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Abstract

Technological innovation in power electronics is desired to realize the social demand for the
spread of renewable energy and the promotion of electrification of automobiles to achieve
carbon neutrality. Power devices are key components in power electronics, and their per-
formance has been improving. As their performance improves, the occurrence of unstable
behaviors such as oscillation and noise in power device packages and circuits can cause sys-
tem failures. Hence, a new design technology to ensure the stable operation is required. In
this study, a novel design method is proposed and applied to oscillation phenomena of SiC-
MOSFETs and Si-IGBTs during short-circuit operation. The effectiveness of the method is
demonstrated by comparing the results calculated using the proposed method and the results
obtained using conventional methods and experimental results.

In chapter 1, the requirements for power semiconductors in the international effort to
achieve zero CO, emissions in 2050 are summarized. Then, the trend of research and devel-
opment on the improvement of power device characteristics for smaller and higher efficiency
power conversion systems is discussed, focusing on Si-IGBT and SiC-MOSFET.

In chapter 2, previous studies on oscillation phenomena and its suppression are sum-
marized, which can become issues as the power devices are improved. These previous stud-
ies can be classified into two categories: one based on equivalent circuits and the other based
on device physics. However, there has not been sufficient discussion on the oscillation phe-
nomenon that strongly couples circuits and devices, which is becoming more important as
power devices become more high-performance. Technology computer aided design (TCAD)
mixed mode simulation can handle both circuits and device physics, however, it is difficult
to use it for realistic device design due to the large amount of calculation.

In Chapter 3, a new method based on the S-parameter and the signal flow graph
(SFG) is introduced to analyze the circuit stability. This method allows us to calculate the
frequency response of the output current to the external field maintaining the response of
the carrier distribution and electric field inside the device. The signal gain for the focused
operating mode can be easily calculated by applying Mason’s rule to the SFG. Additionally,
the stability analysis using the Nyquist plot enables not only the judgment of the system
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stability with respect to the design parameters but also the quantitative evaluation of the
stable/unstable margin.

In Chapter 4, the usefulness of the proposed method is verified by applying it to
the oscillation phenomenon of SiC-MOSFETs during Type II short-circuit operation. The
S-parameters are calculated from the TCAD model for a commercial SiC-MOSFET, and sta-
bility analysis is carried out using the SFG. The dependence of the gate resistance required
for oscillation suppression obtained from the mixed mode simulation of TCAD is compared
with the results obtained from the proposed method. The agreement between the proposed
method and the results of TCAD mixed mode simulation is confirmed. Stability analysis is
conducted for both the mode in which a single switching device oscillates by coupling with
parasitic elements of the circuit and the mode in which oscillation occurs through switching
devices connected in parallel. The characteristics of each mode during short-circuit opera-
tion are clarified, and the stability phase diagram in the design parameter space is calculated
for each mode by taking advantage of the computational speed. It is shown that which mode
becomes unstable depends on the design parameters.

In Chapter 5, the proposed method is applied to the oscillation phenomenon of Si-
IGBTs under Type II short-circuit operation and the oscillation mechanism is investigated.
Experimental results revealed that the oscillation occurred during Type II short-circuit op-
eration and it can be suppressed by increasing the gate resistance. The resistance required
for oscillation suppression decreases as the collector voltage increases. The stability analy-
sis is conducted using the proposed method. It is confirmed that the calculated critical gate
resistance decreases as the collector voltage increases. The results are in good agreement
with the experimental results. The internal behavior of the device under the oscillation state
is also analyzed. During the short-circuit operation, a high electric field region is formed at
the boundary between the base and drift layers, and the carrier distribution at both ends of
the plasma region is modulated through the electron-hole plasma. This modulation becomes
more responsive when the collector voltage is smaller.

In Chapter 6, the development potential of the proposed method and future challenges
are discussed.

This study presents a new method for accelerating the development of power de-
vices and power electronics systems that contribute to CO, reduction, which is becoming an
international effort. This method provides an integrated approach for managing the multi-
level design hierarchy, from devices to power conversion systems. It is expected that this
achievement will make it possible to fully use the potential of power devices and contribute

to expanding the application field of power electronics.
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Chapter 1

Overview of power electronics and power
semiconductor

1.1 Social demand for power electronics

Global warming is considered as one of the most important and urgent issues for human soci-
ety. The Paris agreement was an international agreement to limit the temperature increase to
less than 2 degrees Celsius compared to pre-industrial levels. The intergovernmental panel
on climate change’s (IPCC’s) 2018 ”Global warming of 1.5°C” report [5] states that the av-
erage global temperature in 2017 was about 1 degree Celsius higher than it was before the
industrial revolution, and that the average temperature increase will reach 1.5°C between
2030 and 2050 if the current rate of temperature increase is maintained.

This report also states that if global warming is limited to 1.5°C, it will be possible to
suppress the loss of some ecosystems that would occur with a high degree of certainty if
temperatures are allowed to increase to 2°C. This scenario requires a 45% reduction in CO,
emissions by 2030 and a net-zero level by 2050. International energy agency (IEA) shows a
roadmap to reduce CO, emissions to NET zero by 2050 [1]. According to the roadmap, 60
percent of global vehicle sales must shift to electric vehicles by 2030, new sales of internal
combustion engine vehicles must be ceased by 2035, and renewable energy sources must
account for 90 percent of electricity generation by 2050.

This roadmap states that the improvement in power electronics technology will expand
its application field and improve the performance of power converters and increase the ratio
of renewable energy to total power generation.

Because power electronics handles a wide range of output power, the technology require-
ments depend on the application field and output power.



2 Overview of power electronics and power semiconductor

0 Activity

e M Behaviour and avoided demand
iG] Energy supply efficiency
Buildings efficiency
0 — = Industry efficiency
n Transport efficiency
. u Electric vehicles

B0 DRI = B B . W Other electrification
W Hydrogen
— ® Wind and solar

M Transport biofuels
COQ et . Other renewables
mmmm W Other power
W CCUS industry
CCUS power and fuel supply

2021-25 2026-30 2031-35 2036-40 2041-45 2046-50 Net emissions reduction

IEA. All rights reserved.

Renewables and electrification make the largest contribution to emissions reductions, but a
wide range of measures and technologies are needed to achieve net-zero emissions

Notes: Activity = changes in energy service demand from economic and population growth.
Behaviour = change in energy service demand from user decisions, e.g. changing heating temperatures.
Avoided demand = change in energy service demand from technology developments, e.g. digitalisation.

Fig. 1.1 Average annual CO, reductions from 2020 in the net zero emission. [1]

For example, in the case of a power converter unit used in a vehicle such as an automobile,
downsizing the volume of the converter unit may be more important than other applications.
It has been reported that the improved aerodynamic performance of the vehicle body due
to the downsized converter contributes to the improved cruising range as well as improved
efficiency of the converter [6].

It has also been reported that the use of silicon carbide (SiC) power devices in railroad
inverters not only improves an inverter efficiency but also enables power regeneration under
the high load operating conditions, thereby reducing the need for deceleration using thermal
brakes and improving the overall power efficiency by sharing the regenerated power with
other trains [7, 8].

In this way, to expand the field of applications of power electronics, it is necessary not
only to improve the efficiency of individual systems components, but also to optimize the
entire system in terms of required characteristics, operation, and cost. Therefore, the devel-

opment of design technology to realize these requirements is an important theme.



1.2 Functions of power semiconductors in power electronics 3

1.2 Functions of power semiconductors in power electron-
ics

To realize the requirements for power electronics described in the previous section, it is
necessary to improve the characteristics of the power device and the circuit system. Re-
cently, it has been shown that SiC power devices can significantly improve the performance
of power devices by achieving unipolar switching devices in the high breakdown voltage
region, which could not be achieved with conventional silicon metal-oxide-semiconductor
field-effect transistors (Si-MOSFETs). As can be seen from the examples of automobiles
and railroads introduced in the previous section, the improvement of power devices can not
only reduce the loss of the power devices themselves but also resolve the issues of the power
electronics system.

Figure 1.2 shows a circuit diagram connecting a bidirectional chopper circuit and a motor
drive inverter. In this circuit, the voltage of the storage battery is boosted by the chopper
circuit and it is used as an input to the motor drive inverter. By increasing the voltage, it
becomes possible to reduce the current required to drive the motor, which enables the wiring
and motor to be smaller and lighter. The bidirectional chopper can also charge the storage
battery during regeneration from the inverter.

Although the output of the chopper circuit is desired to be constant, it has a finite ripple
due to the switching of the FETs. The ripple current 6i; is proportional to %(Vin — V,ut)s
where V;, and V

" are the input and output voltages, T is the switching period, and L is the

inductance. Therefore, the switching frequency is inversely proportional to the inductance
L when the ripple current is to be suppressed to a particular value.

Generally, the volume and weight of the inductor increase with the inductance. There-
fore, by increasing the switching frequency, it becomes possible to reduce the size of the
inductor and filter capacitor, which occupy a large proportion of the weight and volume of
the power conversion unit. However, an increase in the switching frequency increases the
switching loss of the power devices. Therefore, it is important to reduce the switching loss
to downsize the power conversion system.

In a three phase inverter circuit, two switching devices like as insulated gate bipolar
transistors (IGBTs) or FETs, are connected in series for each phase (U, V, and W), and a
diode such as a PiN diode or SBD is connected in parallel with each switching device. In
some cases, the parasitic diodes of the MOSFETs are used instead of connecting the diodes
in parallel. In the inverter circuit, the motor is rotated by switching the gate signals of the U,

V, and W phases. When the gate signal is switched off, the current is diverted from the FET
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Fig. 1.2 Circuit diagram of a three phase inverter.

to the reverse side diode. For this reason, the diode is required in parallel with the switching
device.

In addition to efficiency during normal operation, power converters must prevent the
failure of components triggered by a failure of another component. Normally, if an excessive
voltage or current flow is applied, the controller sends an off signal to the power devices to
protect them. Therefore, power devices must have tolerant before entering the protective
operation. For example, if the load is short-circuited during the switching operation, the
device must be able to withstand high voltage and high current for several microseconds to

safely cut off the current flowing through the device.

1.3 Power semiconductor devices and their trends

In this section, the trends of technological development in power devices are discussed, fo-
cusing on Si-IGBT and SiC-MOSFET.

1.3.1 Silicon insulated gate bipolar transistor

Si-IGBTs have been developed to realize both MOSFET-like usability of voltage driving and
the characteristics of bipolar transistors, such as high current capability, wide safety operat-
ing area and short-circuit tolerance, in contrast to the gate-turn off thyristors (GTOs), which
were the mainstream until IGBTs were developed. The device structure is shown in Figure
1.3(a). The structure consists of a bipolar transistor connected to a MOSFET in series. This

structure allows the device to handling higher current than ordinary MOSFETs and simpli-
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fies the control circuits compared to ordinary bipolar devices. In this subsection, the trends

in the development of IGBTs are discussed [9].
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(CSTBT).

Fig. 1.3 Schematics of insulated gate bipolar transistors.

IGBT structures were proposed in the late 1970s and early 1980s. Baliga et al. proposed
an insulated gate rectifier (IGR) with a p+ region on the back side of the MOSFET [10].

This device had the problem of low latch-up tolerance of the parasitic thyristor when a large
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current was applied. Nakagawa’s non latch-up IGBT structure solved this problem [11].
They showed that the latch-up can be suppressed by omitting the source contact area in the
horizontal direction. This structure led to the widespread use of IGBTSs in power supply
circuits with high voltage and high current.

As there is a trade-off between the on-voltage and the switching characteristics, how to
improve this trade-off relationship has been the history of IGBT development. To reduce
the on-voltage of IGBTs, the cells were miniaturized, and trench-gates were developed. In
the process of increasing the breakdown voltage of these trench-gate IGBTs, there was the
problem that the on-voltage could not be reduced sufficiently. This problem was solved by
the injection enhancement (IE) effect. The IE effect is achieved by reducing the number of
emitters in the trench-gate IGBTs, which reduces the extraction of holes from the emitters
during conductivity modulation and increases the carrier concentration on the surface side.
This structure enables a reduction in on-voltage even in high voltage devices [12].

A carrier stored trench-gate bipolar transistor (CSTBT) has also been reported [13]. The
CSTBT has a high concentration n layer on the surface side of the device, as shown in Fig.
1.3(c), based on the same concept as the IE effect. This region reduces the efficiency of hole
extraction from the emitter side.

The structure of the drift layer has also been improved. Initially, epitaxial growth was
performed on the p-substrate to provide a junction. Additionally, the design was optimized
by controlling the lifetime of holes due to the trade-off with switching loss (punch-through:
PT-IGBT). Goodman et al. proposed an n+ buffer structure. By adding the n+ buffer region
on the back side with a higher concentration than that of the drift layer, the trade-oft between
on-voltage and switching speed can be improved by controlling the lifetime [14].

Later, using a thin-wafer process, the non punch-through (NPT) structure was proposed
to reduce the injection efficiency from the p-collector layer without lifetime control [15].
In contrast to the conventional drift layer formed by epitaxial growth on a Czochralski (CZ)
wafer, the NPT-IGBT uses a floating zone (FZ) wafer and forms a backside p-structure using
a thin-wafer process. In this process, the injection efficiency from the p-collector is reduced
so that the lifetime control is not applied.

This design allows us to reduce the carrier injection concentration on the backside com-
pared to conventional PT-IGBTs and to flatten the carrier concentration in the entire drift
layer during conductivity modulation. This makes it possible to increase the contribution of
the electron current to the total current, thus lowering the drift layer resistance with a smaller

carrier concentration.
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As a further improved concept to the NPT-IGBT, a field stop (FS) structure IGBT was
proposed to reduce the n-drift layer thickness in order to lower on-voltage and to stop the
depletion layer reaching the back side [16].

After that, optimization of the surface structure, drift layer, and back surface structure
have been carried out, and IGBTs with various breakdown voltage ranges from 1.2 kV to 6.5
kV are used in various application fields, including home appliances, automobiles, trains,

and grid power conversion devices.

1.3.2 Silicon carbide metal-oxide-semiconductor field-effect transistor
Physical properties of silicon carbide

As described in the previous section, IGBTs have played a major role in the field of power
electronics as high-voltage and high-current switching devices. Although many studies have
been conducted to improve their performance, there is a limit to the switching speed be-
cause they are bipolar devices. In recent year, silicon carbide metal-oxide-semiconductor
field-effect transistors (SiC MOSFETS) have attracted attention as devices that overcome the
limitation of Si-IGBTs.

SiC is a semiconductor material of which the band gap is three times larger than that of
silicon. It has a higher electric field for breakdown than Si. Therefore, it is possible to reduce
drift layer resistance by increasing the drift layer doping concentration and thinning the drift
layer thickness. It is theoretically possible to reduce the drift layer resistance to about 1/1000

of that of a Si device with the same breakdown voltage [17].

Silicon | 3C-SiC | 4H-SiC 6H-SiC
Energy Band Gap 1.12 2.23 3.26 3.02
[eV]
Critical electric field for breakdown 0.3 1.5 2.8 3.0
[MV/cm]
Thermal Conductivity 1.5 4.9 4.9 4.9
[W/cm K]
Electron mobility 1350 1000 | 1000 (Lc) | 450 (L ¢)
[cm?/Vs] 1200(]| ¢) | 100 (]| )

Table 1.1 Comparison of material properties of Silicon Carbide poly types and Silicon [3, 4].

Incidentally, SiC has many polytypes. The atomic configurations of 3C, 4H, and 6H-SiC
are shown in Figure 1.4. Table 1.1 shows the physical properties of each polytype. The
band gaps of 4H-SiC and 6H-SiC are larger than that of 3C-SiC, and they have a higher
breakdown electric field. In addition, Baliga’s figure of merit of 4H-SiC is better than that of
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6H-SiC because the electron mobility of 4H-SiC is higher than that of 6H-SiC. As shown in
Fig. 1.4, 3C-SiC, 4H-SiC, and 6H-SiC have a repeating structure of silicon and carbon atom
pairs with 3, 4, and 6 cycles in the stacking direction [2]. Stacking faults are easily generated
by the fluctuation between other polytypes during the crystal growth process. In particular,
3C-SiC is steady state at epitaxial growth temperature and other polytypes can change into
3C-SiC during epitaxial growth. To solve this problem, step-flow epitaxial growth has been
proposed, in which an off-angle is applied to the SiC bulk substrate. This method enable the
crystal growth maintaining the repetitive structure of the crystal [18]. Although the advent
of this method has enabled high-quality epitaxial growth, the number of epitaxial defects is
larger than that in Si, and it is an ongoing challenge to reduce defects during crystal growth

and improve its quality.
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Fig. 1.4 Cristal structures of silicon carbide poly types [2].

Basal plane dislocations (BPDs) and stacking faults are important factors in the crystal
quality of SiC. There are many threading screw dislocations (TSDs), threading edge dislo-
cations (TEDs) and BPDs generated during crystal growth in 4H-SiC available in the com-
mercial market today. During epitaxial growth, most of the BPDs are converted to harmless
TEDs in the buffer layer. A few BPDs, however, are inherited in the epitaxial layer. Some of
the BPDs change into stacking faults due to the recombination energy of electrons and holes
injected into the epitaxial layer when the device operates in a bipolar mode. The expand of
the stacking faults causes degradation of the conductivity of the epitaxial layer. Therefore,
the operation of body diodes in MOSFETSs can induce the degradation as well as bipolar
devices such as PiN diodes. To solve this problem, it has been proposed to place another

epitaxial buffer layer between the bulk substrate and the drift layer with a higher doping
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concentration [19]. This buffer layer can suppress the injection of holes and the expansion
of stacking faults.

Since the material properties of SiC can improve the trade-off between breakdown volt-
age and specific on-resistance R, A, unipolar devices can be used in the voltage range where
bipolar devices have been used. SiC-MOSFETs have been reported in the breakdown volt-
ages range from 650 V to 10,000 V.

One of the features of SiC is that the MOS interface can be formed by thermal oxidation.
However, the SiC/Si0, MOS interface has more defects than Si, and the effective invertinon
channel mobility is lower than the bulk mobility, so improving the interface quality of SiC-
MOSFETs has been an important problem since the beginning of SiC device development.
The improvement of MOS interface on SiC has been reported in many studies [20, 21]. It has
been reported that nitridation of the MOS interface improves the mobility of SiC, which is
less than 10 cm?/Vs using conventional dry oxidation [22-24]. It has also been reported that
MOS channels on the carbon-, a-, and m-faces with respect to the silicon-face can improve
the inversion channel mobility to 100 cm?/Vs [20, 21].

In particular, since the a- and m-planes correspond to the perpendicular directions of the
surface of SiC, these surfaces can be used to form channels for trench MOSFET structures.
In addition, it has been reported that the channel mobility is greatly improved by using the
(00-38) plane [24].

One of the solutions to the high channel resistance is to increase the channel density in the
device structure. In particular, for 650 V and 1.2 kV class devices, the ratio of the channel
resistance to total device resistance is high, the reduction of the cell pitch is effective in
improving the channel density.

Vertical structures are the main type of SiC power MOSFETs being developed. The
two different channel structures, planar and trench gate have been developed. Although
the high critical electric field for the breakdown is the one of the advantage of SiC, the
high electric field at pn junction increases the electric field on the gate oxide film of the
MSOFETs. The high electric field causes breakdown and the decrease in lifetime of the gate
oxide. Therefore, reducing the electric field of the gate oxide is an essential design topic for
SiC power MOSFETs that require high reliability. Although silicon trench MOSFETs can
achieve low ON-resistance due to the absence of JFET resistance, SiC-MOSFETS require a
JFET-like structure to reduce the electric field of the oxide film.

Planar MOSFET

In the planar SiC MOSFET, the channel and source regions are formed under the gate oxide

film on the semiconductor surface, similar to the planar structure of Si, as shown in Figure
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1.5(a). On the other hand, it is difficult to form channels by impurity diffusion through an
activation annealing because of low diffusion coefficient of impurities in SiC. To activate the
implanted impurities, an activation annealing of 1500-degree C or higher is needed. Hence,
a different process is required such as the formation of a gate oxide film after the activation

annealing.
Source Source SO
2
pf ] Lot | | p 1] [oF]
p-base p-base

n- Drift layer n- Drift layer
n+ substrate n+ substrate

Drain Drain

(a) Planar MOSFET (b) SiC MOSFET with channel epitaxial structure
[25]
Source Source
Si02 SiO2
p-(epitaxial) (implanted)
pH(implantgd) p-base
Buried channel Current spread layer

n- Drift layer n- Drift layer
n+ substrate n+ substrate

Drain Drain

(c) IEMOSFET [26]. (d) SiC MOSFET with current spreading layer.
[27]

Fig. 1.5 Schematics of Silicon Carbide MOSFETs.

Shortening the channel length and shrinking the cell pitch is effective for reducing the
channel resistance because of the low MOS channel mobility of SiC [25]. Palmour et al. have
reported on planar MOSFETs in the 900 V to 15 kV range [28]. In this paper, the specific
on-resistance of the planar MOSFET for a 1620 V device was reported of 2.7 mQcm? .

In comparison in the channel mobility between ion implantated p-base and epitaxial
grown p-base, the channel mobility on the latter is higher [29]. Implanted and epitaxial
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MOSFET (IEMOSFET) is proposed [30] as shown in Fig. 1.5(c). IEMOSFET is a planar
MOSFET that is fabricated by forming an ion implantation region at the bottom of the p-base,
followed by p-type epitaxial growth to form the channel region, and N-type implantation to
form the JFET region. The low-mobility channel can be improved using a buried channel
[31]. DIOMOS with the buried channel not only reduces channel resistance by improving the
channel mobility but also suppresses a bipolar operation by optimizing the epitaxial channel
structure [32].

The MOS channel on carbon-face can achieve several times higher mobility than that
of Si-face. Using this property, DIMOSFET on the carbon-face can improve the trade-off
between R A and breakdown voltage [26, 33].

The JFET resistance can be reduced by adding a current spreading layer with higher im-
purity concentration than that in the drift layer (see Fig. 1.5(d)). By applying this structure,
the trade-off between on-resistance and breakdown voltage can be improved [27].

Trench MOSFET

The SiC trench MOSFET enables the channel length and cell pitch reduction. It can use the
channel on a-plane and m-plane, which have higher mobility than that of silicon-face.

To reduce the electric field of the gate oxide of trench MOSFETS, various structures have
been proposed. One of these is the double trench structure [34]. In this structure, trenches
are formed across the gate trench and p-type regions are formed on the trench side wall using
ion implantation. SiC-MOSFETs with the double trench structure show 1260 V breakdown
voltage and 1.41 mQcm? whereas the planar MOSFETs show 2.3 mQcm? [34]. A significant
improvement in characteristics have been achieved for 1.2kV class SiC MOSFETs with the
double trench structure.

In another structure, a p-type region is formed at the bottom of the gate trench. The
trench MOSFET with the bottom p-well structure has achieved 2.15 mQcm? with 652 V
breakdown voltage [35] and 1.19 mQcm? with 1080 V break down voltage (this report ex-
cludes the substrate resistance) [36]. In the bottom p-well structure, if the bottom p-well
is not connected to the source region, the avalanche tolerance decreases [37]. Therefore, it
is necessary to connect the bottom p-well to the source region. However, due to the low
activation rate of p-type impurities in SiC, the sheet resistance of the p-region is high, and it
is necessary to provide a connection region to the source electrode at certain intervals, and
optimization of these region is important in the viewpoint of reducing R, [35].

An asymmetric trench structure has been proposed. In this structure, the p-type region
protecting the bottom of the gate oxide film is directly connected to the source region. The

gate oxide electric field is suppressed by the asymmetric p-type region surrounding the gate
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trench. Although there is a disadvantage that half of the gate channel is disabled, 3.5 mQcm?
has been achieved in a 1.2 kV class device. It can also operate stably during avalanche
breakdown [38].

TEDMOS that reduces channel resistance by increasing channel density and channel
mobility through the formation of trenches in the channel region has been reported [39].

A V-groove-type trench MOSFET of which channel is formed on the (03-38) plane has
been proposed because the channel mobility on the crystal plane is higher than that on the
(0001) plane [40, 41]. In order to mitigate the electric field at the bottom of the V-groove
gate structure, a structure with a thicker oxide film and an embedded p-structure to reduce

the electric field has also been reported [42].

Super Junction

In SiC MOSFETs, while the reduction of channel resistance has been the focus of techno-
logical development for a long time, the reduction of drift layer resistance has also been
studied recently. In particular, the development of the super junction (SJ) structure, which is
used in Si power MOSFETs, has progressed rapidly in recent years. Kosugi et al. have been
reported that SiC-SJ structure can exceed the SiC limit by experiment [43]. In this study, a
5.5 um SJ structure was fabricated by two repetitions of MeV-accelerated ion implantation
and epitaxial growth. The TEG showed a breakdown voltage of 1545 V and a drift layer
resistance of 1.06 mQcm? was obtained.

By combining the trench structure and SJ structure, 3.2 mQcm? was achieved at a break-
down voltage of 1500 V [44]. Although the absolute value of R A is comparable to that
of conventional structures, it has been reported that the temperature dependence of R, can
be reduced by adopting the SJ structure. A combination of SJ and V-groove structures can
achieve R, A = 0.63 mQcm? and Vi, = 1170V [45]. Additionally, devices that exceed the
SiC limit have been reported, such as a 6kV-class device with multi-epitaxial growth. The
SJ structure is expected to be applied to devices up to 10 kV in the future because unipolar
devices with high breakdown voltages are effective in taking advantage of the potential of
SiC. For practical use, the cost increase due to multiple epitaxial growth is an issue. Epi-
taxial backfilling technology is also being studied [46], however, breakthroughs related to
anisotropic growth conditions and doping concentration control, and improvements in pro-

cess technology are desired in the future.
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Summary

Figure 1.6 shows the trade-off relationship between R A and V4 for MOSFETs and the
theoretical limit for 4H-SiC [47]. The square represents the planar type, the triangle rep-
resents the trench type, and the circle represents the trench SJ type. At high voltages, the
effect of the channel resistance is small, so the values are close to the SiC performance limit,
while the increase due to the channel resistance is not negligible in the 600 V to 1200 V
region. The trench structure has a higher potential than planar MOSFETs due to the effect
of channel resistance reduction. Additionally, the SJ structure has been reported to exceed

the SiC limit in recent years, and is expected to be commercialized in the future.
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Fig. 1.6 The trade-off relationship between R A and V4 of SiC MOSFETSs.

1.4 Summary

In this chapter, the history and the latest topics of the development of power device tech-
nologies are summarized, which are increasingly demanded by society to achieve zero CO,
emissions by 2050. In particular, the trends in the research and development of Si-IGBT
and SiC-MOSFET are summarized. The characteristics of Si-IGBTs have been improved
by optimizing the carrier distribution in the drift layer to reduce the switching loss, which
is a trade-off between the reduction of conduction loss by the bipolar operation. Addition-
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ally, SiIC-MOSFETs have enabled high breakdown voltage and low on-resistance by taking
advantage of their high breakdown electric field, however, the high breakdown electric field
in the semiconductor increases in the electric field of the gate oxide on SiC surface. Hence,
the structure of the device must be designed to reduced the electric field of the gate oxide.
Various structures have been proposed to achieve both reliability and low ON-resistance.
This chapter summarizes the research on Planar, Trench type MOSFETSs and SJI-MOSFETs.



Chapter 2

Oscillation phenomena in power

semiconductor operation

As the application field of power electronics expands, it has become important to ensure the
stable operation of the power devices under various operating conditions. In this chapter,
the oscillation phenomenon, which is one of the most important issues for the stability of
the power converter systems, is discussed. The oscillation on the device not only causes the
destruction of the power device but also radiation noise. For this reason, the mechanism of
the oscillations and how to prevent it have been studied from various aspects. In the con-
ventional approaches, devices, packages, control circuits, and power circuits were designed
individually. And focuses were optimization for their connection at the design phase of a
power conversion system.

As the performance of power devices improves, however, individual optimization at each
design phase does not allow to use the full potential of the device due to the accumulation
of margins for characteristic fluctuations among components, response delay and reliability.
To utilize the benefits of the performance-improved power devices, device, package, control
circuit, and power circuit design parameters must be optimized simultaneously to prevent
undesirable oscillation.

The major issues discussed for Si-IGBTs and SiC-MOSFETs are

e Ringing and oscillation during turn-on and turn-off in single device operation of Si-
IGBTs,

e Ringing and oscillation phenomena during turn-on and turn-off of Si-IGBTs connected
in parallel,

e Ringing and oscillation during turn-on and turn-off in single device operation of SiC-
MOSFETs,
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e Oscillation and ringing during turn-on and turn-off of SiC-MOSFETs connected in

parallel,
e PETT oscillation at turn-off of Si-IGBTs,
e Oscillation during short-circuit operation of Si-IGBTs and Si-MOSFETs.

In this chapter, previous studies that investigated these oscillation phenomena will be

reviewed.

2.1 Circuit oriented oscillation

Si-IGBTs and SiC-MOSFETs work as amplifiers in power conversion circuits, and change
the collector/drain current and voltage depending on the gate voltage. Additionally, MOS-
FETs and IGBTs have feedback paths from the output to the input side because of their own
parasitic capacitances (feedback capacitance, input capacitance, output capacitance), para-
sitic inductances and capacitances of the package. If the transfer functions of these feedback
loops become unstable, the devices can cause oscillation.

When several switching devices are connected in parallel, the feedback signal may be
returned to the gate via the devices connected in parallel [48, 49]. This feedback causes
oscillation and ringing of output voltage and current of switching devices such as IGTBs
and MOSFETSs [50-52].

These oscillation and ringing sometimes destruct the power devices, and even if they
do not, they increase the loss of power converter and cause EMI. Therefore, it is necessary
to suppress these oscillation and ringing. Then oscillation phenomena in various operating
conditions, such as turn-on, turn-off, and short-circuit operation, have been studied [51-57].

Oscillation phenomenon in the hybrid module in which Si-IGBT and SiC-SBD are con-
nected in parallel, during a turn-on operation has been reported [51]. It has been reported
that the presence of the oscillation was determined by the gate resistance and parasitic in-
ductance of the Si-IGBT and capacitance of the SIC-SBD. Then it was necessary to reduce
the parasitic inductance of the module in order to suppress the oscillation without increasing
the device loss [51].

In SiC-MOSFETs, self-sustained oscillation during switching operation has been re-
ported [53, 56, 58]. It is shown that several feedback paths can cause the self-sustain oscilla-
tion [58]. The drain and source inductance, gate resistance, and the ratio of drain capacitance
to gate capacitance are an important parameter to understand the self-sustained oscillation
[56].
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2.2 Device oriented oscillation

In this section, the oscillation phenomena caused by the internal characteristics of the power
devices will be discussed.

Si-IGBTs connected in parallel show a current oscillation between the IGBTs at high
collector voltage condition [59]. In order to analyze this oscillation phenomenon of IGBTs,
negative gate capacitance has been proposed as an oscillation mechanism [59, 60]. The
existence of negative gate capacitance is shown by device simulation using TCAD based on
the derived equivalent circuit, and then the stability of oscillation is analyzed analytically.

In IGBTSs, plasma extraction transit time oscillation (PETT oscillation) is sometimes ob-
served during a turn-off [61-63]. This phenomenon causes the oscillation of tens to hundreds
of MHz in the current and voltage during the tail current flow during the turn-off of the IGBT.

This phenomenon is caused by a negative resistance due to the transfer delay of holes
injected from the electron-hole plasma edge to the source electrode [61]. A packet of holes
injected from the electron-hole plasma boundary at a certain time moves through the deple-
tion layer over a certain amount of time, and the oscillation frequency can be estimated from

the migration speed v, and the depletion layer width W'.

3uy 2.1
AW' '

In order to estimate the specific charge transfer, information on the depletion layer, elec-

f:

tron and hole plasma states at the external voltage in the oscillating state is required. For this
reason, TCAD transient simulation has been used to simulate the internal state of the device
when the external voltage is modulated near the oscillation frequency. This method has been
used to estimate the chip-to-chip oscillation state [62], and to estimate the oscillation state
inside the module [63].

Particularly in bipolar devices such as Si-IGBTs, impact ionization is caused by an in-
crease in the electric field in the drift layer during the turn-off, and this can lead to a con-
tinuous oscillation phenomenon. This is known as impact ionization avalanche transit time
(IMPATT) oscillation, and its suppression is one of the important themes in IGBT [64—-66].

2.2.1 Oscillation phenomena in short-circuit operation

Stable operation of power devices during the short-circuit (SC) protection is an important
theme. The stable operation of Si-IGBTs and SiC-MOSFETs under SC type I, II, and III
conditions has been studied [67-70].
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The di/dt during SC type I is determined by the switching device itself, while that of SC
type 1I is determined by the parasitic inductance of the short-circuit loop and the DC link
voltage [69]. Therefore, the peak value of SC type II current becomes larger than that of
SC type I due to the increase in the gate voltage caused by the displacement current. The
experimental waveform shows that oscillation occurs during SC type II [69].

The oscillation between parallel-connected IGBTs during turn-on has been reported [57].

2.3 Conventional approaches to solve the problem and their
limit

In order to understand these oscillation phenomena, various studies have been reported on
the derivation of equivalent circuits and the analysis of oscillation on the equivalent circuits.
There are three major approaches to deriving the equivalent circuit.

The first approach is to determine the circuit parameters of the equivalent circuit by
fitting the experimental results. Parameters such as parasitic inductance are determined to
reproduce the changes in voltage and current during switching in the experiment.

The second approach is to determine the parameters based on actual measurements. For
the measurements, a method using impedance and S-parameter measurements have been pro-
posed [53, 71, 72]. In the method using impedance measurement, the parasitic parameters
of each signal terminal are assumed to be the series parasitic parameters of the LCR and cal-
culated from the results of terminal-to-terminal impedance measurements [53]. To improve
the precision and accuracy of the measurements of the circuit parameters, a measurement
technique using S-parameters has been proposed [71, 72]. This method can avoid the preci-
sion degradation caused by the coupling between the floating terminal and the ground when
measuring the impedance of power devices. The package impedance can be calculated from
the measurement results of each combination of the module terminals, and the S-parameter
measurement can be used to model the internal parameters of the package more accurately
and easily than the conventional impedance measurement.

The third approach is to calculate the equivalent circuit model based on simulation, which
generally uses the finite element method and electromagnetic field analysis [73]. In this
method, self and mutual inductance and resistance of copper patterns, terminals, bonding
wires and bus-bars are calculated in some current flow conditions.

Once the equivalent circuit is obtained, the operating conditions are analyzed. Several
methods are used for this analysis, including the method for determining the time depen-

dence by analytical calculation of small-signal equivalent circuits, the method for perform-
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ing stability analysis analytically from the frequency dependence [48, 49], and the method of
determining the stable circuit parameters by calculating the time-dependent waveform and
frequency dependence using SPICE simulation [49].

In these approaches, MOSFET or IGBT chips are treated as a small-signal model. The
small-signal models of the power devices are calculated by parameter fitting to the measured
curve forms or simulation calculated curve forms [49].

The other approach is to use technology computer-aided design (TCAD) tools for time-
dependent simulation. TCAD simulation using mixed-mode techniques can compute time-
dependent behavior of the devices and circuits simultaneously. This is a useful method to
compute oscillation phenomena [67, 74]. However, this method has limited applications
because it is difficult to converge to the correct state near the oscillation state and the CPU

time tends to be long.

2.4 Objective of this study

Oscillation phenomena can be caused by the switching devices with the connected circuits
and the internal behavior of the devices. In the conventional approach, circuits and devices
are discussed separately, and the phenomena caused by the combination of the both cannot
be fully discussed.

As shown in this chapter, ensuring the stable operation of IGBTs and MOSFETSs has been
a longstanding issue in power devices, and various studies have been conducted. TCAD sim-
ulation is a powerful tool for understanding the oscillation phenomena because it can calcu-
late the internal state of the device and the behavior of the circuit simultaneously. However,
it requires a large amount of computational time, and its use is limited for parameter opti-
mization. Generally, the device model is replaced by an approximate small-signal model,
and then the parameters are optimized by SPICE simulation or analytical calculation.

Additionally, the coupled analysis with the internal simulation of the device requires
a large amount of computation time. Although it is possible to analyze the origin of the
oscillation phenomenon, the computation cost is too large to optimize the devices and circuits
design parameters.

The purpose of this study is to develop a method for parameter optimization based on
the TCAD simulation results. This will provide a unified method for the optimization of
devices and circuits, and contribute to the realization of technology that can maximize the

characteristics of power devices.



20 Oscillation phenomena in power semiconductor operation

2.5 Summary

In this chapter, the oscillation phenomenon and mechanism of Si-IGBTs and SiC-MOSFETSs
are reviewed. The methods on analyzing these physical phenomena are also summarized.
In this study, a novel design method is proposed to discuss the oscillation phenomena by
incorporating the internal behavior of the device and circuit parameters.



Chapter 3

Theory of oscillation analysis with a
signal flow graph and a scattering
parameter

In this study, an analysis based on a scattering parameter (S-parameter) is proposed to treat
the oscillation phenomena as discussed in the previous chapter. Impedance measurements
of devices and circuits are generally difficult at high frequency because open and short cal-
ibration measurements are difficult at high frequency. S-parameter solves this difficulty in
high-frequency measurements by using a characteristic impedance termination. Addition-
ally, once the frequency dependence of a circuit element is determined, the internal behavior
of the circuit element can be treated as a black box. It is possible to handle from the internal
operation of the switching devices to the operation of the circuit system. In this chapter, the
general treatment of the S-parameter is briefly described, and then the theoretical method
for calculating the oscillation condition based on a TCAD device model is discussed.

3.1 General theory of Scattering parameter (S-parameters)

The figure 3.1 illustrates a multiport network with incident power waves and reflected power
waves at its ports.
The incident power waves of i-th port is defined as

a; = (Vi+ Zy 1), (3.1
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where Z; is the characteristic impedance of i-th port and V; and I; are the voltage and current

of i-th port. The reflected power waves also defined as

1
b, = V.— Zo.1.). (3.2)
i 2\/2—01(1 011)

The input voltage and current are represented using a; and b; as

1
Vi=VZy(a;+b).1; = (a; = b;) (3-3)
V2o,

1

a; —»— L < 4

by —<— ——b;

4y —»— 8 —— dp—1
S

by —<— —— b,

a4 —— —— dy

b, —e— —— b,

Fig. 3.1 N-port network and incident power waves and reflected power waves on the ports.

Matrix elements of the S-parameter are defined in relation to these incident and reflected
power waves as
b =S4, (3.4)
where @ and b are incident power wave vector and reflected power vector which are expressed
as
a)

a

Q
Il
Q

; (3.5)
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and
by
b,
b=| b |, (3.6)
bn—l
bn
respectively.

The matrix components of the S-parameter connected to N-port network are defined as

follows:

b;
S. =L

;=0 , 3.7
a;

k=12,....N
k#i

=0 (3.8)
k=12,....N
k#i

b.
S. =2
Ji a;

If an impedance at a port i is defined as

Z, = Y (3.9)
T .
a reflect coefficient I' of the port i is written as
b;
[ =— (3.10)
a

When a load of impedance Z; is connected to the i-th port, the reflection coefficient I;

1S written as

Zy — Zy,

r=2L~ 20 3.11
Y ZL+ Zy, G-1D)

by substituting eq.(3.1) and (3.2) into eq. (3.10).
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For example, the S-parameter of a two-port network can be written as

b, _ S S a; 3.12)
by Sy S» a

S, =4l s,=4l (3.13)
a1 lay= D la=
S, =2 S, =2 (3.14)
21 al a2=0 ’ 22 (12 a1=0 '

In the calculation of the S-parameter, it is convenient to use the conversion between the
S-parameter and other multi-terminal matrices such as Z, Y, and A BC D matrices.
The Z matrix is defined as
vV =2I, (3.15)

where V is a vector representation of the voltage and I is the input current vector represen-
tation. V and I are defined as

<t
I

(3.16)

~l
Il

(3.17)

where [, is the input current at i-th port and V; is the voltage at i-th port. Similarly, Y matrix
is defined as
I=YV. (3.18)

Figure 3.2 shows the voltage and current definitions for a multiport network.

Then there are the following relations between the S-parameter and the Z and the Y

matrices.
S = 20_1/2(2 — 20)(2 + 20)_1201/2 (319)
2 =2, -87""d +8)2," (3.20)
§ =2, - 2 + 207 2, (3.21)

Y=2, "d+8'd-92,". (3.22)
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ii in
+ +
U; Uy

Fig. 3.2 Voltage and current definitions for a multiport network.

Zy = diag(Z;) (3.23)

The ABC D matrix is also useful for computing cascaded 2-terminal matrix elements.
The ABCD matrix is defined as

Uy _ A B Uy (324)
i Cc DJ\i, )’ '

where v; and i; are defined as Fig. 3.3.

Fig. 3.3 ABCD matrix for two port network.

In the case of two ports, the conversion from Z matrix, ¥ matrix, and S-parameters to
the ABC D matrix can be written as follows:

Zu Az
Z 7z
. A B 21 21
£ = ( ) - , (3.25)
C D 1 Z,

Zy 2y
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where AZ = 211222 - 212221.

where AY = Y11Y22 - Y12Y21.

(1 +.S51)0 = 8p) + 5125,

=t

(1 =8 D0 = 8p) —S1n8y

_
Yy
, (3.26)
I
Yy
P (1 +.S51) = 8p) — 5125,
0 25,
(3.27)

(1 =81 D+ 8p) + 85158

285312

PAYY

Conversely, the conversion from the A BC D matrix to the Z matrix, the Y matrix and

the S-parameter can be performed as follows.

C

Ny

where AABCD = AD — BC.

~>

and

A+ BIZy—CZy—D

b d

W

g o

where Y = A+ B/Zy+ CZ,

AABCD
C
: (3.28)
D
C
_AABCD
B
: (3.29)
A
B
2(AD — BC)
y
: (3.30)

—A+ B/Zy—CZy+ D

¥
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For calculation of the S-parameter when a small-signal equivalent circuit is given, the

ABCD matrix can be used to perform a simple matrix calculation eq. (A.2), (A.3) and (A.4)

(Appendix A).

The S-parameter can be obtained directly from the defining equation, or it can be easily

calculated by obtaining the matrix representation of the multi-terminal equivalent circuit

model using the Z, Y, and ABCD matrices shown here, and then converting it to the S-

parameter.

The S-parameter with cascade connections can be easily calculated using the chain scat-

tering parameter, 7' matrix[75, 76].

For a general N-port S-parameter with cascade connections from m+1 to N, the 7" matrix

can be written as

b,
b,

: Ty,
) T
bl | 2

ap
a

i Ty
bm

T,
T,

Ty

]th

A+l

(L)

m+n
bm+1
bm+2

b

m+n

(3.31)

Although there are some definition of T matrix, the definition shown in eq. (3.31) is

used in this study.

For a four port network, T-matrix and S-matrix can be decomposed into 2 x 2 partial

matrix as follow:

T, Tp
I, Ty
I; Ty
Ty Ty
and
So1 Sy
S31 53
Sy Sa

Then S-matrix and T-matrix are written as

.\ e
(Tl,uTn,n

Srr Srar | _
S S

T—l

11,11

L
l

T}J

SLI

& o ~—1
T1,1 - T[,uT
a1
_TII,II

‘SLII

SII,I SII,II

T}JI
7-'II,I I}LII

) |

11,11
7}LI

(3.32)

(3.33)

(3.34)
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and
A A 5 & a1 & & a1
Ty Tigr \_ (St =StrSirSinar SirSirg (3.35)
A A - A_l A /\_1 . .
Tirr Trra =SS St

The conversion formulas from a scattering matrix to a transfer scattering matrix 7" of a

2-ports network is written as

_ 1 S1281 =SS Su (3.36)
S -8 1

3.2 Signal flow graph

One of the methods to describe RF networks is a signal flow graph. In this section, a general
theory of signal flow graphs is described.

In a signal flow graph, the matrix elements of the S-parameter are represented as transi-
tions between nodes corresponding to power waves. For example, the equation of a reflected
wave b for an incident wave a

b=Ta (3.37)

is written in a signal flow graph as shown in Fig. 3.4(a).
When nodes are connected in series, the signal flow graph can transform as shown in
Fig. 3.4(b). This corresponds to transforming

b = S0, (3.38)

c = S,b (3.39)
into

Cc = Schbaa. (340)

In the case of a parallel connection, it can be transformed as 3.4(c), This relation corre-
sponds to
b= Sy 4a+ Sy 0= (S,,la + sza> a. (3.41)

Splitting the branch can be transformed the signal flow graph as 3.4(d). This transform
corresponds to
d =Sy (Seqa + Sepb) = SyeSeaad + SgeSepb. (3.42)
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a b
O O
r
(a) Description of nodes and power waves in signal flow graph
a b c a c
O O O O
S ba S ch S ch ba
(b) Series connection in signal flow graph
S b,a
a b a b
O O
S bia +S bya
S bya

(c) Parallel connection of signal flow graph

S,.S

c—ca

a b ¢ a C
Oo—————0
1& 51 1
T 1-T'

(e) Self loop

Fig. 3.4 Description of the signal flow graph.

When there is a loop, the signal flow graph can be transformed as 3.4(e). This corre-

sponds to transforming

b = a+Tb,

into
1

T1-T

C a.

(3.43)
(3.44)

(3.45)

The signal gain can be calculated from the signal flow graph using these rules. As a

simple example, the S-parameter of a single device can be calculated in the following step.
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An S-paraemeter of a FET .S is connected to I'g and I'; as shown in Fig. 3.5. The right side
loop looking from port 1 is define as I';,.

I';, can be calculated using a signal flow graph as Fig.3.6. Then, the loop gain from a;
to b, is written as

b S128, T
l_g 120211 L

= — = 3.46
a 1 1- SZZFL ( )
a; SZI b2
1
bs
FS Sll S22 1_‘L
Fig. 3.5 Signal flow graph for two port network.
1—‘LS22 S
1 a; S| 1 a; rﬁlsﬂ
S [1S1 Sh IS0
1 b 1 b
1 4 1 4
1—‘LSZISIZ 1“LSZISIZ
Sll 1=I7 S Sll + 1=I7.5%
1 b 1 b

Fig. 3.6 Transformation of the signal flow graph

A particular loop gain of a circuit consist of parallel connected devices can be calculated
using signal flow graph or the S-parameter calculated with matrix calculation. In the latter
method, an S-parameter of parallel connected devices can be calculated using Z matrix, Y
matrix and ABCD matrix.

In this section, the signal flow graph method will be discussed. Figure 3.7 shows the

FETs connected in parallel to a source and a load.



3.2 Signal flow graph 31

FET1 Load

FET2

Fig. 3.7 Sourced and loaded FETs connected in parallel

It is assumed that the input signal from the gate is input to FET; and FET,. Here, the
impedance of the path is assumed to be zero, and the case of ideal wiring is considered.

These three ports tee can be written as

. -1 2 2
S = 3 2 -1 2 (3.47)
2 2 -1

using the definition of the S-parameter.

The Signal flow graph for this is shown in Fig. 3.8. Similarly, if the drain terminal is
also connected with the 3 ports connected tee, the parallel connection of two devices can be
written as Fig. 3.9 using the signal flow graph of S-parameter.

Mason’s rule [77] is used to calculate the loop gain of a circuit. Mason’s rule provides a
method to compute the path of the transfer function without any omissions.

First, follow the steps below to find the forward path and loop.

e step 1: Find the forward path. Find a path that connects one node to another node
toward the branch that connects the two nodes and does not pass through the same
node twice. The gains of the found paths are denoted as P;, P,, ..., P, respectively. P
denotes the set of these paths.

e step 2: Find the Loop. Find a loop path that branches from a node in the path described
above, connects to a node behind it, and does not pass through the same node twice.
Let the gain of this path be L, L,, ..., L,,. Let L, L,, ..., L,, be the gains of this path,
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Fig. 3.8 The signal flow graph on the 3 ports connection.

and denote the set by L(1). Also, let L(1)" be the set of loops of the first order that do
not touch the forward path P,.

step 3: Find the combination of two independent loops that do not share a node with
each other, and take the product of each combination. Let L(2) be the set of these
quadratic loop combinations and ), L(2)¥ be the quadratic loop combination that does
not touch the path P,.

step 4: Find three independent combinations of loops that do not share a node with
each other, and take the product of each combination. Let L(3) be the set of loop
combinations. Let )’ L(3)* denote the combination of cubic loops unconnected to the
path P,. In the same way, the combinations of loops are obtained up to higher order

(m).

Mason’s rule can be used to obtain the transfer function using the results as follows.

P
C= Ly
b_olsps, (3.48)
a A&

where A is given as

A= 1-Y L)+ Y LQ2)... + (~1)"L(m)..., (3.49)
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Fig. 3.9 The signal flow graph of the circuit composed parallel connected devices.

and o, 1s given as

§=1-) LY+ Y LQ ..+ (D)"Y Lm* + ... (3.50)

3.3 Novel stability analysis criteria for integrated design in

power electronics circuits

This study proposes a method for system optimization that incorporates the internal state
of the device. The computation time cost for transient simulation in TCAD is too large
to carry out device and circuit parameters optimization. Additionally, the simulation does
not always converge when the circuit system is unstable. To solve these problems, a novel
analysis method using S-parameters calculated by TCAD simulation and signal flow graphs
is proposed in this study.

Fig. 3.10 presents the concept of the proposed method. The device parameters of the
switching devices such as IGBTs or MOSFETs, are calculated by TCAD simulation. The
module and circuit parameters are measured experimentally or calculated by either analytical
calculation or electro-magnetic simulation. S-parameters are derived from the device and the
circuit parameters. The oscillation conditions are calculated using signal flow analysis and a
Nyquist diagram with the S-parameter. These results are fed back to the device, package, and
circuit design. This method can reduce the calculation time required for circuit parameter

optimization.
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Fig. 3.10 The proposed concept of design flow integrates device, package and circuit design.

In this model, the S-parameter calculated by the TCAD simulation at the assumed oper-
ating point is used instead of the SPICE model calculated from the TCAD simulation results
which is commonly used in previous studies. This has the advantage that changes in the
internal state of the device can be directly incorporated into the stability analysis and the
relationship between the stability analysis results and the internal state of the device can be
directly investigated.

For stability analysis, Nyquist plots are used based on the loop gain from the signal flow
graph. In this way, not only the circuit and device conditions for suppressing oscillation can
be obtained, but also the conditions for suppressing oscillation with a particular phase and
gain margin can be calculated. Since ensuring operating stability is generally a trade-off
with characteristics, an evaluation method that can quantitatively set an appropriate margin
is effective in optimizing the design of power systems.

In the proposed method, the analysis is carried out in the following steps.

e Determining the operating point to be analyzed
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Deriving the equivalent circuit at the operating point

Determining the S-parameter of the power device using TCAD simulation.

Calculating the loop gain using the signal flow graph

Estimating oscillation conditions using Nyquist plot

In the following, these procedures will be explained by applying them to the analysis of

the oscillation phenomenon that occurs during the type II short circuit.

Step 1: Determining the operating point to be analyzed

The first step is determining the circuit operating point to be analyzed. For example, the
transient state of the switching operation of MOSFETs or IGBTSs in the normal operating
condition of the system, the state in which a large current surge is input, the state in which
external noise is input, and so on, are selected as the circuit operating states to be consid-
ered in the system design. In this study, although the analysis is focused on the short-circuit
operation mode of Type II, the method itself can be used in general for power system de-
sign. In particular, unlike SPICE simulation and TCAD transient analysis, the advantage of
this method is that it can directly calculate the stability of arbitrary states and quantitatively
estimate the margin of the stability of those states.

To consider the short circuit mode of Type I, the circuit shown in Fig. 3.11 is considered.
When the MOSFET on the low side is completely on and a constant current flows, the high

side is turned on to create a short circuit state.

Fig. 3.11 Chopper circuit investigated in this paper. The circuit consists of a high-side diode
and a low-side MOSFET.
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Step 2: Deriving an equivalent circuit

The next step is to derive the equivalent circuit for the operating point selected at step 1.
Since the short-circuit condition of the load is considered, the diode D on the high side and
L, are replaced by a short circuit. The capacitance of the power supply and the capacitance
connected in parallel with the power supply are also assumed to be sufficiently large and are
replaced by shorts. Then the chopper circuit presented in Fig. 3.11 can be transformed to the
equivalent small-signal circuit shown in Fig. 3.12. In this equivalent ciruite, Z; is defined

as ZL = _]G)LdL

Fig. 3.12 Simplified equivalent circuit.

Step 3: Calculating an S-parameter for a power device using TCAD sim-

ulation

In the next step, the S-parameters of the power device are calculated using TCAD simulation.

S-parameters under specific operating conditions can be calculated using the small-signal
AC analysis function of the TCAD simulator [78]. The AC analysis computes the admittance
matrix ¥ between circuit nodes. When the voltage variant of node j is 6V for the current

variant 61 of node k, Y can be written as
The Y-matrix can be transformed to the .S-parameter matrix as

S=(E-2,Y) - (E+27,7)7, (3.52)
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where Z; and E are the specific impedance and the unit matrix, respectively.

Step 4: Calculating oscillation condition factor from the signal flow graph

The next step is calculating the oscillation condition factor from the signal flow graph to
analyze the stability of the circuit operation.

First, a signal flow graph is created using the equivalent circuit calculated in step 2 and
the S-parameter calculated in step 3.

Next, the loop gain of the device to be focused on is calculated using Mason’s rule.

Fig. 3.13 Equivalent Signal flow graph.

There are two ways to create a signal flow graph: one is to connect the S-parameters of
individual components in the signal flow graph, and the other is to connect the components
by matrix calculation and then convert it to S-parameters. The details are explained in the
next section. In this section, the latter method is used to calculate the oscillation conditions.

The signal flow graph can be written as shown in the Fig. 3.13, where S is the S-
parameter with integrated circuit elements. The input and reflection at port 1 can be written

as follows, respectively.
a = bS +Fsb1, (353)
bl = Final. (354)
By substituting 3.53 into 3.54,

b(1-TsTy) = bT. (3.55)
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Hence, loop gain is written as

b I
L= (3.56)
(1 -TgIy)

The oscillation condition can be considered as the denominator of eq. (3.56) is zero at a
particular frequency.

m 1 =8I
The Nyquist stability condition is used to compute the oscillation condition. The oscil-
lation condition factor is defined as

(3.58)

8158y, T
(x(a))=—<SH+ 1221 L>FS.,

1 =8I0

in this study.

Step S: Estimating the oscillation conditions using Nyquist plot

The next step is to estimate the oscillation conditions using a Nyquist plot for stability anal-
ysis.

The S, S5, S, and S, in the equation (3.58) are complex numbers depending on .
To evaluate the oscillation condition factor, a(w) is plotted on a complex plane for each w
as Nyquist plot. The circuit becomes unstable when a locus passes to the left of the (-1,0)
point. When the locus passes on the (-1,0), the circuit is under the critical condition. When
the locus is located to the right of (-1,0), the circuit becomes stable and the distance from
(-1,0) to the locus can be regarded as the margin. Therefore, quantitative stabilization can
be performed. These relationships are shown in Fig. 3.14.
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Fig. 3.14 Nyquist plot of the oscillation condition factor.

3.4 Oscillation condition factor for parallel connected power
switches

In this section, oscillation in a circuit in which MOSFETs are connected in parallel is con-
sidered. Because MOSFETSs are generally connected in parallel in high-power modules, it
is important to determine the circuit parameter for the stable operation of MOSFETSs con-
nected in parallel. Feedback signal loops via parallel-connected MOSFETS can decrease the
stability of the circuit compared to a circuit consisting of a single MOSFET as described in
the previous section.

The stability analysis method for parallel connection will be discussed using a chopper
circuit, as shown in Fig. 3.15 and 3.16(a).
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Fig. 3.15 Simplified small signal equivalent circuit

The oscillation condition factor a(w) can apply to a multi-chip case. The oscillation

condition factor a(w) can be written as

S 8hT
a(w) = — <S{1 + 12_3”) T, (3.59)
1—S00

where I'g and I'| are the input and the load reflection coefficient, respectively.

However, the oscillation condition factor a(w) can only compute the common oscillation
mode. When MOSFETSs are symmetrically connected and with low impedance, the oscil-
lation can be induced by differential oscillation mode [49, 48]. To compute this mode, the
other signal flow diagram is introduced. Figure 3.16(a) and 3.16(b) show the equivalent cir-
cuit and the signal flow graph of this oscillation mode. In this equivalent circuit, the input
signal is transferred through the drain of MOSFETSs to the gate of the second MOSFET. Af-
ter the signal passes through the gate of the second MOSFET, the signal is fed back to the
gate signal of the first MOSFET.
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To compute the stability of the circuit, a virtual ground and virtual signal source at port
1, shown in Fig. 3.16(a) are assumed. by is the virtual input signal. a;, b;, a,, and b,
are power waves. S’ is an S-parameter of two-port network consisting of power MOSFETS
and passive components as shown in Fig. 3.16(a). S’ can be computed from the TCAD
simulation results of the MOSFET using the signal flow-graph analysis technique.

(b) Signal flow graph

Fig. 3.16 Simplified equivalent circuit and signal flow graph to evaluate the oscillation con-
dition.

According to the signal flow graph shown in Fig. 3.16(b), signal flow b, to a; is written

as

a, = b, +b,. (3.60)
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Alternatively, signal flow a; to b, is written as

St S!
11722
b2 = (Sél + 1 St )(11 = Final. (361)

P12

By inserting eq. (3.60) into eq. (3.61), we obtain

b,(1-T4,) = bJy,. (3.62)
Loop gain is written as
al = T (3.63)
by (1-T3,)

The oscillation condition can be written as

St 8]
1-Ty=1- <S§1 *- l_lszf ) =0, (3.64)
12

For the Nyquist plot, the new other oscillation condition factor

st st
B(w) = —<S§1 + 1 22>. (3.65)
-5

is defined.

3.5 S-parameter calculation for power switches connected

with circuit components

In this section, details of a calculation procedure are discussed. First, the loop gain of the
circuit consisting of a single MOSFET is considered. Second, the loop gain of the circuit

consisting of MOSFETSs connected in parallel is discussed.

3.5.1 S-parameter for single power switch

The equivalent circuit shown in Fig. 3.12 is considered here. The admittance matrix of the
MOSFET Y™ is given by eq.(3.51).
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The impedances of the parasitic elements of the MOSFET in Fig. 3.12 are written as

Z, = joL, (3.66)
Z, = jwLy, (3.67)
Z, = Ry+joLy. (3.68)

The admittance matrix ¥' attached to parasitic inductance and gate resistance can be
obtained as follows:

t t t t
o :l(YH+AY (Zy+Zy) Y, —AY'Z| >
t t t t ’
Y Y, —AY' Z Y, +AY(Z,+ Z,)
(3.69)
where
r t t t t
AY' = Y,Y,,-Y,Y,, (3.70)
y = 1+ +Y,+Y +Y,)Z,
+Y/, Zy+ Y, Z,
+AY’(ZngS +ZyZ+ ZZy).
(3.71)
Using Y-matrix, S-parameter matrix can be written as
S'=(E-2Z, Y- (E+2Z,Y)7, (3.72)

where Z; and E are the specific resistance and the unit matrix, respectively.

3.5.2 S-parameter for power switches connected in parallel

In this section, oscillation in a circuit in which MOSFETS are connected in parallel, as shown
in Fig. 3.15 is considered. To calculate the oscillation condition factor a(w) and f(w), it is
necessary to calculate the S-parameters S? for each of a(w) and f(w).

By introducing a network block B"! including n blocks of B’ connected parallelly as
shown in Fig. 3.15, the S-parameter of a multi-chip circuit S’ for a(w) can be computed
from the TCAD simulation results of the MOSFET as following.

A network block B" consists of FET and parasitic components, as shown in Fig. 3.15
and 3.16(a).
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The impedances of the parasitic elements of the MOSFET are written as

ZSi = ja)Lsia (373)

Therefore, the admittance matrix ¥ of i-th MOSFET the attached parasitic inductances
and the gate resistance can be obtained as follows:

Mi . Mi '
Vi 11 Y +AYM1(ZS,- + Zy) Y, _AYM,ZSi
o Mi i M; . ’
Y Y, ' - AYMiz Y, +AYMi(Z, + Zy)
(3.76)
where
M; _ M, M; M; M,
AY = Y11 Y22 —Y12 Y21 , (3.77)
M; M; M; M,
y = 1+, "+Y, +Y,,"'+Y,,)Z
M; M;
Y| L + Yy ' Za;
+AYMi(Zdingi + ZgSiZsi + ZSiZdi)-
(3.78)

The Y-matrix of the network block B% can be calculated from the sum of the Y*. This is
written as

n
Pi=)7v (3.79)
i
Using this Y-matrix, S-parameter matrix S can be written as
St =(E -2, 0" (E+2Z,Y)7", (3.80)

where Z,, and E are the specific resistance and the unit matrix, respectively.
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a(w)

In calculating S” for a(w), other parasitic components need to be considered. The conversion

formula from a scattering matrix to a transfer scattering matrix 7' is written as

t t t t t
R StHs)t —sts). S
ft = %( 12221 ) 11°22 11). (3.81)
Sa1 —5» 1
For simplicity, the impedances of the parasitic element are written as
Zdt = jG)Ldt, (382)
Zoex = Ry (3.83)
The transfer scattering matrices are written as
R 2Zy - Z Z
s = % ( gex gex > (3.84)
0 —Zgex 27y + Zyex
and
R 27y~ 24 Z4
L= % < t t ) . (3.85)
0 —Zy 2Zy+ Zy

The net transfer scattering matrix can be derived from the product of these matrix as

follow,
Th=1s.7h.7L, (3.86)

Now, the total scattering matrix can be calculated as

A Th ThTE —ThT!
St %( 12 ‘1t | 2h21 ) (3.87)
T\ 1 -5

p(w)

For the oscillation condition factor f(w) when n = | + kK MOSFETSs connected parallelly, a
network block B! including / blocks of B’ connected parallelly are considered. The S-matrix
of B can be calculated from eq. (3.80).
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The conversion formula from a scattering matrix to a transfer scattering matrix 77! is

1 of 1 ol 1
= 1 <S1252]1_51]1522 S11>

1 t
Szll =S 212 1

written as

(3.88)

Similarly, by using a network block B including n blocks of B/ connected parallelly,
the S-matrix S can be calculated from eq. (3.80). The conversion formula from a scattering

matrix to a transfer scattering matrix 772 is written as

t t t t t

S2S2-85282 S?2

A 1 1221 11222 11
th = _t2 < t) > . (389)

S12 _Szz 1

For simplicity, the impedances of the parasitic element are rewritten as

Zst = ZdL+ijdt’ (390)
Zyex = Ryex + Zge. (3.91)

gex

The transfer scattering matrices are written as

) 2Z0—Zy  —Z,
o= . (3.92)
gex Z, 2dex + Z
and
. 2740 2 —Z
7= 221 ( ' . (3.93)
dLt ZO 2Zst + ZO

The net transfer scattering matrix can be derived from the product of these matrices as

follow,
Th=T1.TL.72 .7 (3.94)

Now, the total scattering matrix can be calculated as

h  hoh hph
St 1 (le T11T22_T12T21>

= — (3.95)
h
T\ 1 —Tzhl
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3.6 Comparison of oscillation conditions determined from

S-parameter and transfer function

In this section, the correspondence between the oscillation condition calculated using S-
parameter and that determined using the transfer function will be confirmed.

The oscillation condition of a Colpitts oscillator is discussed as an example circuit for
which an analytical solution of the oscillation condition can be easily obtained.

A circuit diagram of the Colpitts transmitter is shown in Fig. 3.17. Figure 3.18 shows a
small-signal model for a MOSFET.

JVDD
R
Ra b
. | #
. | c!
| |
Ca
Rc L
R, ——C,
1
1 1
Z;3 Z,
Z,
l — 1

Fig. 3.17 Circuit of Colpitts oscillator.
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Fig. 3.18 Small signal equivalent circuit for the Colpitts oscillator.

Z,

Z;3

o —————eo

Fig. 3.19 Two-port networks for Colpitts oscillator.

By setting Z,, Z,, Z5 to capacitance, inductance, and capacitance, respectively, the os-
cillator’s transmission condition can be calculated.
When the two-terminal network of the equivalent circuit is shown in Fig. 3.19,

The ABCD matrix of these circuit components are shown as the following equations

(Appendix A).
. _1
Fo= &m0 |, (3.96)
0 0

A 10
F = : (3.97)
1/1Z5 1
. (1 z
£ = 2. (3.98)
0 1
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A 10
£y = : (3.99)
11z, 1

The entire two-terminal network is written as

The transfer function V,/V is 1/A because of its definition.
The oscillation condition is
VIV, =1. (3.101)
Hense from
—8ml'al2Z, _
Zy(Zy+ Z3) +ry(Z + Zy + Z3)

1, (3.102)

the oscillation condition is written as
Zy(l+ g, r))Z+Zs+ry(Z+Zy+ Z3)=0. (3.103)
Because Z, and r,; are not zero,
(Z1+Zy,+ Z5)=0. (3.104)

The impedances of the each component is Z; = 1/jwCy, Z, = 1/jwC, and Z3 = joL,.

C.+C
w=]—1 8 (3.105)
L(C,+Cy

The gain conditon for the oscillation also is written as

The oscillation frequency is

: 3.106
gmrd - C_d ( . )
In the case of the S-parameter model, Fy and F; are connected in parallel, and I} and I’

are reflection coefficients (Fig. 3.20).
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Fig. 3.20 Two-port networks for equivalent small signal model.

The oscillation condition using the S-parameter is written as

S1285, I
1= (8, +212220L
I =851

228l Ly + L\ + Lo+ L)+ Z\(2y + Z5) (3.107)
(Zo+ 2o)(ry(8nZoZ) + Zo+ £ + Z3) + Z1(Zy + Z3))
=0

The impedance of the circuit parameters are Z, = l/jwCy , Z, = /jwCy,Z3 = joL,,
respectively. Hence, the oscillation frequency @ can be solved as

C,+C
W= —2 8 (3.108)
L(C,+C,)

2Zgr(gnZ\Zy+ Z1+ Zy+ Z3) + Z((Zy + Z3) =0, (3.109)

using equation

where Z, = l/jwC, , Z, = 1/joC,, and Z3 = jwL,. The gain condition for the

oscillation is also calculated as c

g
= —. 3.110
gmrd Cd ( )

These results agrees with the results calculated using the transfer function.



Chapter 4

Analysis of Oscillation phenomena of SiC
MOSFETs

4.1 Oscillation phenomena of SiC MOSFETSs on Type 11

short-circuit operation

SiC MOSFETs during short circuit operation can be unstable because of the oscillation
caused by the coupling between the MOSFET and the circuit elements such as parasitic
inductances, parasitic capacitances, and other MOSFETSs connected in parallel. The oscilla-
tion phenomena and its suppression will be discussed in this chapter.

The test circuit shown in Fig. 4.1 is used to investigate the SiC MOSFET oscillation. A
commercial 1.2 kV class SiC MOSFET C2M0080120 fabricated by CREE was used as DUT.
The resistance of this device is 80m£2. The oscillation phenomenon of the SiC MOSFET in
SC Type II was investigated by turning on the high-side FET after the low-side MOSFET
was turned on.

Figure 4.2 shows the gate resistance dependence of the experimental waveforms of a
SiC MOSFET during SC type II. Figure 4.2(a) and 4.2(b) show the waveforms when the
gate resistance of the device under test is set to 0 € and 15 Q, respectively. These results
show that oscillation can be caused during SC type II and it can be suppressed by increase
in the gate resistance.

To analyze the oscillation condition during SC type I, the chopper type equivalent circuit
shown in Fig. 4.1 is considered. L, is the 100 xH load inductor. Vj is a voltage power
supply, which is connected to a dc link capacitor Cy,. Vy, is a signal source. Ry is the gate

resistance, which consists of internal and external gate resistance of M. L, ;, Ly, and Lg;

gsl»
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Fig. 4.1 Evaluation circuit investigated in this chapter. The circuit consists of a high-side
diode and a low-side MOSFET. The ideal switch is connected in parallel with a high-side
diode to reproduce SC type II in transient simulation.
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(a) Waveforms for the gate resistance of 0 €2.
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(b) Waveforms for the gate resistance of 15 Q.

Fig. 4.2 Experimental waveforms during SC type II. Commercially available SiC MOSFET

(C2M0080120) was used.
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Fig. 4.3 Waveform of the gate voltage, the drain voltage and current of M1 at 10 us using
TCAD device simulation. Shortage of the high-side load causes an increase in drain voltage
and continuous oscillation.

are gate, drain and source inductances, respectively. Ly and Ly, are the inductance of the
power loop. The ideal switch .S is connected to the high-side diode in parallel.

The switching waveforms of the circuit shown in Fig. 4.1 was calculated by mixed-mode
TCAD simulation. In the calculations, the gate and drain voltages were set to 0/20 V and
600 V, respectively. To reproduce the SC type II in the simulation, .§; was turned on after
the low-side gate was turned on. For simplicity, the SPICE ideal model was adopted as the
high-side diode.

Figure 4.3 shows the waveform of drain voltage, drain current, and gate voltage of M1.
When the high-side switch .| was turned on at 10 us, the low-side MOSFET began to
oscillate. This behavior can cause circuit destruction and should be prevented by design op-
timization. In this case, this oscillation can be suppressed by increasing the gate resistance
above 2.9 Q. Although it can be calculated by mixed-mode TCAD simulation, it is time-
consuming. Therefore, parameter optimization requires a large number of computational

resources for more complex cases.
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gate oxide thickness 7,
«—

gate oxide

L p- channel

channel length L,

n- drift

n+ source
p+ base

Fig. 4.4 The two-dimensional half-cell of the TCAD device model of silicon carbide MOS-
FET

Table 4.1 Device parameters of the TCAD device model.

Lhcell 4.5 Hm LCh 0.3 Hm
n.p 5 X 1016 Cm_3 N grife 6 X 1015 Cm_3
TOX 50 nm Tdrift 15 Hm

4.2 TCAD simulation model for SiC-MOSFET

4.2.1 Device structure

The TCAD device model structure for a MOSFET is shown in Fig. 4.4. The device model is
modified from the structures of reference [67] and [79], which were proposed to reproduce
commercial SiC MOSFETs. A lightly doped p-type region was added as a channel region of
the MOSFET. Half-cell pitch Lj, ., channel length L, channel doping n,, oxide thickness
T,

ox» drift layer concentration ng;p, and thickness Ty are the device parameters. These

values are shown in Table 4.1.

4.2.2 S-parameter

S-parameters under specific operating conditions can be calculated using the small-signal
AC analysis function of the TCAD simulator as shown in chapter 3. In this study, the S-
parameters were computed from 100 kHz to 10 GHz. Some of these results are shown in
Table 4.2.
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5§

Table 4.2 S-parameter calculated by TCAD simulator.

Fregency St So1 Sz Sxn

Hz MAG. ANG. | MAG. ANG. | MAG. ANG. | MAG. ANG.
0.10M 0.988 -52.3 0.001 63.1 1715 153.2 0.463 -85.8
0.50M | 0.950-135.7 | 0.001 21.1 705.7 111.3 | 0.826-151.6
1.00M | 0.944-1569 | 0.00110.4 372.9100.6 | 0.867 -165.3
500M | 0.944-174.8 | 0.001-1.8 75.9489.3 | 0.883-176.7
10.0M | 0.948 -176.6 0.001 -6.6 38.0085.4 | 0.886-177.8
50.0M | 0.984-178.1 | 0.001-15.7 6.08178.5 | 0.907 -178.6
100M | 0.994 -178.9 | 0.001-13.2 2.81678.8 | 0.913-178.9
500M | 0.998 -179.7 | 0.001-18.0 0.508 63.7 | 0.925-178.2
1.00G | 0.999 -179.8 | 0.001 -27.4 0.22143.8 | 0.943-177.6
5.00G 1.000 -179.9 | 0.000-43.7 | 0.015-48.2 | 0.996 -178.6
100G | 1.000-180.0 | 0.000-44.2 | 0.003-120.8 | 1.000 -179.4

4.3 Calculation for a single MOSFET

Stability of MOSFET during SC type Il is evaluated using the oscillation condition factor

a(w) introduced in chapter 3.

First, the equivalent circuit for the operation point selected is derived as follow. Since

the short-circuit condition of the load is considered, the diode D on the high side and L,

are replaced by a short circuit. The capacitance of the power supply and the capacitance

connected in parallel with the power supply are also assumed to be sufficiently large and are

replaced by shorts. Then the chopper circuit presented in Fig. 4.1 can be transformed to the

equivalently small-signal circuit shown in Fig. 4.5. In this equivalent ciruite, Z; is defined

as ZL = ja)LdL.

Fig. 4.5 Simplified equivalent circuit.
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A signal flow graph is created using the equivalent circuit shown in Fig. 4.5 and the
S-parameters. The loop gain of the device to be focused on is calculated using Mason’s rule

as shown in chapter 3.

S~
p—

Fig. 4.6 Equivalent Signal flow graph.

Then the loop gain is written as

b I
. | — 4.1)
b (1 -Igly)
The oscillation condition can be considered as the denominator of eq. (4.1) is zero at a
particular frequency.

The oscillation condition factor is defined as

S8y > r
S+

= (5, 2122 L
@) <11 1 = 85I,

4.2)
in this study.

Figure 4.7 shows the gate resistance dependence of the Nyquist plot of a(w). The S-
parameter of the MOSFET is calculated at V5 = 600 V and V, =20 V with TCAD simulation.
As the gate resistance R, increases from 1.0 Q to 11.9 Q, the intersection of the plotted line
and the imaginary axis moves from left to right of (-1, 0j). The intersection represents the
intensity of the loop gain. Thus, the oscillation is suppressed when the intersection is to the
right of (-1, 0j). The gate resistance when the intersection is at (-1, 0j) is defined as the
critical resistance.
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Fig. 4.7 The Nyquist plot of the oscillation condition factors a(w).The circuit parameters
are setas Ly = 10 nH, Ly, = 1 nH, Ly = 1 nH, and Ly = 1 nH. These plots show the
calculated results when w changes from 100 kHz to 1 GHz. The circle points indicate the
calculation results at 100 kHz.
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Fig. 4.8 L, dependence of the external resistance (Ry;) to suppress the oscillation. The line
represents the boundary between the stable and unstable regions. The circles and crosses
are the results of the TCAD simulation, which indicate where the oscillation was suppressed
and occurred, respectively.

Figure 4.8 shows the critical gate resistance dependence on the source inductance. The
result calculated from equation (3.58) is indicated by the solid line. The left- and right-hand
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side of the line represent the stable region, and the region where oscillation occurs, respec-
tively. The same graph shows the results calculated using a mixed-mode TCAD transient
simulation. The crosses indicate points where oscillation has occurred, and the circles indi-
cate points where oscillation has been suppressed. In the TCAD simulations, if the amplitude
of the gate oscillation tends to continue or increase at 50 ns or 100 ns from the start of SC,
the condition is determined as unstable.
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Ly1

Fig. 4.9 The critical resistance (R,) to suppress the oscillation evaluated by the oscillation
condition factors a(w). The circuit parameters are set as Ly, = 1 nH, Ly; =2 nH, and Ly
=1 nH.

In the R,; and L,; dependence of the oscillation, the boundary between the oscillation
and non-oscillation regions calculated by the proposed method is consistent with the transient
analysis results of the TCAD simulation. The proposed method enables us to estimate the
device and circuit parameters required to suppress oscillation.

Figure 4.9 shows the dependence of the critical gate resistance on Ly; and L. The
critical gate resistance differs depending on the circuit parameters. From this graph, the
critical gate resistance decreases as Ly; increases. This shows that the circuit is changing in
a stable direction. In contrast, when L; is increased, the circuit becomes unstable because

the critical gate resistance increases.
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Fig. 4.10 Bode diagram of the oscillation factor a(w). The phase and gain of the loop gain
are -180" and O db respectively, when Ry = 3.1 Q. In contrast, the phase and gain of the
loop gain are -180° and -3 db respectively when Ry = 11.9 Q.
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Fig. 4.11 Gate resistance dependence of the gate voltage waveform. When R, = 3.1, 11.9,
and 22.3 Q, the gain corresponds to 0 dB, -3 dB, and -6 dB, respectively.

In an actual design, some gain margin is required. Figure 4.10 presents the resistance

dependence of the loop gain and phase. The points at which the phase shift becomes -180°
are 430 MHz for each resistor. When Rg = 3 €, the loop gainis 0 dB at 430 MHz. This is the
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critical resistance when the oscillation occurs or not. Conversely, when the gate resistance
is 11.9 Q, the loop gain at 430 MHz becomes -3 dB.

Figure 4.11 shows the gate voltage waveforms calculated with the mixed-mode TCAD
transient simulation. The waveform changes depending on R,;. The gate resistances of 11.9
and 22.3 Q correspond to gain margins of -3 db and -6 db, respectively. From this result, the

sufficient damping effect is obtained by the gain margin of -3 db in this case.

4.4 Calculation for parallel connected SiC MOSFETs

4.4.1 Signal flow model for MOSFETs connected in parallel

In this section, oscillation in a circuit in which MOSFETs are connected in parallel will be
considered. Because MOSFETs are generally connected in parallel in high-power modules,
it is necessary to evaluate the circuit parameters for a stable operation on the circuit. Feed-
back signal loops via parallel-connected MOSFETs can reduce the stability of the circuit
compared to the circuit consisting of the single MOSFET described above. The stability
analysis method for parallel connection will be carried out using a chopper circuit as shown
in Fig. 4.12. The circuit consists of one high-side diode and two low-side MOSFETs con-
nected in parallelly. The active areas of the MOSFETs are half of the single MOSFET as
shown in Fig. 4.1. Parasitic capacitance and mutual inductance of the package are ignored
in this equivalent circuit, they can be considered by using the S-parameter obtained from,
simulations and analytical calculations using the proposed method. The stability in the SC

type Il operation will also be discussed.

Fig. 4.12 Evaluation circuit used to calculate oscillation conditions when MOSFETs are
connected in parallel.

Figure 4.13 shows the equivalent circuit model in which the diode, signal source and
load are modeled similar to that of a single device. The difference from the single-device
case is that the MOSFETSs are connected parallelly.
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Fig. 4.13 Simplified small signal equivalent circuit
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The oscillation condition factor a(w) can be applied to a multi-chip case. The S-parameter
of a multi-chip circuit S? can be computed from TCAD simulation results of the MOSFET
as shown in eq. (3.87). When we use S?, oscillation condition factor a(w) can be written as

S8t T
a(w) = - <S{1 + %) T, (4.3)
TP L

where I'g and I'| are the input and the load reflection coefficient, respectively.

The oscillation condition factor @(w) can only compute the common oscillation mode.
When MOSFETs are symmetrically connected and with low impedance, the oscillation can
be induced by differential oscillation mode[49, 48]. To compute this mode, the other oscil-
lation condition factor f(w) introduced in chapter 3 is used. Figure 3.16(a) and 3.16(b) show
the equivalent circuit and the signal flow graph of this oscillation mode. In this equivalent
circuit, the input signal is transferred through the drain of MOSFETS to the gate of the sec-
ond MOSFET. After the signal passes through the gate of the second MOSFET, the signal
is fed back to the gate signal of the first MOSFET.

To compute the stability of the circuit, a virtual ground and virtual signal source at port
1 are set as shown in Fig. 3.16(a). b, is the virtual input signal. a;, b;, a,, and b, are power
waves. S’ is an S-parameter of two-port network consisting of power MOSFETs and passive
components as shown in Fig. 3.16(a). S’ can be computed from the TCAD simulation results
of the MOSFET using the signal flow-graph analysis technique. The oscillation condition

of the circuit can be written as

R
1 - (Sél + ! 2}) = 0. 4.4)
-,

To compute the oscillation condition, the Nyquist stability condition is used. The oscil-

lation condition factor is introduced as

St St
fw) = — (Sél + 22). (4.5)

1
1-5),
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portl . port2
S’ :
B" Bt B" B
Ry Lyoi |
0000 1 [ 15000
: Ls gl Refx ,
= LSl I SZdL S L82 Zés :

(a) Simplified small signal equivalent circuit

1
o t
b, | S5, b,
t t
Sll SZ2
t
Sl2
b, a
1
(b) Signal flow graph

Fig. 4.14 Simplified equivalent circuit and signal flow graph to evaluate the oscillation con-
dition.

4.4.2 Calculation results of oscillation of MOSFETs connected in par-
allel

Figure 4.15(a) shows the Nyquist plot with a(w) and (@) whose circuit parameters are set as
Ly = Ly, Lgy = Ly, and Ly = Lgg. The Nyquist plot with f(w) moves to the left-hand
side of the point (-1, 0j). In contrast, the Nyquist plot with @(@w) moves to the right-hand
side of the point (-1, 0j). Therefore, the oscillation condition f(w) determines the stability
of the circuit. This result reveals that inter-chip oscillation tends to occur when MOSFETS

are connected symmetrically in parallel.
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Fig. 4.15 The Nyquist plot with the oscillation condition factors when the circuit parameters
are setas Ly = L, = 10 nH, Ly, = 1 nH. These plots show the calculated results when @
changes from 100 kHz to 10 GHz. The circles and cross points indicate the results of the
calculation at 100 kHz. The square points indicate the point (-1, 0j).
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Figure 4.15(b) shows the Nyquist plot with a(w) and f(w) oscillation condition factors
Ldl < Ld2’ le = Lsz, and Rgl = Rgz.
The Nyquist plot with a(w) moves to the left-hand side of the point (-1, 0j). In contrast,

when the circuit parameters are set as L,y < Ly,
the Nyquist plot with f(@w) moves to the right-hand side of the point (-1, 0j). Therefore,
the oscillation condition @(w) determines the stability of the circuit. This result implies that
common mode oscillation tends to occur when the MOSFETS are connected asymmetrically
in parallel.

Figure 4.15(c) shows R, and Ry, dependence of the Nyquist plot with f(w) oscillation
condition factors when the circuit parameters are set as Lyg; = Lo, Ly = Lgp, L) = L.
The blue line shows f(w) when Ry =2.0 Q and R,, = 8.0 Q. The red dotted line shows
B(w) when R,y = 8.0 € and Ry, = 2.0 Q. Comparison between f(w) of Ry; > Ry, and
B(®w) of Ry; < Ry, shows that the exchange of the order of Ry, and Ry, does not affect the
derivation of the critical resistance. When other parameters are different, such as L,y >
L

resistance. In the following discussion we will consider the case where R

the exchange of the order of devices also does not affect the derivation of the critical

=R, .
gl g2
Figure 4.16(a) and 4.16(b) show the critical gate resistance (Ry;= R,;) evaluated with

gs2»

the oscillation condition factors a(w) and f(w) when the circuit parameters are set as Lg;
= Ld2 =2 nH, LSI = LS2 =10 nH, LgSl =2 nH, LdL = 1, Ld[ =1 nH, and Rgex= 1.5
Q. In these results, the region indicated as Ry; = Ry = 0 Q satisfies the Nyquist stability
condition when Ry = Ry, > 0. Thereore, there is no oscillation in the area.

In Fig. 4.16(a), in the region where Ly, is smaller than 15nH, the circuit becomes
more stable as Ly, is increased. However, there exists a region where the circuit becomes
unstable even when L,, assumes the values around 17 nH. This region becomes smaller as
L increases. In Fig. 4.16(b), a larger damping resistance is required as Ly, is decreased.

In order to investigate the oscillation when L, is approximately 17 nH, the dependence
of the critical resistance on Ly, and Ly, when Ly = 1 nH was evaluated. Figure 4.17(a)
and 4.17(b) show the critical resistance of R,; = R,, computed with the oscillation factor
a(w) and f(w) when Ly, and Lgs2 are used as parameters. As L, increases, the region of
L, where the circuit becomes stable decreases. This result implies that the loop through
the feedback capacitance and the inductance of L,y, and Ly, contribute to this oscillation
mode. Although optimizing Ly, Ly, and Lg; can suppress oscillation, its applicable range
is limited because of the trade-off relationship with increasing surge voltage.

It is also possible to suppress oscillation in this mode by increasing the R,.,. However,
as the total resistance per chip increases, the switching loss increases. Therefore, the increase

in total gate resistance should be minimized.
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(a) Critical gate resistance (Rgl = Rgz) evaluated by oscillation condition factors a(w).
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(b) Critical gate resistance (Rgl = Rgz) evaluated by oscillation condition factors f(w)

Fig. 4.16 Critical gate resistance (Ry; = Ry,) evaluated by the oscillation condition factors
a(w) and f(w). The circuit parameters are set as Ly; = Ly, =2 nH, Ly = L, = 10 nH,

Lo =2nH, Ly, = 1nH, and Ry = 1.5 Q.
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(b) Critical gate resistance (Rgl = Rgz) evaluated by oscillation condition factors f(w).

Fig. 4.17 Critical gate resistance (Ry; = Ry,) evaluated by the oscillation condition factors
a(w) and f(w). The circuit parameters are setas Lqy =2 nH, Ly = Ly = 10nH, Ly =2

nH, Ly =1, Ly, =1nH, and Rgex =1.5Q.
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(a) Critical gate resistance (Rgl = Rgz) evaluated by oscillation condition factors a(w).
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(b) Critical gate resistance (Rgl = Rgz) evaluated by oscillation condition factors f(w).

Fig. 4.18 Critical gate resistance (R,; = Ry,) evaluated by the oscillation condition factors
a(w) and f(w). The circuit parameters are set as Ly; = Ly, =2 nH, L, = L, = 10 nH,
Ly =2nH, Ly =1nH, and Ly = 1 nH.

Figures 4.18(a) and 4.18(b) show the critical resistance of R, = Ry computed using
a(w) and f(w), respectively. In Fig. 4.18(a), the resistance required for oscillation suppres-
sion decreases as Ry, increases. Especially in the range of Ly, < 10 nH and R, > 2.5

Q, Ry and Ry, are not necessary for oscillation suppression. In Fig. 4.18(b), the critical
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resistance is decreased by adding Ry, When Ly, > 10 nH. In contrast, in the range of L, <
10 nH, the increase of R, is not effective in reducing the critical resistance.

For actual design, it is necessary to have several gain margins. Figure 4.19 shows the
total gate resistance perchip 2 X Ry, + Ry to suppress oscillation with a 3 dB gain margin
computed using a(w) and f(w). As Rgex is increased, the critical resistances obtained from
a(w) and f(w) are both reduced. The total resistance required for oscillation suppression,
which is determined by a(w), has a minimum value when R, is 1.5 Q. In contrast, the R,
dependence of the critical resistance determined by f(w) is small, and the total resistance

monotonically increases with an increase in Ry, .

50

40

Total Ry per chip [Q]
w
o

—¢— Ry by a(w) 3 db margin
Rg by B(w) 3 db margin

105 5 10 15 20
Rgex [Q]

Fig. 4.19 Total gate resistance par chip evaluated by oscillation condition factors a(w) and
p(w) with 3 db gain margin. The circuit parameters are setas Ly; = Ly, =2nH, L, = Ly,
=10nH, Ly =2nH, L 5nH, Ly =1,and Ly = 1nH.

g2 =

As described above, the proposed method is simple; however, it can be used to determine
the circuit parameters required for oscillation suppression. For oscillation suppression under
SC conditions, it is effective to reduce the source inductance and increase the drain induc-
tance. In addition, by increasing the gate resistance of each FET, the inter-chip oscillation
can be reduced. The proposed method enables us to optimize the total resistance required

for oscillation suppression.



70 Analysis of Oscillation phenomena of SiC MOSFETSs

4.5 Summary

In this chapter, the oscillation phenomena in SiC MOSFET are investigated using the method
introduced in chapter 3 to evaluate oscillation condition. The proposed method can be used
to evaluate the oscillation condition depending on the device and circuit parameters during
the SC type II through a simple calculation using a signal flow method and S-parameter,
computed using TCAD device simulation. Parameter optimization against the oscillation
phenomena has been simplified compared with the mixed-mode simulation.

For devices that can operate at high speed, such as SiC MOSFETSs, chip-to-chip oscilla-
tion may occur when multiple devices are connected, even if optimization is performed for
a single-device design. In this case, it is necessary to increase the gate resistance to stabilize
the circuit operation because the device parameters have already been determined. If the gate
resistance and overall device and circuit parameters can be adjusted, the trade-off between
loss and stable circuit operation can be improved. This method enables the optimization of
device and circuit parameters from the initial stage of module design. Furthermore, it is a
useful method for the power device, gate driver, and package design.



Chapter 5

Analysis of Oscillation phenomena of
Si-IGBTs

In this chapter, the oscillation phenomena of Si-IGBTs under short circuit Type II conditions
are experimentally measured and analyzed using the proposed method. The electron-hole
plasma inside the device can also be the origin of oscillation phenomena in IGBTs, unlike
SiC-MOSFETs described in the previous chapters. The relationship between the internal

carrier response of the IGBT and oscillation phenomena are investigated in this chapter.

5.1 Oscillation phenomena of Si IGBTs on short-circuit Type

IT operation

5.1.1 Experiment for oscillation on Type II short circuit operation

Figure 5.1 shows the circuit used in the experiments to investigate the oscillation phenomena
in the SC type II. Commercial Si-IGBTs (Infineon IGWO8T120FKSA1 1200 V, 16 A) were
used as the device under test (DUT). Lg, Lg, Lo, Lpc are stray inductances, and L, is
the load inductance. These values are determined by measurements using an impedance
analyzer and the switching waveform comparison.

An Si-IGBT module (Mitsubishi electric CM400DY-34T, 1700 V, 400 A) with a suf-
ficiently high rated current was used as the high-side switch .§;. The experiments were
conducted at room temperature. The driving gate voltage was 20/-5 V. The gate resistance
R and collector voltage V- are variable. Table 5.1 shows the evaluated parameters. To

reproduce the SC type II, .$; was turned on while the low-side gate was turned on.
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Table 5.1 TCAD device parameters shown in Fig.5.5.

Lg L¢ Lpc Lg L,
200 nH 5 nH 20n H 20 nH 100 uH
Rg Virive 00 Vpyie Off Ve Cpc
variable 20V S5V variable 100 u F

Figure 5.2 shows the switching waveforms of the IGBT in SC type II when Vp = 100
V and R; = 3.3 Q. It can be seen from Fig. 5.2 that the short-circuit event induced the
gate voltage, the collector voltage and the collector current oscillations. This oscillation was
affected by the collector voltage. Figure 5.3 shows the switching waveforms when Vp =
100V, RG =3.3Qand V- =600V, R; = 1.2 Q. Under each condition, the gate and drain
voltages oscillation occurred in SC type II when V- = 100 V and 600 V, respectively. The
oscillation frequencies were 9.2 and 15.1 MHz when V- = 100 V and 600 V, respectively.

—mm-{_H 1
e e ()
@tVDrive % Ly

Fig. 5.1 Evaluation circuit investigated in this study. The circuit consists of a high-side IGBT
with a parallel connected fast recovery diode and a low-side IGBT.

Fig. 5.2 Switching waveforms of the IGBT in SC type II. The high-side switch was turned
on during low-side IGBT.
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Fig. 5.3 Enlarged switching waveforms of the IGBT in SC type II. The high-side switch was
switched on while the low-side IGBT was on. The short-circuit current induced a parasitic
oscillation of the IGBT.

These oscillations can be suppressed by increasing the gate resistance. Figure 5.4 shows
the presence of oscillations depending on the gate resistance and collector voltage. The cir-
cles indicate the points that oscillation was not observed, and crosses indicate the points that
oscillation was observed. The gate resistance required to suppress the oscillation increased
with decreasing collector voltage. Based on this result, oscillation is more likely to occur as
the collector voltage decreases.
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Fig. 5.4 Dependence of the occurrence of oscillation on gate resistance and collector voltage.
The circles indicate the points that oscillation was not observed, and crosses indicate the
points that oscillation was observed.

5.2 TCAD simulation model for Si-IGBT

To investigate the oscillation phenomena of the Si-IGBT, the signal flow method and S-
parameter computed from TCAD device simulation introduced in chapter 3 are adopted.

A TCAD simulation model is introduced to calculate the oscillation condition factor
a(w). An IGBT with a trench field-stop structure [80, 81] was used as IGWO08T120. The
detailed design parameters of the IGBT were unclear because it was a commercial product.
Thus, the structure shown in Fig. 5.5 was assumed.

The device parameters were determined by referring to previous studies on the simula-
tion model analysis for trench field stop IGBTs [82] and by comparing the calculation results
with the characteristics provided in the datasheet [83]. The I.-V . characteristics were calcu-
lated based on these parameters in Fig. 5.6. The on-voltage calculated of 1.7 V using TCAD
simulation is equivalent to that in the datasheet. The calculated saturation current character-
istic at high voltage is approximately 100 A, which is similar to the saturation current in the
SC test. The calculated capacitance characteristics are shown in Fig. 5.7. The calculated
curves shows agreement with the capacitance values in the data sheet. Table 5.1 lists the
device parameters of the TCAD device model.
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Fig. 5.5 Schematic of simulation model structure of the trench IGBT.
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Fig. 5.6 Collector-Emitter current versus voltage by TCAD simulation.
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Fig. 5.7 Collector voltage dependences of the input, output, and feedback capacitances cal-
culated using TCAD simulation.

Table 5.2 Device parameters of the TCAD device model

Ldrift 130 Hm Ltrench 4 pm
L., 1.3 ym Lp " 5 ym
Wirench 2 pym Lp—base 3.5 ym
My base | 5% 100 em™ [ npgqe [ 1% 10 cm™
Mn—buffer 2x 10]7 Cm_3 Ln—buffer 2 ym

The S-parameters of assumed simulation model structure can be calculated using the
small-signal ac analysis function of a TCAD simulator. Table 5.3 presents the frequency
dependence of the S-parameters. Fig. 5.8 shows the S-parameters plotted on the Smith
charts, which are representation in the reflection coefficient plane. In the graphs of §;; and
S5,. the abscissa is the magnitude of the real part of the reflection coefficient. The upper half
has a positive complex component and the lower half has a negative complex component. It
is normalized by the characteristic impedance. The reflection coefficient is O at the center,
1 at the right end, and -1 at the left end, respectively. In the graphs of S|, and S,;, the
radial direction indicates the magnitude of the reflection coefficient, and the angular direction
indicates the phase. Here, the S-parameters were computed from 100 kHz to 1 GHz.
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(c) Sy (d) S,

Fig. 5.8 Smith charts of the calculated S-parameter when V; = 100 V.

5.3 Analysis of device operation during the oscillation

In this section, stability analysis is carried out using the oscillation conditional factor a(w)
introduced in chapter 3. The collector voltage dependence of the critical gate resistance to
suppress the oscillation is calculated and compared with the experimental results.

A small-signal equivalent circuit is introduced to analyze the oscillation condition. High-
side diode D and L,, can be considered to be shorted during SC type II. The gate voltage
source Vp,e can be replaced as its source impedance Z and small-signal source V. Based
on these assumptions, Cp can ignore its impedance in the frequency range where oscillation
phenomena occur. The chopper circuit presented in Fig. 5.1 can be transformed into an
equivalent small-signal circuit, as shown in Fig. 5.9. Z| is defined as Z; = joLpc. S is
defined as the S-parameter in the area enclosed by the dotted black line in Fig. 5.9.
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Table 5.3 S-parameter calculated by TCAD simulator

Fregency St So1 S Sx
Hz MAG. ANG. | MAG. ANG. | MAG. ANG. | MAG. ANG.
0.10M | 0.928 -24.99 | 0.0006 68.51 | 479.9 152.0 | 0.4826 -141.3
0.50M | 0.778-79.74 | 0.0016 41.17 | 216.9 117.9 | 0.8658 -161.5
1.00M | 0.806 -112.6 | 0.0021 28.72 | 125.0 103.3 | 0.9456 -169.2
5.00M | 0.955-161.7 | 0.0026 8.222 | 22.50 81.48 | 0.9803 -177.9
10.0M | 0.979 -170.3 | 0.0027 4.288 | 10.05 78.54 | 0.9803 -179.0
50.0M | 0.994-177.9 | 0.0027 1.400 | 1.57377.67 | 0.9811 -179.8
100M | 0.996 -178.9 | 0.0027 1.561 | 0.70578.30 | 0.9811 180.0
500M | 0.997 -179.8 | 0.0028 3.415 | 0.127 82.43 | 0.9753 179.5
1.00G | 0.997 -179.9 | 0.0030 3.401 | 0.073 76.549 | 0.9677 179.5
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Fig. 5.9 Simplified equivalent circuit.

Fig. 5.10 shows the signal flow graph of the equivalent circuit shown in Fig. 5.9. b is
the input signal. ay, by, a,, and b, are the power waves defined as in eq. (3.1) and eq. (3.2).

I';, and I'g are the input and load reflection coefficient, respectively. These are defined
as in eq. (3.11) and written as

r :ZL—ZOF :Zs—Zo
Lo zi+v2z, 5 Zg+ zy

(5.1)

where Z¢ and Z; are the impedances of the signal source and the load, respectively. Their

impedances are expressed as Zg = iwLg and Z; = iwL pc, respectively.
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Using the signal flow graph analysis technique [84, 85], I, can be written as:

> Lin

b 815,85, T
Fin:—lzsll'l‘—lz 21 L. (52)
al 1- S22FL
The transfer function b,/bg can be written as follows [84, 85]:
b I
L= (5.3)
bs 1- I_‘Srin

The oscillation condition can be calculated using the loop gain of the signal flow graph

is shown in figure 5.10. The oscillation condition factor a(w) is written as:

8128, T
a(w)=— (8, + =221 ). (5.4)
al SZI b2
O
b 1

Fig. 5.10 Equivalent signal flow graph.

The dependence of the critical gate resistance on the collector voltage to suppress the
oscillation is calculated using the oscillation condition factor a(w) and compared with the
experimental results. Figure 5.11 shows the gate-resistance dependence of the Nyquist plot
of a(w). The S-parameter of the IGBT is calculated at V, = 100 V and Vg = 15 V using
the TCAD simulation. As the resistance increases from 0.0 Q to 10 €, the intersection of
the plotted line and the imaginary axis moves from left to right of (-1, 0;). The intersection
represents the loop gain intensity. Thus, the oscillation is suppressed when the intersection
is to the right of (-1, 0j).

Figure 5.12 shows the calculated collector-voltage dependence of the gate resistance to
suppress oscillations. The gate resistance decreases as the collector voltage decreases. These

results are consistent with the experimental results.
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Fig. 5.11 The Nyquist plot of the oscillation condition factors a(®w) when V=100 V and V,,
=20 V.
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Fig. 5.12 Calculated drain voltage dependence of the gate resistance to suppress the oscilla-
tion.

5.4 Analysis of oscillation mechanism

The origin of the oscillation suppression during SC type II at higher collector voltages is

discussed in this section.
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Figures 5.14 and 5.13 show the electric field and carrier distribution during SC type 11
calculated using the TCAD simulation when V, = 100 V and 600 V, respectively. In Fig.
5.14, the solid and dotted lines indicate the electron and hole distributions, respectively. The
cut-out position is the right end of the cross-sectional view of the device shown in Fig. 5.5.

The conductivity modulation is induced by the hole injection from the collector side.
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Fig. 5.13 Electric field distribution during SC type II when V, = 100 V and 600 V.
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Fig. 5.14 Carrier density distribution during SC type 1I when V. =100 V and 600 V.
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When V, is 100 V, there is a region where the carrier density decreases up to approxi-
mately 30 gm from the junction surface. This carrier distribution indicates that the electron-
hole plasma from the device surface to 30 ym is swept out when V, = 100 V. As observed
in the electric field distribution in Fig. 5.13, the electric field increases and exhibits a trian-
gular shape in this region. The region with high electric field intensity increases to 70 ym by
increasing the collector voltage up to 600 V, as shown in Fig. 5.14. The maximum electric
field is not higher than the critical electric field of silicon. Therefore, it is considered that
this oscillation is not caused by the carrier generation mechanism of impact ionization, as in
the IMPATT oscillation.

Figure 5.15 also shows the current density distribution during SC type Il using the TCAD
simulation when V, = 100 V and 600 V. The current flows from the collector side through
the floating p-region and trench channel to the emitter. A narrowing of the current occurs
in the high-electric-field region, and its width becomes narrower as the collector voltage

increases.
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Fig. 5.15 Current density distribution when V, = 100 V and 600 V.
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In the TCAD simulator, &, 1S expressed using dc and ac components [78]. The ac
response ¢ to the external field is defined as follows:

Eioral = Epc + Eac = Epc + £’ (5.5)

leld
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Fig. 5.16 Response Distribution at 10MHz.

Figure 5.16 shows the real and imaginary parts of the frequency responses of the elec-
trons and hole densities against the collector voltage. The cases of 100 V and 600 V collector
voltages are shown. The carrier density response at the plasma region boundary increases
under each voltage condition. This carrier density response at 100 V is higher than that at
600 V. These results imply that in the oscillation state, increase or decrease in the thickness
of the high-electric-field region is propagated as a modulation of the carrier concentration at
the edge of the electron—hole plasma region.

Figure 5.17 shows the electric potential response inside the device when V. is 100 V and
600 V. This result shows that the change in the electric potential corresponds to the carrier
swept region and it depends on the collector voltage. Figure 5.18 shows the derivative of the
electric potential response. This can be considered as the response of the electric field.



84 Analysis of Oscillation phenomena of Si-IGBTs

1.20E+00
E
g
2 1.00E+00
g
.82 8.00E-01
£
3
6.00E-01
3 V¢ 100V Real response
E V¢ 600-VReal response
& 4.00E01 Ve 100 V Img response
= Ve 600-V Img response

2.00E-01

0.00E+00
0 50 100 150

Depth from the emitter side
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Fig. 5.18 Electric field responses for corrector voltages calculated by derivation of the po-
tential response when ¥, = 100 V and 600 V.

Figure 5.19 and 5.20 shows the time dependence of the electric field calculated by real
and imaginary parts of the electric field response shown in Fig. 5.18. When the collector
voltage is 100 V, the response of the electric field is quadrangular rather than triangular. The
width of the high-electric-field region decreases when the collector voltage is 100 V than
when the collector voltage is 600 V. When the collector voltage is 600 V, the electric field

response remains small because of the wider high electric field region.
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These periodic modulations of electron—hole plasma density and electric field intensity
have been reported in previous studies using TCAD mixed-mode simulations [74, 86]. The
proposed method can consider the internal device behavior without using mixed-mode sim-

ulation.
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Fig. 5.19 The time dependences of electric field distribution when V, = 100 V.
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Fig. 5.20 The time dependences of electric field distribution when V, = 600 V.

As mentioned above, the electron-hole plasma contributes to the oscillation in response
to the external field. The carrier density and electric field distribution response to the external
field are reduced when a higher voltage is applied. In the oscillation state, the current re-

sponse to the external field depends on the carrier density, electric field, and carrier mobility.
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These properties depend on the position in the device and interact with each other. Hence
estimating the current response is generally complicated. However, the TCAD simulation
can simultaneously calculate these effects as a Y-parameter.

Figure 5.21 and figure 5.22 show the frequency dependence of the Y-parameter from
collector to collector and collector to gate when V, = 100 V and V. = 600 V, respectively.

As can be seen from these results, the frequency response at lower voltages is greater than

that at higher voltages.
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5.5 Summary

The oscillation phenomenon of trench-type IGBTs during SC type II was experimentally in-
vestigated. The oscillation during SC operation could be suppressed by increasing the gate
resistance. The resistance required for oscillation suppression decreased with the increase
in the collector voltage. The oscillation conditions were calculated from the signal flow
graph using the S-parameter of the trench-type IGBT based on the TCAD simulation. The
calculation results reproduced the locus of the collector voltage dependence of the gate re-
sistance required to suppress oscillation. The proposed method can be used to evaluate the
oscillation condition depending on the collector voltage and gate resistance through a sim-
ple calculation using a signal flow method and the S-parameters, computed using a TCAD
device simulation.

The internal state of the device during the oscillation was also investigated using a TCAD
simulation. It has been found that a high-electric-field region is formed at the base-drift layer
boundary, and the effect of the carrier density modulation is transmitted to the collector side
through the electron-hole plasma region during the oscillation. Moreover, the carrier and
current responses to the external field are higher at lower collector voltages than these at
higher collector voltages. The volume of high-electric-field was smaller than that at high
collector voltages. On the other hand, the volume of electron-hole plasma region is lager at
lower collector voltages than that at higher collector voltages. These results suggest that the
transfer characteristics of the carrier distribution through the carrier discharge region and
the electron-hole plasma causes the drain voltage dependence of the short-circuit oscillation

conditions.






Chapter 6

Conclusions

6.1 Summary

Power devices are expected to play an important role in the effort to achieve net zero CO,
emissions. In this dissertation, the novel design method to analyze the stable operation of
power devices is proposed. This method is based on the S-parameter obtained from TCAD,
and the internal operating state of the device can be directly incorporated into the stability
analysis. The proposed method is applied to the oscillation phenomena of SiC-MOSFETs
and Si-IGBTs during short-circuit operation, and the effectiveness of the method is verified
by comparing the calculation results of the proposed method with those of conventional
calculation methods and experimental results.

In chapter 1, the trend of research and development on improving the characteristics of
Si-IGBTs and SiC-MOSFETs for volume and weight reduction and efficiency improvement
of power conversion systems are described.

In chapter 2, the oscillation phenomena of Si-IGBTs and SiC-MOSFETs in power con-
version systems is discussed, and previous studies on the suppression of oscillation phe-
nomena are summarized. The requirement of the comprehensive approach for power device
design and power conversion system design to take advantage of the improvement of power
devices is discussed.

In chapter 3, the novel method for analyzing circuit stability based on the S-parameter
and the SFG is proposed. This method allows us to calculate the stability of the entire circuit
system by considering the external field response without simplifying the internal device
states such as carrier and electric field distribution in the device.

By applying Mason’s rule to the SFG, the signal gain for the focused mode can be easily
calculated. In addition, stability analysis using the Nyquist plot allows the designer to not
only judge the stability of the design parameters but also to quantify the the margins.
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In chapter 4, the usefulness of the proposed method is verified by applying it to the os-
cillation phenomena of SiC MOSFETSs during SC Type II operation. The S-parameters are
calculated using TCAD for a commercial SiIC MOSFET, and stability analysis is carried
out. The critical gate resistance for oscillation suppression is obtained by the mixed mode
TCAD simulation and proposed method. The agreement between the proposed method and
the results of TCAD mixed mode simulation is confirmed. In this study, stability analysis
is carried out for the two modes that are the oscillation caused by coupling with parasitic
elements of the circuit and oscillation induced by devices connected in parallel. The char-
acteristics of each mode during short-circuit operation are clarified, and the stability phase
diagrams in the design parameters space are calculated for each oscillation mode.

In chapter 5, the proposed method is applied to the oscillation phenomena of Si-IGBTs
under SC Type II. It was experimentally confirmed that oscillation occurred during SC Type
IT and it was suppressed by increasing the gate resistance and the collector voltage. The
stability analysis using the proposed method is carried out. Using the Nyquist plot, the
critical gate resistance required to suppress the oscillation is obtained and its the collector
voltage dependence is estimated. As a result, it is confirmed that the critical gate resistance
decreases as the collector voltage increases. Then the proposed method agrees well with
the experimental results. The internal behavior of the device in the oscillation state is also
analyzed. During the short-circuit operation, the high electric field region with the triangular
electric field distribution is formed at the boundary between the base and drift layers due to
decrease in the carrier density. When this region expands or contracts due to the external
field, the carrier distribution at both ends of the electron-hole plasma region is modulated.
This modulation is found to be more responsive when the collector voltage is lower. From
the correspondence with the experimental results, it can be considered that the response to
the external field of the high field region and the plasma region caused by the short circuit,

in combination with the external circuit, causes the oscillation during the short circuit.

6.2 Significance of the proposed method to the power con-

verter design and future development

In chapters 3 to 5, the novel method for the stability analysis of power semiconductor devices
has been proposed. In the conventional TCAD simulation, device structure optimization at
the design stage for different operating conditions in various application fields could not be

performed in realistic calculation time. The proposed method enables seamless multilevel
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analysis from the microscopic internal state of the device to the entire power conversion
system.

Although the analysis focused on the short-circuit operation in this study, the proposed
method can be applied to any device operating state. Since the proposed method analyzes
the stability of equivalent circuits in the focused operating state, it is important to consider
what kind of equivalent circuits is prepared. The simplest approach is to perform a stability
analysis for the voltage and current conditions of the entire safety operation area (SOA). Itis
easy to evaluate the validity of the device design and determine the recommended operating
condition from this analysis. Although it is the simple and effective method using the SOA
as the scope of the evaluation, it is more important to conduct the analysis assuming actual
system operating conditions. Estimating the noise effects and lifetime of power devices based
on the realistic operating condition of the system has become an important research issue.
In recent years, many studies on the system design from mission profiles have been reported
[87, 88]. Similar to these reports, the proposed method can be applied to the stability analysis
in operating conditions determined based on the mission profile of the system.

The state to be analyzed can also be determined by other simulations. A study applying
the proposed method in this dissertation to the stability analysis of switching transient states
has been reported [89]. In this report, the transient states to be calculated are determined by
SPICE simulation, and the stability of each time step is analyzed.

It is important to reflect the temperature of the device in the considering circuit stabil-
ity. Temperature change affects the circuit stability because of the change in the threshold
voltage and the amplification factor of the MOSFET. Temperature effects can be treated by
calculating S-parameters using the results of TCAD device simulations under the focused
temperature conditions.

A remaining research challenge is to determine the optimal device and circuit parameters
based on the trade-off between loss and stability through stability analysis of the device
operation within realistic power modules and application circuits.

In this study, the parameters of the circuit network are determined from actual impedance
measurements, whereas the S-parameter can be calculated using electromagnetic (EM) sim-
ulation. Therefore, stability analysis can be performed in combination with highly-precision
models of modules, packages, and circuits obtained by the EM simulation. We can not
only optimize device parameters but also optimize external circuits design calculating S-
parameters for each design parameter of modules, packages, and circuits by the EM simula-
tions. It is also possible to optimize the design parameters of both the devices and modules

simultaneously.
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One of the advantages of the proposed method is that it allows to selectively analyze
the stability of the target states. In the optimal design parameter search, it is necessary
to repeatedly calculate the stability for multiple operating conditions for each set of search
parameters. The proposed method enables efficient calculation because the stability can be
computed in short time for each parameter search steps. Therefore, the proposed method
can be used together with machine learning and deep learning methods, which will become
mainstream in the future, to achieve more advanced design optimization.

Then, the proposed method can be a powerful tool for enabling the overall optimization
design of power conversion systems.

This dissertation proposes the design method to calculate the stability of the power circuit
consisting of power switching devices and passive and parasitic circuit components. The
results are expected to contribute to the expansion of power electronics by maximizing the
potential of power devices that have not been fully utilized and by improving the efficiency

of power electronic system development.
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Appendix A

Matrix calculation

Two port matrix

For the calculation of the S-parameter when a small-signal equivalent circuit is given, the
ABCD matrix can be used to perform a simple matrix calculation.
The ABCD matrix is defined as

(4)=(2 2)(2)

where v; and i; are defined as Fig. 3.3.
When there is an impedance component Z in series with the two-terminal network as

shown in Figure A.1, ABCD matrix is written as

. <A B> <1 Z)
F= = . (A.2)
C D 0 1

When there is an impedance component Z is connected in the two-terminal network as

shown in Figure A.2, ABCD matrix is written as

. 1 O
F_<1/Z 1). (A.3)

Considering the small signal FET is written in Figure A.3, ABCD matrix is written as

1 1
F = (A B) = ( &m’o gm>, (A.4)
C D 0 0
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where g, 1s a transfer conductance and r(, is output resistance.

Z,

iy 5 iy
Uy Uy

Fig. A.1 A two-port network consisting of a series impedance Z,

+ +
Uy Zl Uy
o : o

Fig. A.2 A two-port network consisting of a shunt impedance Z,

o—=

Fig. A.3 A small signal model of a FET.



RESEARCH HISTORY

Publication

1. Hiroshi Kono and Ichiro Omura, ”Study of parasitic oscillation of a multi-chip SiC
MOSFET circuit based on a signal flow graph model by TCAD simulation”, Solid-
State Electronics, 177, art. no. 107884, (2021).

2. Hiroshi Kono and Ichiro Omura, "Parasitic Oscillation Analysis of Trench IGBT Dur-
ing Short-Circuit Type Il Using TCAD-Based Signal Flow Graph Model”, IEEE Trans-
actions on Electron Devices, vol. 69, no. 10, pp. 5705-5712, (2022).

International Conferences

1. Hiroshi Kono and Ichiro Omura, ’Study of parasitic oscillations in trench IGBT during
short-circuit type II based on signal flow graph model”, Proceedings of 12th Interna-
tional Conference on Integrated Power Electronics Systems (CIPS2022), pp.487-492,
(2022).

Related Papers

1. H. Kono, T. Suzuki, M. Mizukami, C. Ota, S. Harada, J. Senzaki, K. Fukuda, T. Shi-
nohe, 1360 V, 5.0 mQcm?2 double-implanted MOSFETsS fabricated on 4H-SiC(000-
1)”, Materials Science Forum, 645-648, pp. 987-990, (2010).

2. H. Kono, T. Suzuki, K. Takao, M. Furukawa, M. Mizukami, C. Ota, C., S. Harada, J.
Senzaki, K. Fukuda, T. Shinohe, ”1.4kV double-implanted MOSFETs fabricated on
4H-S1C(000-1)”, Materials Science Forum, 679-680, pp. 607-612, (2011).



104

Matrix calculation

3. H. Kono, M. Furukawa, K. Ariyoshi, T. Suzuki, Y. Tanaka, T. Shinohe, ”14.6 mQcm?2

3.4kV DIMOSFET on 4H-SiC (000-1)”, Materials Science Forum, 778-780, pp. 935-
938, (2014).

. H. Kono, K. Takao, T. Suzuki, T. Shinohe, "High-speed and low switching loss op-

eration of 1700 v 60 A SiC MOSFETs installed in low parasitic inductance module”,
Proceedings of the International Symposium on Power Semiconductor Devices and
ICs, art. no. 6856033, pp. 289-292, (2014).

. H. Kono, T. Ohashi, T. Noda, K. Sano, "Impact of device structure on neutron-induced

single-event effect in SIC MOSFETs”, Materials Science Forum, 963 MSF, pp. 738-
741, (2019).

. M. Furukawa, H. Kono, K. Sano, M. Yamaguchi, H. Suzuki, T. Misao, G. Tchouangue,

“Improved reliability of 1.2kv SIC MOSFET by preventing the intrinsic body diode
operation”, PCIM Europe Conference Proceedings, 1, pp. 1-5, (2020).

. T. Ohashi, H. Kono, S. Kanie, T. Ogata, K. Sano, H. Suzuki, S. Asaba, S. Fukatsu,

R. Iijjima, “Improved Clamping Capability of Parasitic Body Diode Utilizing New
Equivalent Circuit Model of SBD-embedded SiC MOSFET”,Proceedings of the In-
ternational Symposium on Power Semiconductor Devices and ICs, 2021-May, art. no.
9452280, pp. 79-82, (2021).

H. Kono, S. Asaba, T. Ohashi, T. Ogata, M. Furukawa, K. Sano, M. Yamaguchi, H.
Suzuki, "Improving the specific on-resistance and short-circuit ruggedness tradeoff of
1.2-kV-class SBD-embedded SiC MOSFETs through cell pitch reduction and inter-
nal resistance optimization”, Proceedings of the International Symposium on Power
Semiconductor Devices and ICs, 2021-May, art. no. 9452314, pp. 227-230, (2021).

. H. Kono, T. Iguchi, T. Hayakawa, H. Irifune, T. Kawano, M. Furukawa, K. Sano,

M. Yamaguchi, H. Suzuki, G. Tchouangue, ”3.3kV All SiC MOSFET Module with
Schottky Barrier Diode Embedded SiC MOSFET”, PCIM Europe digital days 2021;
International Exhibition and Conference for Power Electronics, Intelligent Motion,

Renewable Energy and Energy Management, pp. 1-6, (2021).



	Table of contents
	List of figures
	List of tables
	1 Overview of power electronics and power semiconductor
	1.1 Social demand for power electronics
	1.2 Functions of power semiconductors in power electronics
	1.3 Power semiconductor devices and their trends
	1.3.1 Silicon insulated gate bipolar transistor
	1.3.2 Silicon carbide metal-oxide-semiconductor field-effect transistor

	1.4 Summary

	2 Oscillation phenomena in power semiconductor operation
	2.1 Circuit oriented oscillation 
	2.2 Device oriented oscillation
	2.2.1 Oscillation phenomena in short-circuit operation

	2.3 Conventional approaches to solve the problem and their limit
	2.4 Objective of this study
	2.5 Summary

	3 Theory of oscillation analysis with a signal flow graph and a scattering parameter
	3.1 General theory of Scattering parameter (S-parameters)
	3.2 Signal flow graph
	3.3 Novel stability analysis criteria for integrated design in power electronics circuits
	3.4 Oscillation condition factor for parallel connected power switches
	3.5 S-parameter calculation for power switches connected with circuit components
	3.5.1 S-parameter for single power switch
	3.5.2 S-parameter for power switches connected in parallel

	3.6 Comparison of oscillation conditions determined from S-parameter and transfer function

	4 Analysis of Oscillation phenomena of SiC MOSFETs
	4.1 Oscillation phenomena of SiC MOSFETs on Type II short-circuit operation
	4.2 TCAD simulation model for SiC-MOSFET
	4.2.1 Device structure
	4.2.2 S-parameter

	4.3 Calculation for a single MOSFET 
	4.4 Calculation for parallel connected SiC MOSFETs
	4.4.1 Signal flow model for MOSFETs connected in parallel
	4.4.2 Calculation results of oscillation of MOSFETs connected in parallel

	4.5 Summary

	5 Analysis of Oscillation phenomena of Si-IGBTs
	5.1 Oscillation phenomena of Si IGBTs on short-circuit Type II operation
	5.1.1 Experiment for oscillation on Type II short circuit operation

	5.2 TCAD simulation model for Si-IGBT
	5.3 Analysis of device operation during the oscillation
	5.4 Analysis of oscillation mechanism
	5.5 Summary

	6 Conclusions
	6.1 Summary
	6.2 Significance of the proposed method to the power converter design and future development

	References
	Appendix A Matrix calculation

