Electric fields at P1 under 1 Hz 10 kV unipolar square wave voltage and 5 kV step voltage when the gel relative permittivity is changed to 17.4

encapsulation which is suitable for power module packaging.
Thus, we recommend mixing non-linear FDC fillers into sili-
cone gel to obtain high FDC characteristics, such as ZnO

microvaristors, since the FDC characteristic of the composite
with ZnO microvaristors fillers has been demonstrated in
many research papers [27, 28, 40, 41].
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FIGURE 14 Schematic diagram of the simulation model for field-
dependent material covering the edge of direct bonded copper

Next, we investigate the impact of non-linear permittivity
fillers. The silicone gel filled with 15% barium titanate has been
demonstrated to have good FDP properties [35], the relation
between its relative permittivity ¢,, and E(X,y) within the FDP
layer is given by [35].

& =064+13%E(x,y) (13)

The simulation uses Equation (13) as the relative permit-
tivity of the modified silicone gel. Table 4 shows the maximum
electric field value at P1-P4 under pure AC voltage. As we can
see, the electric fields at P1 and P4 have been reduced by more
than 50%, and the electric field at P2 and P3 also dectreased by
about 16%. The reason is that the relative permittivity of the
high electric field region has been increased due to the FDP
properties and affects the refraction of the field lines.
Compared with the simulation results in Figure 8, the effect of
FDP layer is smaller than that of linear high-permittivity ma-
terials. However, considering that the silicone gel host
permittivity is fairly small, a large fill fraction or the use of
particles with high permittivity will be needed. Since the FDP
filler also may possess a high linear permittivity value, FDP
materials are still a good choice to solve the electric field
concentration under AC voltage.

TABLE 3 Electric field value at P1-P4 under 10 kV DC voltage

Electric field value [kV/mm)]

Case P1 P2 P3 P4
Without non-linear FDC layer 23.26 18.27 17.29 21.16
With non-linear FDC layer 2.97 11.01 10.16 1.99
With linear conductivity layer 3.06 11.86 9.35 0.03

Abbreviation: FDC, field-dependent conductivity.

TABLE 4 Electric field value at P1-P4 under 10 kV pure AC voltage

Electric field value [kV/mm]

Case P1 P2 P3 P4
Without FDP layer 21.38 18.78 12.4 11.95
With FDP layer 11.11 15.26 10.37 5.57

Abbreviation: FDP, field-dependent permittivity.

4.2 | Single DBC substrate modules

For a single DBC substrate power module, the voltage stress
between DC + terminal and baseplate is the DC-link voltage. If
the electric field strength around DC + terminal is higher than
the limitation of the insulation materials, the non-linear FDC
layer should be implemented to decrease the electric field under
DC voltage. For DC- terminal, there is no voltage stress, thus no
mitigation measures are needed.

The voltage stress between the output terminal and ground
is unipolar square wave voltage; as we discussed before, the
maximum electric field value is not only determined by the
average electric field value but also the peak-to-peak electric
field value. Thus, both the conductivity and relative permit-
tivity of the covering layer need to be increased. As reported in
Ref. [27, 40], the relative permittivity of the silicone matrix
filled with 40 volume percent ZnO microvaristor particles
could be 12. That means compared with the initial gel, using
the non-linear FDC layer could not only increase conductivity
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FIGURE 15 Illustration of coating non-linear field-dependent layer
into power module with single direct bonded copper substrate
Baseplate

but also relative permittivity. Thus, the non-linear FDC layer
can also efficiently relieve the electric field concentration
around the output terminal. Considering the feasibility of
fabrication, it is recommended to cover the entite DBC with
the non-linear FDC layer. In this way, all the triple points can
be covered, and it can save a certain cost since not a lot of non-
linear FDC materials are needed. Finally, as illustrated in
Figure 15, only a non-linear FDC layer is used in the single
DBC substrate power module.

4.3 | Stacked DBC substrates modules

When using stacked DBC substrates in power module, there
are new voltage configurations. We consider the local field
strength concentration caused by the potential difference be-
tween adjacent conductors. Since the voltage of the middle
copper layer has been fixed to half of the DC-link voltage, the
voltage differences between up copper and middle copper have
been reduced to half the value compared with the single DBC
structure. Thus, there is no need to deal with the DC voltage
stress between the DC+/DC- terminals and the middle coppet
layer, or DC voltage stress between the middle copper layer
and the baseplate. For the output terminal, the voltage stress is
bipolar square wave voltage. If the average value of the voltage
is zero, there will be no electric field drift, it is the electrostatic
field or capacitive field. As demonstrated before, increasing the
relative permittivity of silicone gel could reduce the electric
field. Thus, only FDP fillers need to be used around the output
terminal to reduce the electric field. However, it is not easy to
cover only the output terminal with the FDP layer. Thus, it is
recommended to cover the entire DBC with the FDP layer as
illustrated in Figure 16.

5 | CONCLUSION

Electric field control methods at the triple point in the
middle voltage power module were reviewed; it was found
that the stacked DBC substrates and coating field-dependent
materials are effective ways to reduce the electric field
strength and are easy to be implemented. By explaining the

FIGURE 16
into power module with stacked direct bonded copper substrates

Tlustration of coating non-linear field-dependent layer

electric field drift phenomenon with the charge relaxation
theory, the influence factors of the electric field under
different voltage stresses have been studied by simulation.
Under the bipolar square wave voltage, only the relative
field. Both
permittivity and conductivity of matetials can influence the

permittivity influences the electric relative

electric field strength under unipolar square wave voltage. In
order to reduce the high electric field at the triple point, it is
recommended to cover the entire DBC with the non-linear
FDC layer in the single DBC substrate power module, and
in the stacked DBC substrates power module it is suggested
to cover the DBC with the FDP layer. These recommen-
dations can provide guidance to the power module designers

on how to reduce the high electric field at the triple point
under different module structures.
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