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Optimized design of 4H-SiC floating junction power Schottky barrier diodes*
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Abstract: SiC floating junction Schottky barrier diodes were simulated with software MEDICI 4.0 and their device
structures were optimized based on forward and reverse electrical characteristics. Compared with the conventional
power Schottky barrier diode, the device structure is featured by a highly doped drift region and embedded floating

junction region, which can ensure high breakdown voltage while keeping lower specific on-state resistance, solved
the contradiction between forward voltage drop and breakdown voltage. The simulation results show that with opti-
mized structure parameter, the breakdown voltage can reach 4 kV and the specific on-resistance is 8.3 mQ-cm?.

Key words: SiC; floating junction; Schottky barrier diode
PACC: 2520M; 2560P; 2560H

DOI: 10.1088/1674-4926/30/4/044001

1. Introduction

With silicon carbide (SiC) wafer localization and the ma-
turing of high quality 6H-SiC and 4H-SiC epitaxial technol-
ogy, SiC power devices have seen an upsurge in study. Gener-
ally, the SiC Schottky barrier is thinner than silicon at high
voltages, and further improvement of SiC Schottky barrier
blocking capability will be limited by reverse barrier tunnel-
ing leakage current. In order to take advantage of the SiC high
critical breakdown field character, a pn junction and Schot-
tky barrier composite structure (JBS or MPS) was proposed to
eliminate tunneling current and achieve high blocking voltage.
Further study of SiC Schottky barrier diode, minimum forward
specific resistance without sacrificing blocking voltage could
maximize forward current. So, the conventional design idea
must be inadequate. During recent years, the super-junction
(SJ) structure has being proposed and realized. For SJ Schot-
tky barrier diodes (SBD), 1000 V Si-based devices have been
reportedt!. However, only the two research groups of Chow
and Sheng have engaged in research of SiC SJ-SBD!?3!, and
they mainly focused on the structure simulation. The reason
is that the charge must be strictly controlled in SJ devices!*>],
otherwise breakdown voltage decreases rapidly. The other rea-
son may be that it is very difficult to make deep implantation
due to crystalline damage caused by the high energy implants,
so there is no report about 4H-SiC SJ structure processing.

It is hoped to overcome these issues in the new struc-
ture, and to consider the feasibility of the process flow, the
floating junction (FJ)%7! structure is used in this paper. Em-
ploying a two-dimensional physically based device simulator
MEDICI 4.0'%), we have simulated the performance of FI-SBD
based on 4H-SiC. On-state resistance (R,,), breakdown volt-
age (Vr) and other character parameters are simulated, and the
device structure and the related parameter are discussed and
optimized based on the simulation results.

2. Device structure

The FJ structure features a floating p*-buried layer em-
bedded in the n™ drift region, as shown in Fig. 1. The drift re-
gion is divided into upper and lower sections by inserting FJ.
With the p*-buried floating layer, the depletion layer enhances
development due to a mechanism similar to that of p-guard
rings in planar terminations, when the depletion region from
the Schottky contact reaches the p*-buried floating layer, the
voltage of the layer is pinned due to punch-through between
the floating layer and the anode, and then a new depletion layer
develops from the bottom of the p*-floating layer toward the
cathode. Compared with the conventional SBD form one tri-
angle electric field, the FJ structures form two electric field
distributions, and each triangular shape is formed at both up-
per and lower regions. Therefore, the FJ structures are used
to provide the desired device performance with designing the
peak field in the FJ below the critical field of 4H-SiC. So, the
Vr of the device can be improved. If we assume the critical
electric field is constant and the current path (narrowed by in-
serting the FJ) does not affect the R,,, then the Vg and Ry,
become M (number of drift regions) times larger than those
of single drift region. In other words, R, is proportional to
VR, rather than Vﬁ for the conventional structure. So, with the
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Fig. 1. Schematic drawing of FJ SBD.
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Fig. 2. Electric field distribution with different reverse bias voltages:
() 100 V; (b) 1100 V.

same voltage-sustaining layer, it is possible to increase dop-
ing concentration for lower R,, and therefore maintaining the
same voltage blocking capacity.

For characteristic simulation, we choose a 15 um thick,
1 x 10" cm™ doped n-type epilayer grown on an n* 4H-SiC
substrate. The floating junction was formed by Al* implanta-
tion and the designed doping concentration is 1 X 10'7 cm™3;
then, the second epilayer with a dose of 1 x 10'> cm™ and 15
pm thickness was formed. Ni is selected as Schottky electrode
metal, and its barrier height is about 1.4 eV.

3. Device simulation

In order to achieve realistic results, it is imperative to use
accurate SiC property models. Several important material pa-
rameters used in simulator were adjusted to obtain the clos-
est agreement with published material data of 4H-SiC. Here
the energy bandgap at room temperature was adjusted to 3.26
eV. And models used in the simulator are bandgap-narrowing
effect, impact ionization, Auger recombination, SRH recom-
bination, Fermi-Dirac statistics and incomplete ionization of
impurities®.

In order to accurately predict both the forward and re-
verse characteristics of 4H-SiC SBD, the simple empirical
model’” is used to estimate the barrier height lowering at
Ni/SiC interface, which can be expressed as

A¢p = a(En)"* + b, (1)

where E,, is the average electric field (V/cm) at the Schot-
tky contact, a and b are the constants. These constants are
evaluated by iterating in MEDICI until the simulated reverse
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Fig. 3. Breakdown voltage and specific on-resistance with different
floating widths.
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Fig. 4. Breakdown voltage and specific on-resistance with different
drift region doping densities.

leakage current matches the measured data. In our study, the
two parameters match well with the experimental results re-
ported by Schoen et al.'!l; for Ni/SiC Schottky contact, we
obtain that @ and b are 1.54 x 10~ V/2.cm!/2 and 0.638 V,
respectively.

4. Simulation and discussion

4.1. Electric field distribution of reverse bias

The electric field distribution is shown in Fig. 2 at the
cathode bias of 100 and 1000 V, in which we can see the elec-
tric field distribution in FJ location is changed and the peak
electric field near Schottky interface is no longer increased and
spread with reverse bias voltage increasing. This agrees with
our theory analysis and reaches our demands.

4.2. Optimization of floating junction width

The junction size and its relative position are treated as
parameters. In simulation, a repeat unit is selected as simula-
tion target, and the floating junction width (W) and spacing (S)
are fixed as 2 ym in number. Compared with traditional Schot-
tky diodes, it could double the doping concentration with the
same epitaxial thickness. The Vg and R,, dependences on W
are shown in Fig. 3.

In Fig. 3, the Vg reduces at smaller W. It is because the
field at upper region deforms and increases the peak field with
increasing S and the peak field at the corner of floating junc-
tion increases with decreasing W. The R,, rises at larger W,
because the depletion region extended from the p*n junction
with the built-in potential pinches off the channel and hence
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Fig. 5. I-V character: (a) Forward; (b) Reverse.

the current does not flow. So there must be a trade-off between
Ron and Vg, and they are balanced when W = 0.5 yum.

4.3. Optimization of drift region doping

When W = 0.5 um, floating junction doping of 1 X 17
cm~2, and set drift doping concentration as parameters, the for-
ward and reverse characteristics are shown in Fig. 4.

These simulations predict that the forward resistance and
drift region doping is nearly a linear relationship. There is
a turn point when the drift region doping concentration is
equal to 5 X 15 cm™3, and the breakdown voltage changes
slowly lower than that. In order to guarantee lower forward
on-resistance at the same breakdown voltage, set drift region
doping as 5 x 15 cm™.

4.4. I-V character

When W = 0.5 um and junction and drift region concen-
tration of 1 x 17 and 5 x 15 cm™>, the I-V characteristics of
the conventional SBD and the FJ-SBD are shown in Fig. 5.

The FJ-SBD specific on-resistance was the same as the
conventional SBD one. The blocking voltage of the FJ-SBD
was 1000 V higher than that of the conventional SBD and the
leakage current increases much more slowly than the conven-
tional one. This shows that FJ-SBD could effectively reduce

Schottky surface electric field intensity and leakage current.

SiC FJ-SBD with above optimized design parameters
were simulated, and results are that the device Vg and R,, are
4050 V and 8.3 mQ-cm?, respectively.

5. Conclusion

The R,, and Vg of floating junction power Schottky bar-
rier diodes optimized by 2-D commercial simulation software
MEDICI. The simulation results show that when the floating
junction width and spacing were 0.5 and 1.5 pym, drift region
doping concentration of 5 x 15 cm™2, its performance is ex-
cellent, and exceeds that of the conventional Schottky barrier
diode. The floating junction Schottky barrier diode is an excel-
lent performing and process-feasible 4H-SiC Schottky barrier
diode.

References

[1] Napoli E, Stollo A G M. Design consideration of 1000 V
merged PIN Schottky diode using superjunction sustaining
layer. Proceedings of International Symposium on Power Semi-
conductor Devices and ICs, 2001: 339

[2] Chow T P, Zhu L, Losee P. Design of high voltage 4H-SiC su-
perjunction Schottky rectifiers. International Journal of High
Speed Electronics and Systems, 2004, 14(3): 865

[3] Sheng K, Yu L C. An analytical model for 4H-SiC super-
junction devices. IPEMC, 2006: 1188

[4] Adachi K, Johnson C M, Ohashi H, et al. Comparison of super-
junction structures in 4H-SiC and Si for high voltage applica-
tions. Mater Sci Forum, 2001, 353-356: 719

[5] Tian Bo, Chen Xu, Kang Baowei, et al. The development and
application of superjunction theory. Microelectronics, 2006:
36-1 (in Chinese)

[6] Cézac N, Moracho F, Rossel P, et al. A new generation of power
unipolar devices: the concept of the floating islands MOS tran-
sistor. Proc ISPSD, 2000: 69

[7] Chen X B, Wang X, Sin J K. A novel high-voltage sustain-
ing structure with buried oppositely doped regions. IEEE Trans
Electron Devices, 2000, 47: 1280

[8] Alto P. MEDICI 4.0 user’s manual. CA: TMA Inc, 2001

[9] Ikeda M, Matsunami H, Tanaka T. Site effect on the impurity
levels in 4H, 6H and 15R SiC. Phys Rev B, 1980, 22(6): 2842

[10] Singh Y, Kumar M J. A new 4H-SiC lateral merged double
Schottky (LMDS) rectifier with excellent forward and reverse
characteristics. IEEE Trans Electron Devices, 2001, 48: 2695

[11] Khemka V, Patel R, Chow T P, et al. Design considerations and
experimental analysis for silicon carbide power rectifiers. Solid
State Electron, 1999, 43: 1945

044001-3



