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Analysis and simulation of a 4H-SiC
semi-superjunction Schottky barrier diode

for softer reverse-recovery*
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In this paper, a 4H-SiC semi-superjunction (SJ) Schottky barrier diode is analysed and simulated. The semi-SJ

structure has an optimized design and a specific on-resistance lower than that of conventional SJ structures, which

can be achieved without increasing the process difficulty. The simulation results show that the specific on-resistance

and the softness factor depend on the aspect and thickness ratios, and that by using the semi-SJ structure, specific

on-resistance can be reduced without decreasing the softness factor. It is observed that a trade-off exists between the

specific on-resistance and the softness of the diode.
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1. Introduction

The silicon carbide (SiC) Schottky barrier diode
(SBD) was the first SiC power device, and was demon-
strated as early as 1974.1/ Throughout the years, a
great deal of work has been done on SiC SBDs, as well
as merged P—i—-N Schottky (MPS) diodes and junction
barrier Schottky diodes. Schottky contacts on 3C, 6H
and 4H SiC with a large variety of metals were also
extensively investigated. An SiC SBD with a break-
down voltage higher than 10 kV has been reported,?
along with an SiC MPS with a breakdown voltage of
4.3 kV,Bl and it is possible to replace the existing Si
power fast recovery diode in most power electronic ap-
plications because of its greatly improved speed, sub-
stantially reduced system losses and improved system
efficiency.

The superjunction (SJ) structure*=7 is based on
a charge compensation concept that overcomes the
trade-off between the blocking voltage (Vi) and the
specific on-resistance (Ron_sp). The major difficulty
in realizing a higher voltage SiC SJ structure is the
increase in the process difficulty. Nevertheless, an
SiC dry etching process to produce long and narrow n
and p stripes has already been developed, and mesas
and trenches with relatively high aspect ratios (i.e. a
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height-to-width ratio that is larger than 4:1) are al-
ready practically feasible.[®!

The drift region of the SJ structure is composed
of multiple alternate n and p stripes. The stripes are
fairly narrow, and the net dopings in the stripes are
approximately equal. The stripes deplete at relatively
low voltages, and therefore reverse-recovery hardness
is obtained. The abrupt drop-off of current imposes
stress on the other circuit transistors, leading to large
electromagnetic interference (EMI) noise and high-
power dissipation.

In this paper, a 4H-SiC Schottky barrier diode
combined with an SJ structure and an n-bottom as-
sist layer (BAL) — called the semi-superjunction®—11
Schottky barrier diode (semi-SJ-SBD) — is analysed
and simulated, and realizes both lower on-resistance
and softer reverse-recovery characteristics compared
with those of conventional SJ structures, without an
increase in process difficulty.

2. Device structure analysis

The structure of a semi-SJ-SBD is the combina-
tion of an SJ structure and a BAL, as shown in Fig. 1.
The Vir and Ron_sp of the semi-SJ SBD are, re-
spectively, the sums of the blocking voltages and the
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specific on-resistances of the SJ and BAL structures
due to their series connections.
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Fig. 1. A schematic cross section of a semi-superjunction
Schottky diode.

For the SJ structure, the depleted region of the
column is neglected, then the on-resistance and sus-
tain voltage can be calculated from

2tsy
Rg; = , 1
" quNsy M)
Vs; = Evtsy, (2)

where ¢ is the charge of an electron, p is electron mo-
bility, Ngj is the doping concentration of the p and
n columns, and Fvy is the vertical peak electric field.
Considering the critical field E¢ as a constant, then
E¢ will be given by!!2!

we () ()
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where d and b are the device parameters depending
on the cell pattern design (hexagonal, interdigitated,
square, lattice). For the highest breakdown voltage
with the on-resistance minimized, both terms should
be equal. For the interdigitated cell pattern, it turns
out that
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where Agj is the aspect ratio of the p and n columns
(Agy = tsy/wsy). From the above equation, the rela-

tion between Vgy and Rgj is given by
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For the BAL structure, Rpa;, and sustain voltage
VBaL at the BAL are given by

_ iBAL (6)
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The BAL can be designed as a conventional Schot-
tky drift layer, and so the optimized specific on-

resistance is given by[l?’]

_ 4ViaL
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Therefore, on-resistance Rgemi_sy and breakdown

voltage Viemi—sy are given by

Reemi—s; = Rpar, + Rsj

1 [2\/§VSQJ
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+ 4(Viemi—s7 — VSJ)2:| ) 9)
Veemi—sy = Vg3 + VBaL. (10)

The aspect ratio is determined by the process
The opti-
mized relations between R,y ¢p and the thickness ra-

difficulty or the process step number.

tio 7y = tsy/tsemi—sy for some aspect ratios and a fixed
Vir value are shown in Fig. 2. The semi-SJ-SBD real-
izes lower specific resistance than that of the SJ-SBD
(ry = 1) at the optimized thickness ratio with the same
aspect ratio. The Ry, _gp decreases with increasing as-
pect ratio or the optimizing thickness ratio. As shown
in Fig. 3, both the SJ-SBD and the semi-SJ-SBD spe-
cific resistances decrease with the increasing aspect ra-
tio, and the optimized thickness ratio increases with
the decreasing aspect ratio. Therefore, the specific re-
sistance of the semi-SJ-SBD is smaller than that of
the SJ-SBD with the same aspect ratio.
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Fig. 2. The Ron_sp versus thickness ratio.
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Fig. 3. The Ron_sp and thickness ratio versus aspect
ratio.

3. Reverse-recovery characteris-
tics

The reverse-recovery characteristic are calculated
with the mixed circuit-device simulator, MEDICI!4,
under the inductive load.[!"]

The reverse-recovery time, t,., is determined by
the excess injected carrier extraction (f,) to remove
the dopant charge in the n and p columns of the drift

region (t,). It can be simply obtained as'¢

_ ] 2Q
=\ Gip/dr (11)

2NWsj
=278 12
T (12)

ty

where @ is the charge of the excess injected carriers,
N is the dopant charge in the n and p columns of the
drift region, and dig/dt = Vg /L, Inm = ta x dip/dt,
and Vrm = Vi X L X dirr/dt.

Unlike conventional PiN diodes, the reverse bias
is supported by the depletion layer at the p* edge.
The SJ-SBD remains in the on-state simply due to
the fact that the middle pn junction within the striped
drift region is still forward biased, and the carrier ex-
traction continues across the middle pn junction when
the depletion layer forms progressively along the entire
length of the middle junction from the anode to the
cathode. Reverse recovery can be characterized by the
expansion of the depletion region across the junction.
The striped geometry of the SJ structure influences
the flow of the injected carriers and the growth of the

depletion layer during reverse recovery. The injected
excess carriers are almost completely removed due to
the depletion of the p and n columns at low reverse
voltages, and a steep reduction in the capacitance is
obtained. There is little or no stored charge left in
the drift region of the diode, thus the reverse current
flowing through the diode decreases very rapidly, and
results in large di,,/d¢, as shown in Fig. 4(a), which
imposes stress (Vry) on other circuit transistors and
induces large EMI noise and high power dissipation.
In the semi-SJ structure shown in Fig. 4(b), the ad-
ditional BAL layer is gradually depleted after the de-
pletion of the SJ structure at a high-reverse voltage.
The junction capacitance decreases gradually, and so
soft recovery characteristics are realized.
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Fig. 4. Reverse-recovery waveforms of (a) SJ-SBD and
(b) semi-SJ-SBD.

The softness factor decreases with the increases
in the thickness ratio and the BAL doping concentra-
tion (NpaL), because the BAL depletion is enhanced.
Both Rgn_sp and the softness factor depend on the
thickness ratio and the BAL doping concentration, so
a trade-off must be made between them.
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Fig. 5. The Ron_sp and softness factors versus thickness
ratio at three BAL doping concentrations.
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Fig. 6. Softness factors versus aspect ratio at three dop-
ing concentrations of the p and n columns.

The rise time, t,, is the excess injected carrier ex-
tract time in the drift region, which is proportional to
the length of the drift region. The fall time, t},, is esti-
mated as the time taken to remove the dopant charge
in the n and p stripes of the drift region, and is pro-
portional to the width of the drift region. Therefore,
the softness becomes hard with the increasing aspect
ratio at a constant drift region length. The SJ struc-
ture needs a high p/n column structure aspect ratio in
order to obtain the low R, to fulfill the charge com-
pensation. This gives rise to conflicting requirements

between the on-resistance and the softness factor.

4. Conclusion

A 4H-SiC semi-SJ-SBD is studied through ana-
lytical and numerical simulation methods. Due to the
unique striped geometry of the SJ structure, a low spe-
cific on-resistance is achieved with highly doped nar-
row stripes, which are depleted at low voltages and
thus hard reverse recovery is obtained. However, due
to the bottom assistance layer in the 4H-SiC semi-SJ-
SBD, the optimized semi-SJ-SBD achieves not only a
lower on-resistance, but also soft recovery character-
istics. The semi-SJ-SBD is therefore an effective way
to reduce power dissipation and avoid EMI noise due
to low on-resistance and soft recovery characteristics.
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