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Abstract: In this paper, a novel 3300 V/40 A 4H-SiC junction barrier Schottky diode (JBS) with a
multi-step separated trench (MST) structure is proposed and thoroughly investigated using TCAD
simulations. The results show that the introduction of MST expands the Schottky contact area,
resulting in a decrease in the forward voltage drop. Furthermore, the combination of the deep P*
shielded region and the central P* region effectively reduces the leakage current, leading to a 43.7%
increase in the blocking voltage compared to conventional 4H-SiC JBS. The effects of the step depth
(ds) and the width of the central P* region (wm) on the device performance are analyzed in depth. In
addition, a multi-step trenched linearly graded field-limiting rings (MTLG-FLR) termination ensures
a more uniform electric field distribution, and the terminal protection efficiency reaches up to 90%,
which further enhances the reliability of the terminal structure.

Keywords: 4H-SiC junction barrier Schottky (JBS); multi-step trench; trench FLR; electric field;
blocking voltage

1. Introduction

Large-diameter 4H-SiC wafers with low defect density have been commercialized
and applied in power devices [1]. Compared with Si-based power devices, SiC power
devices have attracted more and more attention in the application market due to their
faster switching speeds, better thermal stability and higher efficiency [2]. In particular,
SiC power devices show great potential in high-voltage application scenarios such as new
energy vehicles, power transmission and electric locomotive traction, etc. However, the
current commercial SiC diodes are primarily utilized in the low-to-medium voltage range;
the design and development of high-voltage devices still face severe challenges [3-6].

In medium-voltage and high-voltage applications, the balance between the forward
voltage drop (V) and leakage current is critical. For traditional planar junction barrier
Schottky (JBS) diodes, the shielding effect of the Schottky barrier region under the reverse
voltage depends on the depth of the P* regions [7-12]. Although narrowing the width of
the Schottky region can reduce the leakage current, it leads to an increase in Vg of a diode.
Recently, various improved structures based on 4H-SiC JBS diodes have been proposed
and studied. The floating junction JBS (FJ-JBS) diode optimizes the reverse electric field
distribution and enhances the device breakdown voltage by introducing additional PN
junctions within the drift layer, while maintaining low on-state resistance [13]. H. Yuan et al.
have optimized the trade-off between breakdown voltage (Vgr) and specific on-resistance
(Ron,sp) of a 1200 V FJ-JBS diode by simulation, achieving a BFOM (Baliga figure of merit)
of up to 8.16 GW/cm?. However, this structure exhibits a high degree of sensitivity to
the doping of the epilayer, significantly increasing the difficulty in achieving the desired
ion implantation process. The Super Junction JBS (SJ-JBS) diode incorporates a periodic
arrangement of P and N layers, offering multiple current conduction pathways during
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forward biasing, while simultaneously optimizing the electric field distribution under
reverse voltage conditions. This approach provides a solution to the trade-off problem
between forward and reverse characteristics [14]. B. Wang et al. have successfully prepared
a SJ-JBS diode with a Vg of 1920 V and a Ron,sp of 1.2 mQ-cm? by substrate thinning. The
structure still faces many challenges, the most significant of which is its complex manu-
facturing process and high cost, potentially resulting in reduced yield rates and device
reliability. The P-type retrograde-implanted JBS (RP-JBS) diode embeds a lightly doped P*
region beneath the P* region of the conventional JBS structure. This design deepens the
PN junction, reducing the electric field at the Schottky interface and effectively lowering
capacitance by widening the space-charge region. Furthermore, Y. L. Zhang et al. have
proposed the use of RP-JBS to achieve a leakage current of 0.2 pA at 1200 V [15]. How-
ever, although these new structures have improved their performance, they are mainly
reported in the medium-voltage field and are limited by high process complexity and
poor reliability. In contrast, the trench JBS (T]BS) diode is commercially achievable due
to its simple process and excellent performance [16-18]. By flexibly designing the deep
P* region, it can effectively reduce the leakage current and improve the blocking voltage
while maintaining a low forward voltage drop. Therefore, the multi-step trench JBS diode
could have great potential for high-voltage applications. In addition, an effective edge-
termination technique results in electric field distribution that is more uniform at the edge
of the device, thereby enabling the device to approach the ideal breakdown voltage capa-
bility of the epilayer used. Many researchers have studied edge termination technologies,
such as field limiting rings (FLR), field plates, junction termination extensions and some
combined structures [19-21]. These techniques help reduce the reverse leakage current and
improve the reliability of the device. Therefore, the optimization of terminal technology is
also indispensable.

In this paper, the novel MST-JBS diode is proposed; low forward voltage drop and
high breakdown voltage are achieved through the optimization of TCAD simulation.
Furthermore, the multi-step trenched linearly graded FLR (MTLG-FLR) terminal structure
is designed to further enhance the stability and reliability of the device.

2. Device Design and Simulation

Figure 1a,b shows a 3D structure of the 4H-5iC JBS and 4H-SiC MST-JBS diodes,
respectively. The P* implanted regions in both JBS and MST-JBS diodes account for 50%
of the active area. The anode of both diodes features a Schottky contact with the drift
region-SiC interface, as well as an ohmic contact with the P* interface. The 4H-SiC MST-]BS
diode has a three-step trench structure with a central P* region, forming a Schottky contact
with both the trench sidewall and the drift region. The two structures have a width of 7 um
and a substrate doping concentration of 1 x 10'® cm~3. For 4H-SiC, the epilayer thickness
(T) can be expressed as follows:

_ €E«(Np) |:€EC(ND):|2 _ [2€VBR]
r= qEc \/ qNp gNp @

where Vpr represents the breakdown voltage of the device; g denotes the elementary charge;
and ¢ stands for the dielectric constant of 4H-SiC. The critical electric field (E¢) and its
relationship with the epilayer doping concentration (Np) can be determined using the
following expression

1

Ec = 2.49 x 10°
c X T 0251o0g(Np x 1079)]

(2)

Based on the Formulas (1) and (2), and assuming a junction terminal efficiency of 70%,
the values for T and Np of the epilayer in the 3300 V MST-]JBS diode could be optimally
set to 35 um and 2 x 10> cm ™3, respectively. In the MST structure, the P* region has a
doping concentration of 1 x 10'® cm~3, and the width of the central P* region is 0 to 1 um.
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The width of each step is 0.5 um; the step depth (ds) is 0.2 to 0.6 pm. In the simulation,
the depth of the P* region is consistent with the step depth. The specific parameters are
presented in Table 1.

Table 1. Device parameters used in simulation.
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4H-SiC N- Epitaxial Layer

Np Epilayer doping 2 x10% em~3
Np P* region doping 1x 108 cm—3
T Epilayer thickness 35 um
ds Depth of each step 0.2-0.6 um
W Width of each step 0.5 um
Wm Width of middle P* region 0-1 pm
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Figure 1. The 3D cell structure of (a) 4H-SiC JBS, (b) 4H-SiC MST-JBS, and (c) 4H-SiC MTLG-FLR.

A novel multi-step trenched linearly graded FLR (MTLG-FLR) termination was used,
as shown in Figure 1c. The linearly graded FLR structure is formed subsequent to the
multi-step trench structure formation to ensure that the MTLG-FLR has a larger junction
depth. This edge termination structure combines the strengths of both linearly graded FLR
and trench structures, providing more uniform electric field distribution to ensure high
breakdown voltages. The terminal structure is set up in three steps, with each step having
a depth of 0.4 um. The depth and width of the P* rings are 0.4 pm and 3 um, respectively.
The spacing design rule of the MTLG-FLR is described as S, =S; + 0.1(n — 1), where S;
is the spacing between the main junction and the first ring. There are five linearly graded
P* rings on each step, totaling 20 rings in all. The 4H-S5iC MST-]BS structure design and
optimization is conducted using Sentaurus TCAD 2017.

In 4H-polytype SiC materials, the presence of dopant atoms, characterized by their
relatively high ionization energies, typically leads to difficulty in achieving complete
ionization under room temperature conditions. Thus, the phenomenon of incomplete
ionization of impurities must be taken into account during the simulation. The model used
in the Sdevice to account for incomplete ionization is as follows:

Np

- a ©
B EanEC
1+ Gp(T) exp( ST )

. NA,O
- Er,—E
1—|—GA(T)exp(— L V)

where Gp(T) and G4(T) signify the temperature-dependent ionization factors, while Np ¢
and Ny ¢ denote the concentrations of substitutional donors and acceptors, respectively.
Ef, and Ef), correspond to the quasi-Fermi levels associated with electrons and holes,
respectively. 4H-SiC exhibits a bandgap width of 3.2 eV, and the variation of the bandgap
(AE;g) can significantly impact its performance. Therefore, it is essential to incorporate this

Nga 4)
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consideration into the simulations. The physical model integrated into the simulation is
addressed as follows:

2
N N
AEg = Eyof h‘(NDf) + <1n<NDf>) +05 (5)
re re

where E; s and N, are 9 x 1073 eV and 1 x 10'7 cm~3, respectively. The fundamental
physical models used in the simulation also include effective intrinsic density, models
for mobility, impact ionization, barrier tunneling and anisotropic material properties.
Recombination models include carrier generation recombination, Auger recombination
and Shockley—-Read-Hall recombination model. Additionally, the Okuto-Crowell model
and Caughey-Thomas model were also considered.

3. Results and Discussion

Figure 2a,b shows the influence of varying the width of the central P* region (W) on
the simulated forward and reverse I-V characteristics of 4H-SiC MST-]JBS diodes. The Vg is
defined as the voltage drop at the forward-biased current of 40 A, and the VR defined as
the reverse voltage at a current of 10 pA. As illustrated in Figure 2a, when wyy, is increased
from 0 pm to 1 um, the reduction of the Schottky contact area leads to an increase in
current density at a constant current level of 40 A. This, in turn, causes more collisions
between electrons and the lattice, thereby reducing the electron mobility. Consequently, the
equivalent resistance of the device increases significantly, leading to the forward voltage
drop to rise from 2.0 V to 3.2 V. In Figure 2b, it is worth noting that the leakage current of
4H-SiC MST-]BS, without the central P* region, rapidly increases with the reverse voltage
due to the ineffectiveness of the barrier shielding layer. Conversely, the deep barrier created
by the multi-step trench structure, in conjunction with the shielding layer formed by the
central P* region, effectively shields the Schottky junction and reduces the surface electric
field. As wp, increases from 0.25 pm to 1 um, the blocking voltage remains stable, while the
leakage current gradually decreases. Consequently, the MST-JBS diode can achieve a higher
blocking voltage while maintaining a significantly lower level of leakage current. Therefore,
considering the influence of the central P* region on the forward current and the reverse
breakdown voltage, the width is optimized to 0.5 pm. This demonstrates the effectiveness
of optimizing the width of the central P* region as a key parameter for improving MST-JBS
diode forward performance.
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[ — Wm=0.25 um = Wm=0.25 pm
~ ~
< — Wm=0.50 pm < o | — Wm=0.50 um
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Figure 2. The simulated (a) forward characteristics and (b) reverse leakage current of 4H-S5iC MST-]BS
diodes as functions of the width of the central P* region.

Figure 3a shows the simulated Vy and Vgr as functions of the step depth of the
P* region of 4H-SiC MST-JBS diodes. The results show that as the ds increases from
0.2 to 0.6 pm, the Vg exhibits a linear increase from 2.0 V to 2.92 V. Additionally, as
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illustrated in the inset of Figure 3a, the Ron,sp increases correspondingly from 12.8 mQ-cm?
to 18.7 mQ-cm?. However, the breakdown voltage exhibits a trend of increasing first and
then decreasing. Figure 3b shows the distribution of electric field intensity along AA’ in the
4H-SiC MST-JBS diode in Figure 3d. It is obvious that as the ds increases, the breakdown
voltage is effectively improved due to the notable reduction in the electric field intensity
on both sides of the central P* region. It is indicated that under a high reverse bias, the
depletion layer formed by the shallow depth of the P* region does not effectively shield
the Schottky junction, leading to an excessively high surface electric field. Thus, the ds is
0.2 pm in the 4H-S5iC MST-JBS diode, resulting in a breakdown voltage of approximately
2150 V. This is attributed to the increased effect of image forces resulting in a lowering of the
effective barrier height, which subsequently promotes more electrons to flow over the lower
barrier explained by the thermionic field emission theory. Furthermore, under high electric
field conditions, the excessive carriers tunnel through the lowered Schottky barrier. Thus, a
combination of thermionic field emission and field emission contributes to reverse leakage
currents, which leads to premature breakdown at the central Pt region of the device, as
shown in Figure 3e. Figure 3c shows the distribution of electric field intensity along the BB’
as the ds increases. It is found that as the ds further increases, the electric field concentration
effect gradually shifts from the device surface towards its interior. The intensified effect
observed along the lowest edge of the P* region in the BB’ direction results in device
breakdown, as shown in Figure 3f. Furthermore, when the d; is excessively deep, it causes
a decrease in the thickness of the drift layer, which in turn decreases the breakdown voltage.
However, when the ds is 0.4 um, the deep potential barrier shielding layer plays a crucial
role in effectively reducing the high surface electric field. Additionally, this appropriate
depth design minimizes the loss of drift layer thickness and significantly alleviates the
detrimental impact of the electric field concentration effect on device performance under
reverse voltage conditions. Therefore, the uniform distribution of electric field within the
active region of the 4H-SiC MST-]BS diode can be achieved by adjusting the ds as a key
parameter. As a result, in order to achieve higher reverse breakdown voltage and lower
forward voltage drop requirements, the optimal ds is determined to be 0.4 um, resulting in
aVgrof 4480 Vand a Vg of 24 V.
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Figure 3. (a) The simulated forward voltage drop and reverse breakdown voltage of 4H-SiC MST-]BS
diodes are functions of the ds. The inset shows the variation of Ronsp with ds. (b) Electric field
distribution in MST-JBS along A-A'’. (c) Electric field distribution in MST-]BS along B-B’. (d) Schematic
of the cross-sectional electric field distribution under reverse voltage condition. (e) Current den-
sity distribution with ds = 0.2 pm at breakdown. (f) Electric field distribution with ds = 0.6 um
at breakdown.
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Forward Current (A)

Figure 4a shows the simulated forward characteristics of 4H-5iC MST-JBS and con-
ventional 4H-SiC JBS diodes. Both structures have a cell width of 7 pm; all parameters
are consistent. It can be observed that under forward bias, the voltage drop of the 4H-SiC
MST-JBS diode is 2.4 V, which is slightly lower than that of the 4H-SiC JBS diode. Figure 4b
shows the 3D simulation results of the current density distribution for the 4H-5iC MST-JBS,
with particular emphasis on the Schottky contact located on the trench sidewall. It can
be observed that the forward performance of the device is enhanced by expanding the
Schottky contact area, which provides an additional path for current flow and promotes a
wider and more uniform current distribution. Therefore, current crowding is minimized,
resulting in a decrease in the forward voltage drop and an increase in current-carrying
capacity. Figure 4c shows the simulated reverse characteristics of 4H-5iC MST-JBS and con-
ventional 4H-SiC JBS diodes. Under reverse bias conditions, the breakdown voltage of the
4H-5iC MST-]BS diode reaches approximately 4480 V, marking a substantial improvement
of approximately 43.7% over the conventional ]BS diode. Moreover, the leakage current per-
formance of the 4H-5iC MST-JBS is outstanding, with values several orders of magnitude
lower than those of the JBS diode at 3300 V. This is attributed to the multi-step trench P*
region and the central P* region, which form a PN junction with the N epilayer, effectively
shielding the Schottky barrier and significantly suppressing its lowering. In contrast, the
JBS diode suffers a shallow P* region, which contributes to a more rapid deterioration
of device performance under high reverse bias conditions. Consequently, the MST-JBS
diode exhibits excellent electrical properties under high voltage conditions, rendering it a
promising candidate for high-voltage power electronics applications exceeding 3300 V.
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Figure 4. (a) The simulated forward characteristics of JBS and MST-JBS diodes. (b) Current density
distribution of a MST-JBS diode. (c) Reverse leakage current of JBS and MST-JBS diodes.

4. Termination Design and Analyze

A multi-step trenched linearly graded FLR termination structure is designed and
optimized based on simulation, as shown in Figure 1c. For the conventional FLR structure,
the breakdown voltage of the termination is highly dependent on the size of the ring
spacing. More rings are needed to reduce the electric field peak due to the narrow spacing.
Similarly, when the spacing is large, the field-limiting rings fail to expand the depletion
layer outward. Therefore, the high electric field at the main junction of the device, caused
by the curvature effect, is often not effectively mitigated. The introduction of the MTLG-
FLR termination structure results in a much higher protection efficiency. Figure 5a shows
the comparison of the reverse I-V characteristics between the MTLG-FLR structure and a
conventional FLR structure with a uniform spacing of 2.5 um. The total length of the FLR
is consistent with that of the 1.8 um S; of the MTLG-FLR structure. The results indicate
that the FLR structure exhibits a reverse breakdown voltage of 3380 V. In contrast, the
breakdown voltage of the MTLG-FLR structure is increased by 20% (51 = 1.8 um). The
increase in breakdown voltage observed in the device can be attributed to the combination
of two key factors, including the linear variation in the spacing between FLR and the
multi-step trench structure of the termination. Thus, the electric field distribution within
the MTLG-FLR terminal region is more uniform.
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Figure 5. (a) Simulated reverse I-V characteristics for MTLG-FLR structures and conventional FLR
structure. (b) Electric field distribution under reverse breakdown of MTLG-FLR structures and
conventional FLR structure. (c) Electric field distributions along C-C” for MTLG-FLR structure with
S1 =2.5 pm and S; = 1.8 um, respectively, and the conventional FLR structure.

Figure 5b illustrates the electric field distribution under reverse breakdown of the
MTLG-FLR structures with different S; and the conventional FLR structures. As the reverse
bias at the main junction increases to a level where the depletion region extends to the first
floating limiting ring, holes in the first ring flow out of the main junction by the electric
field. Then, the junction surface of the first ring transitions from being electrically neutral
to a small amount of negative charge. This accumulation of negative charge generates an
electric field at the surface, which is opposite to the electric field that exists between the
main junction and the first ring. Thus, the electric field intensity in the region is weakened
by reducing the electric field near the main junction. Furthermore, the MTLG-FLR structure
is equivalent to modulating the lateral concentration distribution in the terminal region.
The device has a high doping concentration internally, which gradually decreases outwards.
This effectively reduces the high electric field at the main junction while avoiding electric
field peaks at the outer ring. Figure 5c shows the electric field distribution along the CC’
cross-section of the MTLG-FLR structures at breakdown. When S; is set to 2.5 um, the
MTLG-FLR structure exhibits the highest electric field concentration at the main junction.
Due to the large spacing, the external P* rings fail to play an effective role, ultimately
resulting in premature breakdown. On the contrary, when S; is reduced to 1.8 pm, all the
rings of both the MTLG-FLR and conventional FLR structures contribute to the overall
performance. The surface electric field distribution of the MTLG-FLR is more uniform
compared to that of the conventional FLR. Consequently, the MTLG-FLR structure enhances
the effectiveness of the field limiting ring by improving the uniformity of the electric field
distribution. This, in turn, leads to an increase in the reliability of the terminal structure.

Figure 6 shows a comprehensive comparison of the specific on-resistance and BFOM
(BFOM = 4Vgg?/Ron-sp) for the device proposed in this paper, as well as the results reported
in the references [19,22-27]. The detailed performance parameters are also summarized
in Table 2. As illustrated in Figure 6a, at a voltage of 4.48 kV, the Ron-sp obtained from
theoretical calculations is approximately 10 mQ-cm?. The results reveal that the MST-JBS
structure exhibits a Ron-sp of 15.4 mQ-cm?, which is notably closer to this theoretical limit
value compared to that of other diodes. This indicates that under forward bias, the MST-JBS
has the lowest conduction losses, which can reduce energy losses and enhance the overall
efficiency of the system. The BFOM reflects the trade-off between the specific on-resistance
of the device and its blocking capability. A higher BFOM value signifies that lower on-
resistance can be achieved at a specified voltage. The results indicate that the BFOM of
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the MST-JBS has achieved 5.21 GW/cm?, which is significantly higher than that of other
devices. Combining the above results, it is evident that the MST-]JBS structure demonstrates
remarkable effectiveness in achieving an optimal balance between forward conduction
performance and reverse blocking capability. This balance significantly enhances the
overall performance of the device, making it a prominent candidate in the field of high
voltage devices.
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Figure 6. (a) Trade-off between Vpr and Ron-sp, as well as (b) the trade-off between Vg and the BFOM
value of the devices in this paper, as along with the results reported in the references [19,22-27].

Table 2. Performance parameters used in Figure 6.

Reference Device Structure Ve (V) Vgr (kV) Ron,sp (mQ-cm?) BFOM (GW/cm?)
[19] JBS 1.8 (30 A) 4 23.98 2.67
[22] JBS 2.0 (20 A) 33 25 1.74
[23] JBS 1.73 (10 A) 1.59 7.79 131
[24] PiN 3.58 (100 A/sz) 2.63 35.8 0.77
[25] JBS / 7 51.2 3.83
[26] JBS 1.9 (370 A/cm?) 14 5.14 1.53
[27] JBSFET / 1.6 4.24 2.42
Our work MST-JBS 2.4 (40 A) 4.48 15.4 5.21

5. Conclusions

In this paper, a novel 3300 V /40 A MST-JBS diode with MTLG-FLR termination has
been designed and thoroughly analyzed. The introduction of the MST structure in the
active region has successfully overcome the inherent limitation of P* region depth in
traditional JBS devices. The simulation results demonstrate that the MST-JBS structure
utilizes the deep P* region formed by the multi-step trench structure and tightly connects
with the depletion layer of the central P* region, achieving a more effective electric field
shielding effect. Furthermore, the additional Schottky contacts on the sidewalls actively
contribute to forward conduction, effectively optimizing the forward current distribution
characteristics of the device and further enhancing its overall performance. The optimized
MST-]BS diode exhibits superior forward and reverse characteristics, including a forward
voltage drop of 2.4 V, a reverse breakdown voltage of 4480 V, which is a significant 47%
improvement over conventional ]BS diodes, and extremely low leakage current. This
structure not only maintains good forward characteristics but also effectively enhances
the reverse characteristics, providing a solution to the trade-off issue between the forward
and reverse characteristics of medium- and high-voltage devices. Furthermore, the MTLG-
FLR termination structure is introduced, which effectively uniformizes the electric field
distribution, surpassing that of the FLR structure by 20%. Therefore, an MST-]JBS diode
with MTLG-FLR termination greatly expands the applicability of the device in high-voltage
applications and significantly enhances its stability and durability.
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