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A novel reverse-conducting insulated-gate bipolar transistor (RC-IGBT) featuring a floating P-plug is proposed. The
P-plug is embedded in the n-buffer layer to obstruct the electron current from flowing directly to the n-collector, which
achieves the hole emission from the p-collector at a small collector size and suppresses the snapback effectively. More-
over, the current is uniformly distributed in the whole wafer at both IGBT mode and diode mode, which ensures the high
temperature reliability of the RC-IGBT. Additionally, the P-plug acts as the base of the N-buffer/P-float/N-buffer transistor,
which can be activated to extract the excessive carriers at the turn-off process. As the the simulation results show, for the
proposed RC-IGBT, it achieves almost snapback-free output characteristics with a uniform current density and a uniform
temperature distribution, which can greatly increase the reliability of the device.
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1. Introduction

Insulated-gate bipolar transistors (IGBTs) have already
become one of the mainstream power devices in medium-high
voltage applications and their use is continuously expanding
due to the improvements in the device structure.l!=3l A re-
verse conducting insulated-gate bipolar transistor (RC-IGBT)
is obtained by incorporating an IGBT and a diode in a mono-
lithic chip and introducing an n-collector in the backside of
the IGBT.[*71 Such a structure could offer a more compact
circuit solution. However, several unreliabilities, such as an
undesirable snapback, which can prevent the device from fully
turning on!®-1%1 and a non-uniform distributed current, which
can cause the device to overheat, are observed. Then many
methods have been proposed to suppress the snapback, such as
improving the resistance of the n-buffer (Rbuffer),[l L12] dimin-
ishing the drift resistance Rg:if; by adopting a super junction
(SJ-RC-IGBT)!'3-16] and diminishing the junction field-effect
transistor (JFET) resistance Rjrpr by adopting a trench metal-
oxide-semiconductor (MOS) structure (TFS-RC-IGBT). The
cause of the non-uniform distributed current for the conven-
tional RC-IGBT is that a large collector size is needed to en-
sure the hole emission and the conductivity modulation usu-
ally only occurs at the p-collector part. In recent years, most
research has mainly focused on the snapback. The bi-mode
insulating gate transistor (BIGT) is a simple way to suppress

17-19

the drawback without extra masks.! I However, due to the

difference of the hole emission efficiency between the IGBT
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and RC-IGBT parts, the current is non-uniform, which may
cause the device to overheat at some local areas, resulting in a
destructive failure for the power device.

In this paper, a novel RC-IGBT with a floating P-plug is
proposed to suppress the snapback and to realize the current
uniformity and enhance the temperature reliability of the RC-
IGBT.

2. Device structures and theoretical analysis
2.1. Device structures

Figure 1 shows the BIGT structure and the proposed
RC-IGBT with a floating P-plug. The n-collector regions on
the backside enable the IGBT to conduct a current when the
collector—emitter is reversely biased. The n-collector regions
act as a cathode emitter, while the p-body of the IGBT near
the front side acts as an anode emitter of a diode integrated
into the chip in this way. In Figs. 1(a) and 1(b), they have
the same structure parameters except for the collector region.
The main parameters of the IGBTs are listed in Table 1. The
thickness and the doping concentration of the N-drift region
are 120 um and 7 x 10" em™3, respectively, for a blocking
capability of 1200 V. The carrier lifetime and the ambient
temperature are 10 ps and 300 K, respectively. The ratio for
n-collector length L, and p-collector length L;, is set at 1:4 for
all the RC-IGBTs. The L, of the BIGT is 600 um; the de-
vice is formed by an RC-IGBT part and a conventional IGBT
part. For the proposed structure, due to the introduction of the
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p-plug in the n-buffer layer, the electron path in the n-buffer is
blocked and the electrons will store at the n-buffer layer upon

Table 1. Device specifications.

Parameter Proposed Conventional BIGT
RC-IGBT
Single MOS cell size, Ly/ptm 15 15 15
Wafer thickness, W /pm 120 120 120
N-drift doping, Ng/10' cm™3 7 7 7
N-buffer thickness, dy—puffer/tm 4 4 4
N-buffer doping, N/10'® cm—3 2 2 2
Collector cell length, Lgjze /pm 75 300 600
p-collector thickness/pm 1 1 1
p-collector doping/10'® cm—3 5 5 5
p-collector length, L, /pm 58 240 480
n-collector length, Ly /pm 15 60 120
n-collector thickness/pm 1 1
n-collector doping/10'® cm—3 5 5
Oxide trench depth/um - -
Oxide trench width/pm

Floating P-plug depth, d/pum
Floating P-plug width, w/pum
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Fig. 1. (color online) Device structures of (a) the BIGT and (b) the
proposed RC-IGBT with floating P-plug .

the p-collector. Thus the device can be seen as a combination
of a diode part and a conventional IGBT part. Different from
the conventional RC-IGBT, the two parts can work indepen-
dently.

2.2. Theoretical analysis

Figure 2 shows the schematic diagram of the snapback
point and the holding point. Equations (1)—(6) show the rela-
tionship of the key parameters of the RC-IGBTs for initiating
the hole injection

Vsupply = Vh—vutfer + Varitt + ViFeT, (D
Va_butter = R / Jdx+1 / Rdx
= 2JLPR = 2JLP/NQIJdn—buffcr- )

At this point, the device conduction changes from unipolar
mode to bipolar mode. On the other hand, the extent of the
snapback, as illustrated in Fig. 2, is determined by the ratio of
the drift resistance to the anode resistance, snapback point

VsB = I(Ru—bufter + Rarife + RIFET), 3
Rsi R
Vse :o.7(1+d“f‘+“"“>; )
Rnfbuffer
holding point
Vu ~ Vs — IR i, ®)
0. TR gifeN qly dn—buffer

AVsp =Vsg — Vi = ; (6)

Ly

where Viypply is the total voltage, Vi _pufrer is the anode volt-
age across the n-buffer resistance R, _puffer, Varife 1S the voltage
across the drift resistance Rgyifi, VipgT is the voltage across the
JFET resistance RypgT, J is the current density, R is the sheet
resistance along the X axis, Ly, is the length of the p-collector,
N and d,_pufrer are the doping density and width of the elec-
tron channel of the n-buffer, respectively, ¢ is the basic charge,
Vsp and Vyy are the snapback point and the holding point, re-
spectively, as illustrated in Fig. 3. From Egs. (2) and (6), it can
be seen that the n-buffer voltage drop V;,_pufrer 1S directly pro-
portional to length L, and inversely proportional to dy_puffer-
For AVsg, the situation is just contrary to Vy_puffer-

RJFET Rdrift Rn—buffer I
® ® O
(L snapback point
Ryrer Ravigy Ry buffer I
® O

I P e

holding point

Fig. 2. Schematic diagram of the snapback point and the holding point.
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In the following section, we will firstly study the forward
conduction property and the turn-off property at IGBT mode;
then we will discuss the reverse conduction properties and the
reverse recovery property at diode mode; finally, we will show
the trade-off property for all the RC-IGBTs.

3. Simulation results and discussion
3.1. Forward conduction property at IGBT mode

Figure 3(a) shows the forward conduction characteristics
of the proposed RC-IGBT, the conventional RC-IGBT and the
BIGT with different collector sizes. For the conventional RC-
IGBT with collector size Lgj,e = 75 pm, it works as a VDMOS
as the voltage drop V,_puffer cannot reach 0.7 V. From Eq. (2),
we can increase V;_pusrer by lengthening the p-collector size
L,. When the total collector size Lgj,e reaches 300 um, it can
work at bipolar mode and the snapback is evident, AVsp is
1.5 V. Moreover, from Figs. 4(b-1) and 4(b-2), we find that the
current and temperature distributions are non-uniform. For the
BIGT, the total collector size Lgj,e is set at 600 pm to suppress
the snapback, the extent of snapback AVsp is 1.2 V. Accord-
ing to Eq. (6), to eliminate AVsg completely, L, should be set
at infinity. For example, in Ref. [18], the total collector size
Ly, is set high, up to 2500 wm. On the other hand, the BIGT
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is separated by RC-IGBT and conventional IGBT parts, the
IGBT part has a much higher hole emission efficiency than the
RC-IGBT part, which induces the concentration of the current
at the IGBT part and consequently results in the temperature
overheating at local areas, as shown in Figs. 4(c-1) and 4(c-2).
For the proposed RC-IGBT, the floating P-plug embedded in
the n-buffer offers a barrier to the electron current, it can work
at bipolar mode despite the collector size Lgj,e = 75 pm, AVsp
is only 0.2 V. When Lgj, = 300 um, AVsp is completely elim-
inated. Moreover, in Figs. 4(a-1) and 4(a-2), the current and
temperature distributions are very uniform.

Figure 3(b) shows the d,,_pyfrer influencing on the snap-
backs. It can be seen that AVsg decreases from 3.5 Vto 0.2 V
when d;,_puffer decreases from 3 pum to O um. According to
Eq. (6), the snapback can be completely eliminated by de-
creasing dp_pufrer to zero. So the floating P-plug can suppress
the snapback effectively. When the height of the p-plug equals
the width of the n-buffer, the electron channel is almost com-
pletely obstructed.

Figure 3(c) shows the doping of the float P-plug influenc-
ing on the snapbacks. It can be seen that AVsp decreases from
0.4 V to 0.18 V when the doping increases from 1x 10" cm 3
to 4x10'0 cm™3.
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Fig. 3. (color online) (a) Comparison of the forward conduction characteristics for the BIGT, the conventional RC-IGBT and the proposed RC-IGBT

with floating P-plug at different collector sizes. (b) Dependencies of forward conduction characteristics and AVgsp (=

VsB — V1) on dy_pusrer. Here, Vsp

is the turn-over voltage of the snapback and Vj; is the minimum collector voltage after snapback. (c) Dependencies of forward conduction characteristics
and AVsp on the doping of the floating P-plug. (d) Dependencies of forward conduction characteristics and AVsp on the width of the floating P-plug.
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Figure 3(d) shows the width of the float P-plug influenc-
ing on the snapbacks. It can be seen that AVsg decreases
slowly as the width increases from 2 pm to 10 um. Moreover,

the forward voltage drop is 2.2 V for the proposed RC-IGBT
at the current density of 100 A/cm?.
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Fig. 4. (color online) The 2D temperature and current distributions for
(a) the proposed RC-IGBT, (b) the conventional RC-IGBT and (c) the
BIGT at the current density of 100 A/cm?, the ambient temperature is
set at 298 K.

3.2. Turn-off property at IGBT mode

The turn-off current waveforms for the IGBTs under a
clamped inductive load are shown in Fig. 5. For the pro-
posed structure, except for the n-collector, the floating P-
plug embedded in the n-buffer layer acts as the base of
the N-buffer/P-float/N-buffer transistor to extract the exces-
sive carriers. For the conventional RC-IGBT and BIGT, al-
though they have n-collectors for extracting electrons, they
need much bigger collector sizes to attain the same for-
ward voltage drop and suppress the NDR regime. More-
over, the majority of the excessive carriers are accumu-
lated upon the p-collector area and it is hard for the p-
collector to extract them out, which induces the slowness
of the turn-off process. Additionally, the non-uniform cur-
rent distribution will induce an electric field and depletion
layer fluctuation between the diode part and the IGBT part,
as shown in Figs. 6(b) and 6(c). For the proposed RC-
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Fig. 5. (color online) Turn-off current waveforms of the conventional
RC-IGBT, the BIGT and the proposed RC-IGBT under a clamped in-
ductive load (Rg = 10 Q, L = 10 uH, line voltage V. = 600 V, the life
time of carriers is t = 10 us).
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IGBT, the current is uniformly distributed during the whole
turn-off process; the electric field and depletion layer are al-
most the same between the diode part and the IGBT part, as
shown in Fig. 6(a).

3.3. Reverse conduction property at diode mode

Figure 7 shows the reverse conduction characteristics of
the IGBTs at diode mode. The voltage drops are 0.88 V,
1.04 V, 1.08 V and 1.26 V for the conventional PIN, the pro-
posed RC-IGBT, the conventional RC-IGBT and the BIGT,
respectively, at 100 A/cm®. The current and temperature
distributions are also investigated at the current density of
300 A/cm? because the RC-IGBT may work at momentary
high currents during reverse conduction. From Figs. 8(a-1)
and 8(a-2), we can see that due to the small collector cell size
for the proposed RC-IGBT, the current density and tempera-
ture are evenly distributed. In Figs. 8(b-1) and 8(b-2), the non-
uniform distribution of the current density induces an extrusive
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temperature in the conventional RC-IGBT. This phenomenon
is more evident in Figs. 8(c-1) and 8(c-2) for the BIGT.
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Fig. 7. (color online) Reverse conduction characteristics of the proposed RC-
IGBT, the conventional RC-IGBT and the BIGT at diode mode.
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Fig. 8. (color online) The 2D current flow line and temperature distribution for (a) the proposed RC-IGBT, (b) the conventional RC-IGBT and
(c) the BIGT at the same current density of 300 A/cm?, the ambient temperature is set at 298 K.

3.4. Reverse recovery property at diode mode

Figure 9 shows the comparison of the reverse recovery
current waveforms of the conventional PIN diode and other
RC-IGBTs at diode mode. For all the RC-IGBTs at the re-
verse recovery state, the passing electrons flowing towards
the n-collector regions induce a large potential across the PN
junction and force a controlled level of field charge extraction
(FCE) (or hole injection) from the p-collector into the base.?"!
That is the cause for the soft recovery of the RC-IGBTs at
the diode mode. Due to the introduction of the floating P-
plug in the n-buffer layer, the proposed RC-IGBT will work
as the controlled injection of backside holes (CIBH) concept
diode,?!??] which brings in a soft factor S up to 7. For the
conventional PIN diode, due to the lack of the p-collector, the
depletion layer increases abruptly in the n-drift. The carriers
stored in the base will be extracted at a very short time. That

is the cause for the snappy recovery of the PIN diode.*!

15 T T T T
r snappy recovery for the
L PIN diode
5 4

é - l\ TAWLY
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Time/ps

Fig. 9. (color online) Comparison of reverse recovery waveforms of the
conventional PIN diode and others RC-IGBTs at diode mode, where
Ir=10A, Ve =600V, L=6pH, di/dr =200 A/us.
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3.5. Trade-off property between forward conduction and
turn-off loss

The trade-off between the forward voltage drop and turn-
off loss Ey¢r is comparatively illustrated in Fig. 10. It is obvi-
ous that the trade-off curve of the proposed RC-IGBT lies be-
low those of the others. The proposed RC-IGBT has the lowest
turn off loss compared with the other RC-IGBTs at the same
forward voltage drop, or the proposed RC-IGBT has the low-
est forward voltage drop compared with the other RC-IGBTs
at the same turn off loss.

120 T T T T
| —e—conventional RC-IGBT
Lg,e =300 pm
100 - . BIGT Ly, =600 pm
a5 S \’ —e—proposed Lg,e =75 pm
g N\
5 80t 0\ 1
g I *
<
LT?; 60 | \ -
Fvaring Lo: L, varing P-collector
20 go wp concentration (Ly: Ly, = 1:4)
Rt 10\‘6%; b 1
I 1:7\1{? R e
20 0 1:400-0—0-0—e@ ®

1.90 2.00 2.10 2.20 2.30
Forward voltage Vo,/V

Fig. 10. (color online) Comparison of trade-off between the forward
voltage drop and the turn-off loss for the conventional RC-IGBT, the
BIGT and the proposed RC-IGBT with float P-plug.

4. Conclusion

An RC-IGBT with a floating P-plug has been presented
and investigated in detail. An almost snapback-free RC-IGBT
with 75- um-length collector cell, 2.2-V forward voltage drop,
34.6-mJ/cm? turn-off loss and 1.04-V reverse voltage drop of
the integrated FWD at 100 A/cm? is obtained. As the simu-
lation results show, the new structure not only suppresses the

snapback at the IGBT mode but also has superior reverse con-
duction characteristics at the diode mode; more importantly,
due to the uniformity of the current density, the temperature
reliability of the RC-IGBT can be greatly improved at large
current densities.
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