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Abstract: In this paper, a new concept of low-loss Reverse-Conducting Insulated-Gate Bipolar Tran-
sistor with Collector-side Injection-Enhanced structure (RC-IGBT-CIE) is proposed and investigated
using simulations. In reverse conduction (the on state of the diode mode), the CIE structure enhances
the collector-side carrier concentration of the proposed RC-IGBT-CIE, which results in low reverse-
conducting voltage (V). The low reverse recovery loss and low turn-on loss using an inductive load
circuit are obtained by using the modified carrier concentration profile resulted from both the CIE
effect and the low-injection-efficiency p-emitter. Simulation results show that, with the same sum of
turn-on loss and reverse recovery loss (Eon + Erec), when compared to conventional RC-IGBT with
anti-parallel thyristor (RC-IGBT-thyristor), the RC-IGBT-CIE reduces Vg by 9.2%, and meanwhile,
with the same total conducting voltage (Von, sat + V), the total switching loss (Eq¢ + Eon + Erec) is
reduced by 20.9% but does not sacrifice short-circuit capability.

Keywords: RC-IGBT; reverse recovery; reverse conduction; injection-enhanced; switching loss

1. Introduction

Reverse-Conducting Insulated-Gate Bipolar Transistor (RC-IGBT) is a promising high-
voltage power semiconductor device which integrates an IGBT and a freewheeling diode
onto one chip to achieve both forward and reverse conductions [1-3]. RC-IGBTs can be
used for many applications, such as in automotive motors and traction converters, etc.
In these applications, the usual operating states of RC-IGBT include forward conduction
(the on-state of the IGBT mode, referred to as the IGBT mode), reverse conduction (the
on-state of the diode mode, referred to as the diode mode), forward turning-on (turning-on
state of IGBT mode, referred to as turn-on mode), forward turning-off (the turning-off
state of the IGBT mode, referred to as the turn-off mode) and reverse recovery (the reverse
recovery state of the diode mode, referred to as the reverse recovery mode). Compared with
the standard IGBT/diode two-chip approach, RC-IGBT increases power density, reduces
the size of packages and greatly reduces the junction temperature ripples which leads to
improved power-cycling capability. Yet, despite these benefits, it is difficult to optimize the
same silicon for working in all operating states, which hampered the further application
of RC-IGBT. The undesirable inherent snapback in the current-voltage characteristics
(MOSFET-shorting effect in the collector side) of RC-IGBT, which makes it unsuitable for
parallel operation, is the first and fundamental problem to be solved [4,5].

Fortunately, in recent years, many novel RC-IGBT structures have been proposed to
suppress the snapback effect [6-24]. As detailed in [7], the simple collector shorting layout
design, which provides a gradual decrease in the width of collector P+ from the center of
the chip towards the outer edges while keeping a constant width of collector N+, can be
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used with RC-IGBT to eliminate the snapback effect. Additionally, the super-junction or
semi-super-junction RC-IGBT was proposed to achieve snapback-free status by reducing
the drift region resistance [8-10]. In [11,12], the high-resistance buffer layer was suggested
to suppress the snapback effect. An actively controllable collector trench gate is employed
in RC-IGBT, but it requires an additional complicated gate drive [13]. Some RC-IGBTs with
collector trench are also proposed without additional control [14,15]. Other snapback-free
RC-IGBT;, e.g., the collector P-floating [16—-19], the N-Si/n-Ge heterojunction [20], and the
P-drift [21], which utilize terminal region [22] and anti-parallel thyristor [23,24] are also
reported in the literature.

Although these proposed structures suppress the snapback phenomenon within a
small cell, they also bring a disadvantage, that is, they generally introduce a larger p-
collector region next to the n-collector region in order to obtain a sufficient PN junction
turning-on voltage (about 0.6-0.7 V for the silicon device), according to the snapback
effect suppression mechanism [4]. In RC-IGBT reverse conduction, the reverse-biased p-
collector /n-buffer junction leads to a relatively low carrier concentration near the collector
side [5]. Meanwhile, a p-emitter with high injection efficiency is usually required in order to
obtain a relatively low reverse conduction voltage drop [25,26]. Therefore, during reverse
conduction, in these snapback-free RC-IGBT structures, the carrier concentration gradually
decreases from the emitter side to the collector side. However, according to the mechanism
of power diodes [27-31], this carrier concentration profile leads to poor reverse recovery
performances, such as large peak reverse recovery current and long reverse recovery time.
In RC-IGBT applications, it results in large reverse recovery loss (mainly from the reverse
recovery mode) and large turn-on loss (mainly from the turn-on mode).

As a solution to the above problems, in this paper, a new concept of a 1.2 kV rated
Collector-side Injection-Enhanced RC-IGBT structure (RC-IGBT-CIE) with a modified car-
rier concentration profile and low loss is proposed. The detailed operation mechanism and
simulation results will be discussed in the following sections.

2. Device Structures and Operation
2.1. Proposed Device Structure

The schematic cross-sections of the proposed RC-IGBT with a Collector-side Injection-
Enhanced structure (RC-IGBT-CIE) and conventional RC-IGBT with anti-parallel thyristor
(RC-IGBT-thyristor) [5,23,24] are shown in Figure 1a,b. Both the structures introduce an
anti-parallel thyristor as the internal integrated diode which is composed of the p-emitter
(emitter-side P+ anode and P well), the Carrier Storage (CS) layer, the n-drift, the Filed Stop
(FS) layer, the collector-side P-base and the collector-side N+ region. The collector-side
P-base is a floating region, isolated from collector contact by a thin oxide layer. For both
RC-IGBTS, the doping concentration of the emitter-side P+ anode is used to control the
hole-injection efficiency during reverse conduction.

As shown in Figure la,b, compared with the conventional RC-IGBT-thyristor, besides
the antiparallel thyristor, the new structure has a special collector-side injection-enhanced
(CIE) design. The CIE structure in the novel device refers to an extension of the collector-
side P-base, away from collector-side N+ (width of Lf), which is designed as a floating
region by means of oxide layer isolation. The small Lf = 3 um in the conventional RC-
IGBT-thyristor is only there for the purpose of forming a floating p-base structure, and
its injection enhancement effect can be ignored. Both of the proposed RC-IGBT-CIE and
conventional RC-IGBT-thyristor have the same cell width of 30 um and the same collector-
side N+ width of 2 um. For the RC-IGBT-thyristor, the width (Lc for short) of collector-side
P+ is Lc = 25 pm. But, for the RC-IGBT-CIE, Lc changes as Lf changes, because the sum of
the two (Lc + Lf) remains the same 28 um. In the following discussion, we choose Lf as the
variable, and if Lf is selected, Lc is fixed.
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Figure 1. Schematic cross-sections of the cells of (a) proposed RC-IGBT-CIE and (b) conventional
RC-IGBT-thyristor.

2.2. Collector-Side Injection-Enhanced Mechanism

The anti-parallel thyristor in both the novel RC-IGBT-CIE and conventional RC-IGBT-
thyristor is introduced to suppress the snapback phenomenon in forward conduction (the
on state of the IGBT mode). It is reported that the thyristor has a comparable conduction
voltage to a PIN diode and it is triggered when either the NPN or PNP is operating in
punch-through mode (either the n-drift/FS or the collector-side P-base is depleted) or when
the current gains of the NPN and PNP transistors equal one [5,23,24]. In principle, the
snapback-suppressed structure, anti-parallel thyristor or other structures do not affect the
following discussion of how the CIE structure works.

2.2.1. Reverse Conduction State (Diode Mode)

The schematic collector-side carriers flow in reverse conduction state of the proposed
RC-IGBT-CIE and conventional RC-IGBT-thyristor are shown in Figure 2a,b.

For the conventional RC-IGBT-thyristor, as shown in Figure 2b, in reverse conduction,
the electrons which are injected from the N+ collector pass through the collector-side P-
base, FS and n-drift regions, and eventually flow to the emitter side. And, holes which
are injected from the p-emitter (emitter-side P+ anode and P well) eventually flow directly
to the P+ collector. The large region of the collector-side reverse-biased P+/n-FS junction
leads to a relatively low carrier concentration near the collector side [6].
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Figure 2. Schematic collector-side carriers flow in reverse conduction state (on-state of diode mode)
of (a) proposed RC-IGBT-CIE and (b) conventional RC-IGBT-thyristor.

However, for the proposed RC-IGBT-CIE, as shown in Figure 2a, the holes which are
injected from the p-emitter not only flow directly to the P+ collector, but also transversely
over the large width of the floating collector P-base (CIE structure), resulting in a voltage
drop, so that the electrons which are injected from the N+ collector are enhanced by the
bias of the holes’ lateral flow. The collector-side injection-enhanced effect of the proposed
RC-IGBT-CIE in reverse conduction is similar to the operation mechanism of emitter-side
injection-enhanced IGBT concept in forward conduction [32-34].

Besides the CIE effect, a modified carrier concentration distribution in RC-IGBT-CIE can
be obtained by using a low-injection-efficiency p-emitter in reverse conduction. The reverse
conduction carrier concentration distribution for the proposed RC-IGBT-CIE with different
emitter-side P+ anode doping concentration (Npa) and width of collector-side floating P-base
(Lf) are shown in Figure 3. It can be seen that a lower Npa results in a lower emitter-side
carrier concentration, and a longer Lf results in higher collector-side carrier concentration. The
variation of collector-side carrier concentration is mainly due to the CIE effect.
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Figure 3. Reverse conduction carrier concentration for proposed RC-IGBT-CIE with different emitter-
side P+ anode doping concentration (Npp) and different width of collector-side floating P-base (Lf),
temperature = 300 K.



Electronics 2024, 13, 23

50f 16

Figure 4 shows the I-V curves of the reverse conduction (the on-state of the diode
mode) for the proposed RC-IGBT-CIE with a different width of the collector-side floating
P-base (Lf). It can be seen that, with the enhancement of CIE effect, the reverse-conducting
voltage (V) gradually decreases, that is, Lf increases from small to large, resulting in the
collector-side carrier concentration changing from low to high.
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Figure 4. I-V curves of the reverse conduction (on-state of diode mode) for proposed RC-IGBT-CIE
with fixed doping concentration of emitter-side P+ anode (Npy =4 x 106 cm~—3) and different width
of collector-side floating P-base (Lf), temperature = 300 K.

According to the operation mechanism of the power diodes [27-31], the peak reverse
recovery current and reverse recovery time of a power diode depend very sensitively on
the carrier concentration distribution of the conduction state. Therefore, the low reverse
recovery loss (diode mode) and turn-on loss (IGBT mode) can be optimized for the pro-
posed RC-IGBT-CIE because of the modified carrier concentration distribution in reverse
conduction. The detailed discussion and simulation results’ comparison will be presented
in Section 3.

2.2.2. Forward Conduction State (IGBT Mode)

The schematic collector-side carriers that flow in the forward conduction state of the
proposed RC-IGBT-CIE and conventional RC-IGBT-thyristor are shown in Figure 5a,b.

For the conventional RC-IGBT-thyristor, as shown in Figure 5b, in the forward con-
duction state, the holes which are injected from the P+ collector pass through the FS and
n-drift regions, and eventually flow to the emitter side. Meanwhile, for the electrons which
are injected from the n-emitter (emitter-side MOS channels), a few electrons directly pass
through the collector-side P-base and flow to the N+ collector, and most electrons not only
flow transversely over the large P+ collector to the N+ collector, but also reversely inject to
the P+ collector. In the turn-on state (the turn-on state of the IGBT mode), the PN junction
(P+ collector/n-FS) is turning on and the hole-injection from the P+ collector starts by
providing sufficient bias for the above electron to transversely flow. This is the main effect
of snapback suppression in the forward current—voltage characteristics of RC-IGBT.

However, for the proposed RC-IGBT-CIE, as shown in Figure 5a, in forward conduction
state, most of the electrons reversely injecting to the P+ collector in the conventional RC-
IGBT-thyristor case are gone because of the large collector-side floating P-base and are
replaced transverse flow to the N+ collector, which results in an additional voltage drop, so
that the holes which are injected from the P+ collector are enhanced by the additional bias
of the electrons’ lateral flow.

In general, the P+ collector impurity concentration of RC-IGBT is medium to high,
so the electron reverse injection to the P+ collector is not very much. Therefore, the
injection enhancement of the CIE structure on the forward conduction state is weak. The
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CIE structure has a limited effect on the forward conduction, turn-off and the tradeoff
relationship between turn-off loss (E¢) and forward saturation voltage (Von, sat). These
operation mechanisms will be verified by the simulation results in the following section.
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Figure 5. Schematic collector-side carriers flow in forward conduction state (on-state of IGBT mode)
of (a) proposed RC-IGBT-CIE and (b) conventional RC-IGBT-thyristor.

3. Simulation Results and Discussion

In numerical simulation with a MEDICI simulator [35], the proposed RC-IGBT-CIE
and conventional RC-IGBT-thyristor have the same structure except for the collector part.
The main design parameters and their typical values are given in Table 1 and Figure 1a,b.
During simulation, the key physical attributes modeled include barrier lowering, carrier
mobility, Shockley—Read-Hall recombination, Auger recombination, band gap narrowing,
carrier generation and impact ionization.

Table 1. Some of the design parameters and their typical values.

Design Parameters RC-IGBT-CIE RC-IGBT-Thyristor
silicon thickness (pm) 110 110
trench depth (um) 6 6
gate oxide thickness (um) 0.1 0.1
trench width (um) 1 1
trench cell width (pum) 5 5
collector P+ width, Lc (um) 16 25
collector floating P-base width, Lf (um) 12 3
collector P+ depth (um) 0.8 0.8
collector N+ depth (um) 0.3 0.3
emitter P doping (cm—3) 3.2 x 107 3.2 x 107
collector P-base doping (cm—3) 1.5 x 101 1.5 x 101°
emitter CS-layer doping (cm~3) 2 x 1016 2 x 10'°
emitter P+ Anode doping, Npa (cm™3) 4 % 1016 4 % 1017
collector P+ doping, Npc (cm~3) 3.5 x 107 5 x 1017

lifetime of carriers (ps) 2 2
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3.1. Simulation Results” Comparison and Discussion
3.1.1. Static Characteristics Comparison

Figure 6a—c show the static characteristics comparison for the proposed RC-IGBT-CIE
and conventional RC-IGBT-thyristor.
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Figure 6. Static characteristics comparison for the proposed RC-IGBT-CIE and conventional RC-IGBT-
thyristor, (a) I-V curves of the forward blocking, (b) I-V curves of the reverse conduction, and (c) I-V
curves of the forward conduction, temperature = 300 K.

As shown in Figure 6a, for the I-V curves of the forward-blocking comparison, the
two RC-IGBTs have almost the same forward-blocking characteristics and the breakdown

voltages are larger than 1400 V. The CIE structure design does not affect the forward
blocking characteristics.
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In the following discussion, for ease of comparison, we usually make different RC-
IGBTs have almost the same static characteristics (such as reverse conduction and forward
conduction), and then compare their switching performances (such as reverse recovery,
turn-on and turn-off).

As shown in Figure 6b, for the I-V curves of reverse conduction comparisons, based
on the effect of the collector-side injection-enhanced mechanism on the reverse conduction
discussed in the last section, by adjusting the emitter-side P+ anode doping concentration
(Npa) and the width of the collector-side floating P-base (Lf), the two RC-IGBTs have
almost the same reverse conduction characteristics. For the proposed RC-IGBT-CIE, the
Npa =4 x 10 em 3 and Lf = 12 um are needed to make it have the same reverse conduc-
tion performance as that of the conventional RC-IGBT-thyristor with Nps =4 x 107 cm 3.

As shown in Figure 6c, for the I-V curves of forward conduction comparisons, the two
RC-IGBTs have almost the same forward conduction characteristics. Based on the weak
effect of the collector-side injection-enhanced mechanism on the forward conduction, for
the proposed RC-IGBT-CIE, the P+ collector doping concentration Npc = 3.5 x 1017 cm 3
is needed to make it have the same forward conduction performance as that of the conven-
tional RC-IGBT-thyristor with Npc =5 x 107 cm 3.

Figure 7 shows the reverse conduction and forward conduction carrier concentration
distributions for the proposed RC-IGBT-CIE and conventional RC-IGBT-thyristor. As
seen, the two RC-IGBTs have almost the same forward conduction carrier concentration
distribution. The collector-side carrier concentration is greater than that of the emitter-side
because the two RC-IGBTs both adopt an emitter-side injection-enhanced structure as
shown in Figure 1. However, for reverse conduction, the carrier concentration distribution
of the two RC-IGBTs is obviously different. The emitter-side carrier concentration of the
proposed RC-IGBT-CIE is much lower than that of the conventional RC-IGBT-thyristor,
while the collector-side carrier concentration is higher than that of the conventional RC-
IGBT-thyristor. These carrier concentration distributions conform to the collector-side
injection-enhanced mechanism given in the previous section.

4x10"
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»\ —o— RC-IGBT-CIE: forward conduction
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Emitter Collector

Distance (um)
Figure 7. Reverse conduction (on-state of diode mode) and forward conduction (on-state of IGBT
mode) carrier concentration for proposed RC-IGBT-CIE and conventional RC-IGBT-thyristor, temper-
ature = 300 K.

3.1.2. Switching Characteristics Comparison

Figure 8 shows the inductive load circuit for transient analysis. The gate resistor (Rg)
of 10 Q) and the stray inductance (Ls) of 120 nH are used. The switching current is 100 A in
simulation. DUT1 and DUT?2 are identical except for the gate control voltage.

Figure 9a—c show the switching characteristics comparison for the proposed RC-IGBT-
CIE and conventional RC-IGBT-thyristor.



Electronics 2024, 13, 23

9of 16

Ls
1YY Y Y
CZ ]
/I\ | DUT2 iL
—— Vdc
(&

Ve Rg C DUT1
Gl

El
[ —

Figure 8. Inductive load circuit for transient analysis. The gate resistor (Rg) of 10 () and the stray
inductance (Ls) of 120 nH are used.
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Figure 9. Switching characteristics comparison for the proposed RC-IGBT-CIE and conventional
RC-IGBT-thyristor, (a) reverse recovery voltage and current density waveforms, (b) turn-on volt-
age and current density waveforms, and (c) turn-off voltage and current density waveforms,

temperature = 300 K.
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Figure 9a shows the reverse recovery voltage and current density waveforms for
the proposed RC-IGBT-CIE and conventional RC-IGBT-thyristor. Compared with the
conventional RC-IGBT-thyristor, the smaller peak reverse recovery current density and
shorter reverse recovery time are obtained for the proposed RC-IGBT-CIE because of the
modified carrier concentration distribution in the reverse conduction state which were
discussed in the last section.

Figure 9b shows the turn-on voltage and current density waveforms for the proposed
RC-IGBT-CIE and conventional RC-IGBT-thyristor. The proposed RC-IGBT-CIE has a
smaller turning-on current density (the IGBT mode of DUT1, as shown in Figure 10)
because of the smaller reverse recovery current density (the diode mode of DUT?2, as shown
in Figure 10).

50 S
\ X —=—RC-IGBT-thyristor
—+—RC-IGBT-CIE
45
"
L Npa increase
2 40 N
8 N \
4 35 R§ \\
c \
i NG \\
30 i e, N N
— —
Lf increase N ———
25 .

i Il i
1.00 1.05 1.10 1.15 1.20 1.25 1.30
VE (V)

Figure 10. Reverse-conducting voltage (Vg) and the sum of turn-on loss and reverse recovery loss
(Eon + Erec) for proposed RC-IGBT-CIE obtained by varying the width of collector-side floating P-base
(Lf), and for conventional RC-IGBT-thyristor obtained by varying the emitter-side P+ anode doping
concentration (Npa ), temperature = 300 K.

Figure 9c shows the turn-off voltage and current density waveforms for the proposed
RC-IGBT-CIE and conventional RC-IGBT-thyristor. When compared with conventional RC-
IGBT-thyristor, the proposed RC-IGBT-CIE exhibits a slow turn-off speed but low recovery
voltage peak. As the basic structure, the proposed RC-IGBT-CIE and conventional RC-IGBT-
thyristor have emitter-side P+ anode doping concentration (Npa) values of 4 x 1016 cm =3
and 4 x 10'7 cm~3, respectively, as shown in Table 1. For comparison, the turn-off voltage
and current waveforms for the RC-IGBT-CIE with Npa = 4 x 10" em 3 are also given.

In general, the turn-off process of the RC-IGBT depends on the disappearance of
the electron-hole pairs generated by the conductance modulation effect of the forward
conduction. As shown in Figure 9, both of the proposed RC-IGBT-CIE and conventional
RC-IGBT-thyristor have almost the same carrier concentration distribution in the forward
conduction state (the on-state of the IGBT mode). Therefore, the difference in emitter and
collector structures of the RC-IGBT-CIE and RC-IGBT-thyristor is the influencing factor
leading to different turn-off curves. Specifically, the voltage rise stage is mainly affected
by the emitter structural parameter Npy. The smaller the Npy is, the slower the hole is
extracted out. Therefore, the slower the depletion region is formed in the N-drift region
and the slower the voltage rise, which can be seen from the comparison of the curves of the
basic RC-IGBT-CIE (Npa = 4 x 10! cm—3) and RC-IGBT-CIE with Npy =4 x 10 cm~3.
The current downstage is mainly affected by the collector structure; the loss of electrons
reversely injecting to the P+ collector slows down the electron extraction, so the current
turn-off is slower, resulting in a lower recovery voltage peak. The effect of electrons
reversely injecting to the P+ collector is weak, and its effect on the turn-off characteristics is
limited, which is consistent with the discussion in Section 2.
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3.2. Influences of Key Parameter on Operation and Tradeoff Curves
3.2.1. Influences of Key Parameter on Operation

For the proposed RC-IGBT-CIE, the width of the collector-side floating P-base (Lf) is
one of the key parameters which significantly affects device characteristics.

Figure 10 shows the reverse-conducting voltage (Vg) and the sum of turn-on loss and
reverse recovery loss (Eon + Erec) for the proposed RC-IGBT-CIE obtained by varying the
Lf, and for the conventional RC-IGBT-thyristor obtained by varying the emitter-side P+
anode doping concentration (Npa), respectively. As seen, a smaller reverse-conducting
voltage (Vy) means a larger change in the carrier concentration distribution of the reverse
conduction state (the on state of the diode mode), that is, a faster carrier concentration
decrease from the emitter side to the collector side for the conventional RC-IGBT-thyristor
and a slower carrier concentration decrease from the emitter side to the collector side or
a faster increase carrier concentration decrease from the emitter side to the collector side
for the proposed RC-IGBT-CIE, as shown in Figure 3. The CIE effect brings a smaller
Vg with the same sum of turn-on loss and reverse recovery loss (Eon + Erec). Generally
speaking, for the proposed RC-IGBT-CIE, the larger the Npy is, the higher the emitter-
side carrier concentration is. The larger Lf is, the stronger the collector-side enhancement
effect is, and the higher the collector-side carrier concentration can be obtained. Therefore,
according to the previous discussion, the smaller the Npy is and/or the larger the Lf
is, the better the carrier concentration distribution in reverse conduction is, which can
better improve the device performance. In simulation, for the proposed RC-IGBT-CIE,
Npa =4 x 10'® cm~3 is selected, which is the relatively low impurity concentration that
can be achieved in the process. At the same time, Lf = 12 pm is selected, which helps
the proposed RC-IGBT-CIE obtain almost the same reverse conduction I-V curve as the
conventional RC-IGBT-thyristor. The switching characteristics are then compared and the
tradeoff curves obtained to demonstrate the performance advantages of the new device,
which is discussed in the next section.

3.2.2. Tradeoff Curves

Figure 11a—d show the tradeoff relationships for the proposed RC-IGBT-CIE and
conventional RC-IGBT-thyristor.

Figure 11a shows the tradeoff relationship between turn-off loss (E¢) and forward
saturation voltage (Von, sat) obtained by varying P+ collector doping concentration (Npc)
for the proposed RC-IGBT-CIE and conventional RC-IGBT-thyristor. As discussed in the
last section, the difference in the emitter and collector structures of RC-IGBT-CIE and
RC-IGBT-thyristor is the influencing factor leading to different tradeoff curves, and the
effect of the new structure on the tradeoff curve is limited, as seen from this figure.

Figure 11b shows the tradeoff relationship between reverse recovery loss (Erec) and
reverse-conducting voltage (Vi) obtained by varying the emitter-side P+ anode doping
concentration (Npa) for the proposed RC-IGBT-CIE and conventional RC-IGBT-thyristor.
And, Figure 11c shows the tradeoff relationship between sum of turn-on loss and reverse
recovery loss (Eon + Erec) and Vy obtained by varying the Npy for the proposed RC-IGBT-
CIE and conventional RC-IGBT-thyristor. By comparing Figure 11b,c, we can see that the
new structure has a significant impact on both Ey, and Erec. As seen from Figure 11c, when
compared to the conventional RC-IGBT-thyristor, with the same sum of (Eon + Erec), the Vg
decreases by 9.2%.

Figure 11d shows the tradeoff relationship between sum of (Ey¢ + Eon + Erec) and
sum of (Von, sat + VF) obtained by varying the Npa for the proposed RC-IGBT-CIE and
conventional RC-IGBT-thyristor. As seen, when compared to the conventional RC-IGBT-
thyristor, with the same total conducting voltage (Von, sat + V), the total switching loss for
the proposed RC-IGBT-CIE (E¢ + Eon + Erec) decreases by 20.9%. It should be pointed out
that the design parameter values of the two comparison points are shown in Table 1.



Electronics 2024, 13, 23 12 of 16

-
o

s RC-IGBT-thyristor o \ == RC-IGBT-thyristor
«mt==RC-IGBT-CIE \\ == RC-IGBT-CIE

"\
\ \\ \\
W
\ Npc increase
- m;e\as\\ Nea increase\\\ \\

5
e, >~ N
(a) (b) .

-

o
o
4

N
N
[

-
N

~

NPpa increase

o
T

Eoff (mJ/cm?)
oS
Erec (mJ/cmz)

(=3
T

(]

4
i i i i I 4 L L L
11 12 1.3 1.4 15 16 17 18 095 100 105 110 115 120 125 1.30
Vonsat (V) VF (V)
50 - » 60 < :
\ —=—RC-IGBT-thyristor ———RC-IGBT-thyristor

i »\\ ——RC-IGBT-CIE R \\ RCAGBT-CIE
—~ C 55 \
< 5
L \ E ;
240t £ :
= \ \ Nea increase 3 50 Ne increase
8 ¥ :
W 35 N 5 '
g NPa increase \% \ E 45 | Nea increase H
w o H

30 N \'\\_ B . \\

© N 40 (@) : ) ™~
25 1 1 1 Il | Il
095 100 105 110 115 120 125 1.30 225 230 235 240 245 250 255

Ve (V) Von,sat+Vr (V)

Figure 11. Tradeoff relationship for the proposed RC-IGBT-CIE and conventional RC-IGBT-thyristor:
(a) between turn-off loss (E) and forward saturation voltage (Von, sat), obtained by varying the P+
collector doping concentration (Npc); (b) between reverse recovery loss (Erec) and reverse-conducting
voltage (Vy) obtained by varying the emitter-side P+ anode doping concentration (Npa); (c) between
sum of turn-on loss and reverse recovery loss (Eon + Erec) and V¢ obtained by varying the Npa; and
(d) between sum of turn-off loss, turn-on loss and reverse recovery loss (Eq + Eon + Erec) and sum of
(Von, sat + VE), obtained by varying the Npa; temperature = 300 K.

3.3. Short-Circuit Capability

Figure 12 shows the short circuit current waveforms (on-state of IGBT mode). Both
of the proposed RC-IGBT-CIE and conventional RC-IGBT-thyristor have the same design
parameters except for the width of collector-side floating P-base (Lf). Lf is 25 um for the
conventional RC-IGBT-thyristor and 16 pum for the proposed RC-IGBT-CIE. As seen, both
of these RC-IGBTs can turn off the short-circuit current within 10 ps.

1656 —=—RC-IGBT-thyristor _ |
R ——RC-IGBT-CIE
~ 800 : Ve
Ng \
< 600 \ .
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2 Vge
] 400 I
=
o
E 200 =
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Figure 12. Short-circuit current waveforms (on state of IGBT mode). Both of the proposed RC-IGBT-
CIE and conventional RC-IGBT-thyristor have the same design parameters except for the width of
collector-side floating P-base (Lf), where Lf is 25 um for the conventional RC-IGBT-thyristor and 16
pum for the proposed RC-IGBT-CIE, temperature = 300 K.
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3.4. Fabrication and Thermal Resistivity Discussion

Both the proposed RC-IGBT-CIE and conventional RC-IGBT-thyristor can be fabricated
by means of thin-wafer processing. The collector-side oxide layer is used only to isolate the
current to the electrode and has no high electric field in itself or its adjacent silicon structure.
So, the thickness can be made very thin. Therefore, its effect on thermal resistance may be
very small. In process manufacturing, the collector-side thin oxide layer can be formed
through the deposition process as low as 300 degrees Celsius.

4. Applicability Discussion

In the last two sections, we analyzed the operational mechanism of the proposed RC-
IGBT-CIE and verified it by simulation analysis. In principle, not limited to the snapback-
free RC-IGBT-thyristor, the CIE effect can be introduced into every RC-IGBT structure,
with a mechanism similar to the above discussion of how the CIE structure works. To
our knowledge, the structure proposed in this paper differs from other existing published
RC-IGBTs in that it improves device performance by introducing a collector-side injection-
enhancement effect. Among the many RC-IGBTs that have been published, the structure
that is more similar to the new structure in this paper is the RC-IGBT with a floating P-
region in the trench collector (RC-IGBT-PF for short in this paper) described in reference [16].
Figure 13 shows the static and switching characteristics comparison of forward conduction,
reverse conduction, turn-off voltage and current density waveforms and reverse recovery
current density waveforms for the proposed RC-IGBT-CIE, conventional RC-IGBT-thyristor
and RC-IGBT-PF. Except for the Npy and collector structure, all the RC-IGBTs in simulation
have the same structure parameters. For the RC-IGBT-PF [16], Npa = 6.5 x 10" em—3, Npc
=3.2 x 1017 cm~3, the width of P-float region is 4.3 um and the width of the gap of P-float
is 0.7 um. As seen, compared to the conventional RC-IGBT-thyristor and RC-IGBT-PF, the
proposed RC-IGBT-CIE has an improvement in reverse characteristics.
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Figure 13. Static and switching characteristics comparison for the proposed RC-IGBT-CIE, conven-
tional RC-IGBT-thyristor and RC-IGBT-PF: (a) forward conduction, (b) reverse conduction, (c) turn-off
voltage and current density waveforms, and (d) reverse recovery current density waveforms, temper-
ature = 300 K.
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In the last section, the isothermal simulations with room temperature T = 300 K were
performed. It can be seen from the simulation results that the enhancement of the proposed
RC-IGBT-CIE mainly comes from the improvement of the reverse characteristics. Figure 14
shows the reverse characteristics comparison of reverse conduction I-V curves and reverse
recovery current density waveforms for the proposed RC-IGBT-CIE and conventional
RC-IGBT-thyristor with temperature = 425 K. As seen, the improvement is also observed at
a high temperature of T = 425 K.
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Figure 14. Reverse characteristics comparison for the proposed RC-IGBT-CIE and conventional
RC-IGBT-thyristor: (a) I-V curves of the reverse conduction, and (b) reverse recovery current density
waveforms, temperature = 425 K.

5. Conclusions

In summary, a new structure of Collector-side Injection-Enhanced RC-IGBT named
RC-IGBT-CIE with low switching loss is proposed and investigated using simulations. The
CIE structure enhances the carrier concentration at the collector side of the proposed device
in the reverse conduction state, which results in a low reverse-conducting voltage. When
compared to the conventional RC-IGBT with anti-parallel thyristor (RC-IGBT-thyristor),
with the same total conducting voltage, the lower total switching loss with an inductive
load circuit is obtained by using the modified carrier concentration profile which resulted
in both the CIE effect and low-injection-efficiency p-emitter. The proposed RC-IGBT-CIE
also has good short-circuit capability.
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