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A novel 4H-SiC merged P–I–N Schottky (MPS) with floating back-to-back diode (FBD), named FBD-MPS, is pro-
posed and investigated by the Sentaurus technology computer-aided design (TCAD) and analytical model. The FBD fea-
tures a trench oxide and floating P-shield, which is inserted between the P+/N− (PN) junction and Schottky junction to
eliminate the shorted anode effect. The FBD is formed by the N-drift/P-shield/N-drift and it separates the PN and Schottky
active region independently. The FBD reduces not only the Vturn to suppress the snapback effect but also the Von at bipolar
operation. The results show that the snapback can be completely eliminated, and the maximum electric field (Emax) is
shifted from the Schottky junction to the FBD in the breakdown state.

Keywords: 4H-SiC, merged P–I–N Schottky (MPS), snapback effect, turnover voltage, floating back-to-back
diode (FBD)

PACS: 85.30.–z, 73.40.Kp, 85.30.De, 72.20.Ht DOI: 10.1088/1674-1056/ac0e23

1. Introduction
The 4H-SiC power devices have great potential applica-

tions for their unique characteristics of high-voltage, high-
frequency, and high-temperature.[1–3] The 4H-SiC Schottky
barrier diode (SBD) is widely used in high-frequency area
due to its unipolar conduction mode. However, the large leak-
age current limits its breakdown performance and high-voltage
application.[4–6] The 4H-SiC P–I–N diode is widely used in
high power case due to its bipolar conduction mode.[7–9] How-
ever, the poor reverse recovery limits its application in high-
frequency area. The 4H-SiC merged P–I–N Schottky (MPS)
diode is a promising device by integrating the Schottky and PN
junction into one chip, which realizes the superior breakdown
performance and fast reverse recover characteristics.[10–14]

However, an undesirable snapback effect is induced by the
short effect of the Schottky junction at the forward conduction,
which can prevent the device from implementing full turn-on,
thereby leading to unreliability for the power systems. Many

advanced structures have been proposed to solve the snapback
in recent years. The L-MPS can suppress the snapback by
extending the length of the PN junction, and the anode resis-
tance is increased.[15] The S-MPS can alleviate the snapback
turnover voltage Vturn, and the width of the PN junction is 1.5
times longer than the thickness of the N-drift.[16] The SP-MPS
can not only eliminate the snapback but also reduce the leak-
age current, and the reverse blocking voltage is increased by
the introduced shallow P region.[17] In this paper, a novel MPS
with floating back-to-back diode (FBD-MPS) is proposed to
eliminate the snapback and reduce the unipolar specific on-
resistance Ron.

2. Devices structure and equivalent circuit

The cross section schematic and equivalent circuit of con-
ventional MPS (CON-MPS) and the FBD-MPS are shown in
Fig. 1. For the CON-MPS, it has PN and Schottky junction at
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Fig. 1. (a) CON-MPS structure and equivalent circuit, and (b) proposed FBD-MPS structure and equivalent circuit, two floating backtoback diodes and
R′drift0 introduced.
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Table 1. Device parameters of FBD-MPS and CON-MPS.

Symbol Description CON-MPS FBD-MPS

WD N-drift width (µm) 17 17
WO PN junction (µm) 15 15
WFP Floating P-shield width (µm) – 1
WS Schottky junction width (µm) 2 2
TD N-drift thickness (µm) 35 35
TP+ P+ anode thickness (µm) 0.5 0.5
TTO Trench oxide thickness (µm) – 0.5
TFP Floating P-shield thickness (µm) – 4.5
ND N-drift region doping (cm−3) 1×1015 1×1015

NA P+ region doping (cm−3) 5×1018 5×1018

NFP Floating P-shield doping (cm−3) – 2×1016

the anode electrode, thus the PIN diode DPN and Schottky
diode DFS are formed.[18] The N-drift is divided by the equipo-
tential line W , and the Rdrift1 and Rdrift2 are distributed in the
equivalent circuit as shown in Fig. 1(a). For the FBD-MPS, a
transistor N-drift/P-shield/N-drift is designed between the PN
and equivalent circuit as shown in Fig. 1(b). Additionally, the
FBD helps to deplete the N-drift under the Schottky junction,
and an extra resistance R′drift0 is also introduced.

The key parameters of the proposed FBD-MPS and CON-
MPS are compared and listed in the Table 1. The width WD

and thickness TD of the N-drift for each of the two devices
are 17.0 µm and 35.0 µm, respectively. The doping ND of
the N-drift and the NA of the P+ anode are 1×1015 cm−3

and 5×1018 cm−3, respectively. For the FBD-MPS, the width
WFP, the thickness TFP, and the doping NFP of the P-shield are
1.0 µm, 4.5 µm, and 2×1016 cm−3, respectively.

3. Snapback Vturn analytical model
The N-drift for each of the CON-MPS and FBD-MPS is

divided into N-drift1 and N-drift2 along the equipotential line
W as indicated in Fig. 1. The Tdrift1 for the CON-MPS and
T ′drift1 for the FBD-MPS can be expressed by Eqs. (1) and (2),
respectively (TP+ and Tdeplete are the P+ anode thickness and
the PN junction depletion thickness, respectively. TTO is the
trench oxide thickness, and TFB is the floating P-shield thick-
ness for the FBD-MPS). It is noted that the T ′drift1 is bigger than
Tdrift1.

Tdrift1 = TP++Tdeplete, (1)

T ′drift = TTO +Tdeplete +TFB. (2)

The Tdrift2 for the CON-MPS and T ′drift2 for the FBD-MPS can
be expressed by Eqs. (3) and (4) (W1 equals 0.5 µm on the
assumption that the equipotential line W in lateral direction is
flat within the range of x > (WO +W1)). It is noted that the
T ′drift2 is lower than Tdrift2 because the equipotential line W is
moved downward by the depletion of the P-shield.

Tdrift2 =
∫ TD−Tdrift1

0

(TD− y)2

(TD− y)2 +(WO +W1)2 dy

= TD−Tdrift1− (WO +W1)

×
[

arctan
(

TD

WO +W1

)
− arctan

(
Tdrift1

WO +W1

)]
, (3)

T ′drift2 =
∫ TD−T ′drift1

0

(TD− y)2

(TD− y)2 +(W O +W1)2 dy

= TD−T ′drift1− (WO +W1)

×
[

arctan
(

TD

WO +W1

)
− arctan

(
T ′drift1

WO +W 1

)]
. (4)

The specific on-resistance Ron of the CON-MPS is the sum
of the Rdrift1 and Rdrift2, and the R′on of the FBD-MPS is the
sum of the R′drift0, R′drift1 and R′drift2. The effective thickness of
the N-drift Tsum for the CON-MPS and T ′sum for the FBD-MPS
can be expressed by Eqs. (5) and (6), because the current den-
sity through the Schottky contact is (WO+WS)/(WS−Wdeplete)

times the current density through the cathode contact as a re-
sult of current continuity. It is noted that the Tsum is bigger than
T ′sum. The Wdeplete is the PN junction depletion width, which
can be expressed by Eq. (7)[19]

Tsum = TD +

(
WO +WS

WS−Wdeplete
−1
)
×Tdrift1, (5)

T ′sum = TD +

(
WO +WS

WS−Wdeplete
−1
)
×T ′drift1, (6)

Wdeplete =

√
2εs(VPN−Vf)

qND
. (7)

The voltage drop across Schottky junction VFS for the CON-
MPS and V ′FS for the FBD-MPS can be expressed by Eqs. (8)
and (9) (JFC is the cell current density, and φB is the Schottky
barrier height).

VFS = φB +
kT
q
× ln

(
JFC

AT 2 ×
WO +WS

WS−Wdeplete

)
, (8)

V ′FS = φB +
kT
q
× ln

(
JFC

AT 2 ×
WO +WS

WS−Wdeplete

)
. (9)

The voltage drop across Rdrift2 equals (Vturn −VFS)×
Tdrift2/Tsum, thus the snapback Vturn for the CON-MPS and
V ′turn for the FBD-MPS can be expressed by Eqs. (10) and (11),
(VPN is built-in potential of the PN junction). It is noted that
V ′turn is lower than Vturn.

Vturn = VFS +(VPN−VFS)×
Tsum

Tsum−Tdrift2

= VFS +(VPN−VFS)×
1

1−Tdrift2/Tsum
, (10)

V ′turn = V ′FS +
(
VPN−V ′FS

)
× T ′sum

T ′sum−T ′drift2

= V ′FS +
(
VPN−V ′FS

)
× 1

1−T ′drift2/T ′sum
. (11)
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4. Results and discussion
Figure 2 shows the electron and potential distribution

in lateral direction along y = 34.2 µm for the CON-MPS
and FBD-MPS. The trench oxide and floating P-shield is in-
troduced between the PN junction and the Schottky junc-
tion, thus the electrons will accumulate under the P+ anode
due to the potential barrier of the P-shield as illustrated in
Fig. 1(b). Therefore, the electron concentration distribution
at y = 34.2 µm is extracted to illustrate the accumulation ef-
fect, and the potential is explored to reveal the barrier effect.
In Fig. 2(a), the electron density of the FBD-MPS is two or-
ders of magnitude higher than that of the CON-MPS at the
same VA = 1.5 V and 2.5 V of the unipolar mode, and it is
almost the same when the devices operate in the bipolar mode
at the VA = 3.1 V. The variations of FBD-caused potential bar-
rier with width at VA = 1.5 V and 2.5 V of the FBD-MPS are
shown in Fig. 2(b).
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Figure 3 shows the forward I–V characteristics of the
CON-MPS and proposed FBD-MPS. The snapback is ob-
served for the device due to the short effect of the Schottky
anode. The turnover voltage Vturn and the extent of snap-
back ∆VSB increase with t Schottky junction WS increasing.
More importantly, the unipolar specific on-resistance Ron of
the FBD-MPS is much higher than that of the CON-MPS,
which is because the FBD can deplete the N-drift under the

Schottky junction, and the extra resistance R′drift0 is introduced
into the equivalent circuit.

Figure 4 demonstrates the influence of the WS and WO on
the Vturn. The Tsum decreases with WS increasing according to
Eq. (5). Therefore, the Vturn increases with WS increasing ac-
cording to Eq. (10). The Tdrift2 decreases with WO increasing
according to Eq. (3), and the Tsum and VFS increase with WO in-
creasing according to Eqs. (5) and (8). Therefore, the Vturn de-
creases with WO increasing according to Eq. (10). The simula-
tions and analytical model results are illustrated and compared
together as shown in Figs. 4(a) and 4(b). The V ′turn of the pro-
posed FBD-MPS is much lower than that of the CON-MPS,
which is because the T ′sum and T ′drift2 increase by the FBD.
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Figure 5 demonstrates the influence of TD and ND on Vturn,
∆VSB, Von, and BV. For Vturn, Tdrift2, and Tsum increase with TD

increasing according to Eqs. (3) and (5), thus Vturn increases
with TD increasing according to Eq. (10). Additionally, Vturn

gradually increases with ND increasing according to Eqs. (7)
and (10) due to the increase of Wdeplete. The simulations and
results from the analytical model are illustrated and compared
together as shown in Figs. 5(a) and 5(b). For ∆VSB, the snap-
back is completely suppressed for the FBD-MPS when TD is
shorter than 42.0 µm as indicated in Fig. 5(a). The snap-
back is also completely eliminated when ND changes from
5×1014 cm−3 to 3×1015 cm−3 as indicated in Fig. 5(b). Addi-
tionally, Von increases with TD increasing as shown in Fig. 5(a),
and BV decreases with ND increasing as shown in Fig. 5(b) for
the devices.
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Fig. 5. (a) Variations of Vturn and Von with thickness TD in N-drift region for
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ND. (Von is the forward voltage at the current density of 100 A/cm2, and BV
is breakdown voltage at leakage current of 10−4 A/cm2).

Figure 6 demonstrates the variations of V ′turn and BV with
TFB (see Fig. 6(a)) and with NFB (see Fig. 6(b)) for the pro-
posed FBD-MPS. For V ′turn, T ′drift1 increases and T ′drift2 de-
creases with TFB increasing according to Eqs. (2) and (4), re-
spectively. Thus V ′turn increases with the augment of TFB ac-
cording to Eq. (11). The simulations and results from the an-
alytical model are illustrated and compared together as shown
in Fig. 6(a). The V ′turn is almost the same when NFB increases
from 5.0×1015 cm−3 to 3.0×1016 cm−3 in Fig. 6(b), which
is because the Wdeplete and T ′sum do not depend on the NFB

according to Eqs. (7) and (6). For ∆VSB, the snapback can
be completely suppressed when TFB is higher than 4.0 µm in
Fig. 6(a), and the snapback is also completely eliminated when
NFB changes from 5×1015 cm−3 to 3×1016 cm−3 in Fig. 6(b).
The value of BV reaches the maximum at TFB = 4.0 µm in
Fig. 6(a) and at NFB = 1.5×1016 cm−3 in Fig. 6(b).
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Figure 7 shows the lateral electric field distributions at
y = 34.5 µm for the devices. The maximum electric field Emax

for the FBD-MPS is shifted from the Schottky junction to the
FBD. However, the avalanche breakdown BV for the CON-
MPS and FBD-MPS are both 6000 V as shown in the inset.
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Fig. 7. Curves of Emax and BV versus width for FBD-MPS and conventional
CON-MPS at y = 34.5 µm (WO : WS = 15 : 2).

Figure 8 displays the reverse recovery characteristics of
the devices. The reverse recovery time trr is 2.7×10−8 s for

028503-4



Chin. Phys. B 31, 028503 (2022)

the CON-MPS and FBD-MPS. The Qrr of FBD-MPS is big-
ger than that of the CON-MPS because more holes are injected
at the forward conduction, and it decreases with theenhance-
ment of WS for each of the two devices. The values of softness
factor S are bigger than 1 and gradually increase with the rise
of the WS, thus the soft reverse recovery is guaranteed.
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Fig. 8. Recovery waveforms of devices, with Qrr denoting shadow area, trr
representing reverse recovery time, and S = tb/ta.

5. Conclusions
In this work, a novel 4H-SiC MPS with floating back-to-

back diode (FBD) is proposed and investigated by using the
simulation and analytical models. The Vturn analytical mod-
els of the snapback are established and well matched with the
simulation results, and Vturn can decrease by reducing the ratio
WS/WO, TD and ND for the CON-MPS and FBD-MPS. More
importantly, the Vturn can be effectively reduced by enhancing

the TFB for the FBD-MPS.
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