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Abstract. A charge-imbalanced P-pillar distribution termination (D3) is proposed for 1500 V-class
4H-SiC superjunction (SJ) devices. By combining a junction termination extension (JTE)-based
termination with gradually widened P-pillar spacing, the design effectively suppresses edge electric
field crowding and enhances device reliability. TCAD simulations show that D3 achieves comparable
blocking capability while exhibiting significantly improved robustness against charge imbalance,
oxide charge density, and JTE dose deviations, demonstrating superior process margin and reliability.
With relaxed process sensitivity and an efficient structure, D3 presents a promising approach for high-
voltage 4H-SiC SJ device fabrication.

Introduction

With the evolution of electric vehicle voltage platforms from 400 V to 800 V and even 1000 V,
the demand for higher-voltage power devices continues to grow [1, 2]. Among them, 1500 V silicon
carbide (SiC) metal-oxide-semiconductor field-effect transistors (MOSFETs) have attracted
increasing attention, since 1200 V devices provide insufficient voltage margin at the 1000 V platform,
while 1700 V devices result in unnecessary cost and overdesign [1]. Nevertheless, the intrinsic trade-
off between breakdown voltage (BV) and specific on-resistance (Ron,sp) remains a major challenge in
developing 1500 V SiC MOSFETs with high voltage capability, high current density, fast switching,
and low power loss [3]. By employing charge compensation effect, superjunction (SJ) technology
breaks the conventional BV ~ Ronsp trade-off, allowing for higher drift doping concentrations under
high breakdown conditions and thus offering significant potential for low-loss, high-voltage device
operation [4]. However, the charge balance in SJ devices, realized by periodically alternating heavily
doped N-pillars and P-pillars, demands highly precise process control, significantly increasing
fabrication complexity, especially in the termination region [5-8]. Notably, studies on SiC SJ
terminations remain limited, and most using uniform P-pillar distributions, with few analyzing the
impact of P-pillar distribution on termination performance [2, 9, 10].

In this work, we propose a novel charge-imbalanced P-pillar distribution structure for JTE-based
4H-SiC SJ terminations (D3) for 1500 V 4H-SiC SJ-MOSFETs. The design more effectively
suppresses edge electric fields by gradually widening the P-pillar spacing, and achieves more efficient
lateral depletion of the superjunction by JTE structure. We evaluate the impact of P-pillar distribution
on the performance and process robustness of JTE-based 4H-SiC SJ terminations.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
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Design and Simulation

Figures 1(c)-1(e) show three termination designs with different P-pillar distributions: D1 with
uniform spacing (N/P balanced), D2 with a non-uniform distribution (N-rich center, P-rich edges),
and D3 transitioning from P-rich to N-rich. It is worth noting that in JTE-based SJ terminations, the
JTE region sustains the surface electric field while the SJ pillars support the bulk field, and their
combined action provides effective protection for the MOSFET cell region. The top-view layout is
shown in Figure 1(a). The corresponding breakdown voltages, shown in Fig. 1(b), all exceed 1700 V,
satisfying the 1500 V voltage device requirement. The electric field distribution at 1500 V is shown
in Fig. 2. D1 exhibits higher P-pillar utilization efficiency, with the P-pillars near complete depletion

at the edge of the termination due to the relatively small uniform spacing.
P-pillar
N-pillar

D1 | -t N/P P N epitaxy

................

( o0x104k ——D1—D2-——D3
_ 109
< 7.5x10%
~— —104l S o
= . T Bv=1849Vv D2 P Rich P N Rich P P Rich N epitaxy
6.0x107°[ «= 103
g s | Bv=1841v
4.5%x10*f 3
3 8. BV=1738V
£ 3.0x104f Sno° | I
g B =
<104} N
o oo 16gram voltage wf 1?‘“
0.0k —— e Siall : _
0 250 500 _750 1ooo 1250 1500 1750 2000 P Rich P N Rich N epitax
Drain voltage (V)

Fig. 1. SJ termination structures including (a) top-view layout, (b) reverse blocking performance,
and (c) N/P balanced, (d) N-rich center with P-rich edges, and (e) P-rich to N-rich transition
designs.
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Fig. 2. Electric field distributions of D1-D3 under 1500 V blocking voltage, showing higher
termination efficiency for D1.
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Fig. 3 further analyzes the electric field distribution along different cutlines (C1~C3) at a blocking
voltage of 1500 V. Significant electric field peaks appear near the terminal surface at C1 and C2 in
DI, exceeding the bulk field level, while a sharp field drop is observed at the edge (C3). Such
insufficient redistribution of the bulk field induces edge field crowding, potentially threatening long-
term reliability despite meeting the 1500 V blocking requirement. In D2, the electric field peak at C1
and C2 degrade device reliability, even though their peaks are below the bulk field level. By
comparison, D3 demonstrates a highly uniform field profile, indicating improved prospects for long-
term device stability. In the D3 structure, the lateral charge-compensation gradient transitions
gradually from a P-rich region near the source to an N-rich region toward the edge. This graded profile
enables a smoother lateral depletion process, allowing the electric field to spread across a wider
effective termination width rather than concentrating near the gate-oxide surface.
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Fig. 3. Electric field distributions along (a) C1, (b) C2, and (c) C3 cutlines under 1500 V drain bias
for different termination designs.

Process Robustness Evaluation
Breakdown Voltage Dependence on charge imbalance.

The reliance of SJ structures on precise charge balance makes them highly sensitive to process
variation, posing a major challenge to device fabrication. Fig. 4(a) shows the impact of P-pillar dose
errors on termination performance. It is observed that D3 maintains 1500 V blocking capability with
an error window exceeding £8 %, showing a clear advantage, especially under P-rich conditions. The
improved robustness is attributed to the widened P-pillar spacing at the edge, which reduces the effect
of charge imbalance on termination performance.

Breakdown Voltage Dependence on oxide charge density.

The impact of oxide charge located at the SiO2/SiC cannot be ignored in the manufacturing of SiC
devices [11]. The sensitivity of the termination blocking capability to the oxide charge density (Nox)
is illustrated in Fig. 4(b), with the calculation range of Nox selected according to representative values
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previously reported in the literature [12, 13]. Both positive and negative interface charges affect the
BV, with higher densities markedly degrading the terminal blocking capability. For positive oxide
charge, all three structures exhibit nearly identical blocking performance, while D3 shows a broader
blocking range under negative oxide charge. With a tolerance window of 1.1x10'3c¢cm™ at 1500 V
blocking, D3 achieves a 51% improvement compared with D1. The breakdown current distribution
at a negative Nox of 5 x 10" cm2 is shown in Fig. 5. The breakdown location of D3 shifts inward
compared to D1 and D2, indicating its potential to withstand higher negative oxide charge density.

Breakdown Voltage Dependence on JTE dose error.

The impact of JTE concentration variation on termination blocking capability was investigated in
Fig. 4(c), considering the dose sensitivity of JTE structures. The blocking capability of D1 degrades
markedly once the JTE dose exceeds the optimum. By contrast, D2 and D3 exhibit low sensitivity
within a £15% dose variation, thereby relaxing implantation accuracy requirements and resulting in
a significantly wider tolerance window. Fig. 4(d) shows that under a 5% JTE dose deviation with a
termination length of 140 um, D1 suffers from pronounced edge field crowding, whereas D3 reduces
the edge electric field by 92% along cutline C2, even though both designs exhibit comparable
blocking capability.
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Fig. 4. Impact of (a) charge imbalance, (b) oxide charge density, and (¢) JTE dose error on
breakdown voltage for D1, D2, and D3, and (d) electric field distributions under a 5% JTE dose
deviation.
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Fig. 5. Breakdown current density distribution of D1-D3 at Nox =—-5%10'? cm 2, with D3 showing
breakdown closer to the active region, indicating a higher tolerance to negative charge density.

The enhanced robustness of D3 originates from the lateral P-rich to N-rich pillar arrangement,
which promotes smoother lateral depletion and suppresses edge field concentration, thereby reducing
the impact of charge imbalance, oxide charges, and JTE-dose variations.

Summary

In this work, the impact of P-pillar distribution on JTE-based terminations for 4H-SiC SJ
MOSFETs was systematically investigated. TCAD simulations of three representative designs (D1—
D3) demonstrated that the D3 structure with a non-uniform P-pillar distribution provides the most
uniform electric field profile and superior robustness against process-induced variations, including
superjunction charge imbalance, interfacial oxide charges, and JTE dose deviations. These results
indicate that the D3 termination is a promising solution for high-voltage SiC SJ devices, offering both
enhanced breakdown capability and improved process tolerance.
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