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ABSTRACT In this work, an improved 4H-SiC insulated gate bipolar transistor (IGBT), or CTH-IGBT,
with a trench p-polySi/p-SiC heterojunction on the backside of the device is proposed to reduce the
turn-off energy loss (Eoff ) and turn-off time (Toff ). The electrical properties of the proposed and contrast
structures are all simulated using the ATLAS simulation software to research the working mechanism
of this improved structure. For the static performance, the specific ON-resistance (Ron,sp) and the figure
of merit (FOM = V2

BR/Ron,sp) are not influenced much as compared to the traditional structure at the
same breakdown voltage (VBR) of 12 kV. However, with a prominent electron current path formed by the
heterojunction region of CTH-IGBT, a very available conduction path to discharge the electrons during
turn-off process is proved in this article. The simulation results demonstrate that compared with the
traditional structure, the turn-off energy loss of the CTH-IGBT is reduced by 76.4%, while the turn-off
time is reduced by 85.0%.

INDEX TERMS 4H-SiC, heterojunction, insulated gate bipolar transistor (IGBT), turn-off loss, turn-off
time, breakdown voltage.

I. INTRODUCTION
The performance of silicon-based devices is gradually
approaching its limits, and it has become increasingly
difficult to meet the application requirements of modern
power electronic systems. The third-generation semiconduc-
tor material silicon carbide (SiC) has gradually replaced
the use of silicon (Si) in power applications due to its
wide band gap, high breakdown electric field, high ther-
mal conductivity, high electron saturation drift speed and
higher radiation resistance. It is widely used to make high-
power devices for application in high temperature, high
voltage, high frequency and radiation resistant operating
environments and requirements [1]–[6].
In recent years, researchers have conducted exten-

sive research on 4H-SiC insulated gate bipolar transis-
tors (IGBTs) and have achieved great results in both theory
and experiment [7]–[10]. The breakdown voltage of the
device has grown from 6.5 kV to 27 kV [11]–[17]. However,

it is found that the previous studies have mainly focused
on the trade-off between the breakdown voltage and ON-
resistance, while the dynamic switching characteristics of the
device are ignored. In order to reduce the turn-off energy loss
(Eoff ) while not substantially affecting the static performance,
the use of a heterojunction structure is gradually being incor-
porated into the design of IGBT structures. For example,
Henning et al. studied the electrical properties of Si/SiC
and found that the barrier height of the polysilicon/4H-SiC
interface may be controlled by varying polysilicon doping
type [18]. Kudoh and Asano proposed a structure that had a
p+-SiGe collector layer at the backside of the device [19],
and Liang et al. analyzed the influence of interface state on
the electrical properties of Si/SiC [20].
In order to further reduce the turn-off energy loss, with-

out sacrificing the static characteristics, we have proposed
the collector trench heterojunction IGBT (CTH-IGBT) with
a p-polySi/p-SiC trench heterojunction on the backside of
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FIGURE 1. Schematic cross-sectional views of (a) C-IGBT, (b) CT-IGBT
and (c) CTH-IGBT.

TABLE 1. Structural simulation parameters.

the structure. The electrical characteristics of CTH-IGBT
and conventional IGBT (C-IGBT) were simulated with the
Silvaco ATLAS simulation software. The results show that
under the same breakdown voltage of 12 kV, the turn-off
energy loss of the CTH-IGBT is 76.4% lower than the
C-IGBT, and the turn-off time (Toff ) is reduced by 85.0%.

II. DEVICE STRUCTURE AND FABRICATION PROCEDURE
Fig. 1 shows the schematic cross-sectional half-cell structure
views of the C-IGBT and CTH-IGBT, respectively, and the
structure (b) (collector trench IGBT, CT-IGBT) is also intro-
duced to further illustrate the role of the heterojunction. The
sizes and doping concentrations of the C-IGBT and CTH-
IGBT are provided in TABLE 1. In order to better compare
with the previous research results, the main structural param-
eters of the conventional and proposed structures are identical
except for the collector region below drift region [21]–[23].
At the same time, the only difference between CT-IGBT and
CTH-IGBT is that the former collector trench is filled with
the 4H-SiC. The thicknesses of the oxide on the bottom
and sidewalls of the gate trench are 100 nm and 50 nm,
respectively.

FIGURE 2. Main fabrication steps of CTH-IGBT structure.

The I − V , breakdown and turn-off characteristics of the
structures are verified by simulations using Silvaco ATLAS
software. Since the previously simulated IGBT has been
manufactured and verified [24], the same material param-
eters and physical models for the 4H-SiC devices are
introduced in this article. The key physical models include
concentration-dependent mobility model (CONMOB), Fermi
model, a parallel electric field dependent model (FLDMOB),
recombination models (Shockley-read-hall, AUGER), incom-
plete ionization model (INCOMPLETE) and energy band
narrowing model (BGN) [25]. The minority carrier lifetimes
in the N-buffer and N-drift regions are set as 0.1 µs and
1.0 µs, respectively [26].

The main fabrication steps of the CTH-IGBT structure are
given in Fig. 2 [27]. In the process of fabricating the device, it
should be noted that the gate oxide layer is thermally grown
under dry oxygen conditions in order to avoid the problem
of insufficient oxide layer thickness at the bottom of trench
under nominal thermal oxidation conditions [28]. Due to the
small diffusion rate of impurity carriers in the SiC material,
high-energy ion implantation is the only way to achieve
high-quality, highly doped SiC [29], [30]. Additionally, in
the device fabrication process, aluminum (Al) ion implan-
tation [31]–[33] is used to form p-SiC. Although Al ion
implantation can cause significant lattice damage, this can
be mitigated by closely controlling the annealing and implan-
tation conditions [34]. Furthermore, because the hardness of
the SiC material is relatively large, it is very difficult to etch.
We can use Ni as a mask and perform an inductively cou-
pled plasma (ICP) etching containing SF6/O2 gas mixtures
as effective etchants [35]. At the same time, we must pay
close attention to the formation of micro-trenches during the
etching process, which can cause the electric field concen-
tration effect, thereby reducing the breakdown voltage of the
device [35], [36].

III. SIMULATION RESULTS AND DISCUSSION
Fig. 3 shows the breakdown characteristic curves (VGE =
0 V) of the C-IGBT, CT-IGBT and CTH-IGBT, respectively.
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FIGURE 3. Breakdown characteristic curves and critical electric field
distributions of (a) C-IGBT, (b) CT-IGBT and (c) CTH-IGBT.

We can see that the three devices can reach its avalanche
breakdown voltage at about 12 kV when the gate and emitter
contacts are connected to ground. At this time, the 2-D crit-
ical electric field distributions in these structures are given
in the inset. It can be seen that when the devices undergo
its avalanche breakdown voltage, the internal electric field
peaks all appear at the corner of P+shielding region below
the trench gate (the trench gate device is common in break-
down under the corner of the trench). The values of electric
field peak for the C-IGBT, CT-IGBT and CTH-IGBT are
2.92 MV/cm, 3.04 MV/cm and 2.96 MV/cm, respectively,
which approach the maximum 4H-SiC electric field strength
of 3.0 MV/cm.
Fig. 4 illustrates the I − V characteristics of the C-

IGBT, CT-IGBT and CTH-IGBT. As can be seen from this
figure, the specific ON-resistance (Ron,sp) of the C-IGBT,
CT-IGBT and CTH-IGBT are estimated to be 30.0, 30.8
and 32.7 m�·cm2 (VGE = 20 V and VCE = 20 V). As
a result, Ron,sp of the CTH-IGBT decreases slightly than
that of the C-IGBT and CT-IGBT. The figure of merit
(FOM = V2

BR/Ron,sp) is used to indicate the tradeoff rela-
tionship between breakdown voltage and ON-resistance, and
it can be calculated to 4.80, 4.77 and 4.40 kV2/m�·cm2 for
the three structures, respectively.
Since the device stores a large number of minority carriers

in the drift region during forward conduction process, the
ON-resistance is usually very small, but this is very disad-
vantageous for the turn-off process of IGBT structure. When
the device is turned off, the carriers stored in the drift region
form a large tail current, which can extend the turn-off time
of the device and increases the power loss during turn-off.
In this simulation, the test circuit used to compare the shut-
down performance of the C-IGBT, CT-IGBT and CTH-IGBT
is shown in Fig. 5. The clamped inductive load is modeled
by a constant current source (Iout = 2.1 × 10−6 A) and the
bus voltage (Vbus) is set to 60% of the breakdown voltage.
A gate voltage changing from 20 V to -5 V, with a frequency
of 5 kHz and a 50% duty cycle, is introduced to control the
turn-on and turn-off of the device. The simulated device’s

FIGURE 4. Forward I-V characteristics of (a) C-IGBT, (b) CT-IGBT
and (c) CTH-IGBT.

FIGURE 5. Turn-off characteristic curves of (a) C-IGBT, (b) CT-IGBT
and (c) CTH-IGBT and test circuit schematic (inset).

area is set as 2.1×10−8 cm2, making the current density of
100 A/cm2.
The turn-off characteristic curves of the C-IGBT, CT-

IGBT and CTH-IGBT are presented in Fig. 5. The Eoff of
the C-IGBT, CT-IGBT and CTH-IGBT are calculated to be
217.7, 203.7 and 51.3 mJ/cm2, respectively. The Eoff of the
proposed CTH-IGBT structure is 76.4% lower compared to
that of the conventional structure, which is mainly due to the
introduction of the p-polySi/p-SiC heterojunction on the col-
lector side. In the conventional structure, the carriers stored
in the drift region can only disappear by conventional recom-
bination process. However, the proposed structure provides
a more effective conduction path for the leakage of carriers.
From the previous work on the improving of collector region,
Si IGBT can demonstrate much lower Eoff as shown in
Table 2 [37], [38]. We can also see that, the 12 kV proposed
CTH-IGBT can represent a comparative Eoff performance
compared with the 5.5 kV SiC SJ-IGBT [39]. Furthermore,
the CTH-IGBT can demonstrate a significantly decrease in
Eoff in comparison with the other structures [39]–[42].
As can be seen from Fig. 6, the turn-off current of

CTH-IGBT drops earlier and shows almost no current tail
compared with the other two structures. So, a shorter turn-off
time (Toff ) of 0.12 µs is obtained, which can be decreased by
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TABLE 2. Turn-off loss comparison with different type of devices.

FIGURE 6. Turn-off current and voltage waveforms of (a) C-IGBT,
(b) CT-IGBT and (c) CTH-IGBT.

FIGURE 7. Energy band diagram comparison for the (a) CT-IGBT
and (b) CTH-IGBT device in thermal equilibrium.

85.0% in comparison with that of C-IGBT (Toff = 0.80 µs).
The main difference is because the carriers can now not only
disappear by the process of recombination, but also flow into
the collector through the low energy barrier region on the
heterojunction side. The low energy band barrier region can
be shown in Fig. 7 (cut line from AA’ as shown in Fig. 1).
As a result, the heterojunction portion of the CTH-IGBT
can be more conducive to discharge the electrons during the
device shutdown process.
Fig. 8(a) shows the distribution of the electron concentra-

tion and the carrier recombination rate on the collector side
during voltage rise process (cut line from BB’ as shown
in Fig. 1). We can see that, for CTH-IGBT, the electron
concentration is lower than that across the collector side
of the C-IGBT and CT-IGBT. This is mainly because the

FIGURE 8. Electron concentration and carrier recombination rate on the
collector side during (a) voltage rise phase at t = 53 ns and (b) current fall
phase at t = 200 ns.

FIGURE 9. Simulated electron current paths during voltage rise phase at
t = 53 ns and current fall phase at t = 200 ns.

heterojunction in trench collector can provide a very avail-
able conduction path to remove the injection electron. As
a result, a very low electron concentration in CTH-IGBT
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leads to a significant decrease in carrier recombination rate
compared with the other two structures. For comparing the
turn-off process during current fall phase, the electron con-
centration and carrier recombination rate of the structures
are given at t = 200 ns in Fig. 8(b). It can be seen that
very similar curve distributions are obtained in comparison
with Fig. 8(a). Because of much lower electron concentra-
tion storing in CTH-IGBT durning current fall phase, Toff
can be significantly improved compared with the other two
structures.
The simulated electron current paths during turn-off pro-

cess for the CT-IGBT and proposed CTH-IGBT are shown
in Fig. 9. We can see that a prominent electron current path
is formed in the heterojunction region between the n-drift
and collector during turn-off process. Combined with the
shallow electron potential well formed in the heterojunction
region of the CTH-IGBT (as shown in Fig. 7), the formed
electron current path can significantly accelerate the electron
extraction in the drift region.

IV. CONCLUSION
We presented a CTH-IGBT with a p-polySi/p-SiC trench het-
erojunction on the backside of the device, and compared with
the electrical characteristics of the C-IGBT and CT-IGBT
using the Silvaco ATLAS simulation software. The simula-
tion results verify excellent performance characteristics of the
proposed structure. Under the premise of a constant break-
down voltage, the heterojunction can accelerate the extraction
of electrons during turn-off process without affecting much
the forward I−V characteristic. In the end, the turn-off loss
and turn-off time of the proposed device can be improved by
76.4% and 85.0% in comparison with that of the C-IGBT,
respectively.
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