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Research on high-voltage 4H-SiC P—i—N diode with
planar edge junction termination techniques*
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The planar edge termination techniques of junction termination extension (JTE) and offset field plates and field-
limiting rings for the 4H-SiC P—i—N diode were investigated and optimized by using a two-dimensional device simulator
ISE-TCAD10.0. By experimental verification, a good consistency between simulation and experiment can be observed.
The results show that the reverse breakdown voltage for the 4H-SiC P—i-N diode with optimized JTE edge termination
can accomplish near ideal breakdown voltage and much lower leakage current. The breakdown voltage can be near
1650 V, which achieves more than 90 percent of ideal parallel plane junction breakdown voltage and the leakage current
density can be near 3 x 107% A /cm?.
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1. Introduction

Silicon carbide (SiC) is a wide bandgap semicon-
ductor material. Owing to its very good properties
such as high breakdown critical electric field, great
thermal conductivity and high saturation-electron
drift velocity, it has been used to fabricate high-power,
high temperature and high-speed devices.[' =5 Based
on the advantages mentioned above, 4H-SiC is one of
the most promising candidates for power semiconduc-
tor devices.

Compared with 4H-SiC Schottky barrier diode
(SBD), 4H-SiC P-i-N diode is more attractively used
in high voltage field. The 4H-SiC P-i-N diode with
breakdown voltage up to 20 kV has been reported.!®!
The 4H-SiC P—i—N diodes can obtain high reverse
breakdown voltage with thin and low doping level volt-
age blocking epitaxial layer. But most 4H-SiC P—i—N
diodes are in mesa structure, not parallel plane struc-
ture so far. As the simple fabrication process, the
parallel plane structure is more attractive. Moreover,
with the maturation of junction termination tech-
nique, parallel plane 4H-SiC P—i—N diode can achieve
high breakdown voltage too.

For high power semiconductor devices, in or-
der to improve the breakdown voltage, an adequate
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edge termination is necessary to reduce the
tric field crowding effect at the periphery of
N junction. To date, several techniques have
proposed to reduce the electric field crowding ef-
fect. These include field-limiting rings (FLR),["?! field
plates (FP),['% offset field plates and field-limiting
rings (OFP-FLR),[®'! junction termination exten-
sion (JTE),!® and other non-planar level structures.!”
Among these techniques, JTE has been used exten-
sively for higher blocking capability devices because of
its superior advantages, such as effective termination
area utilization, near ideal breakdown voltage achiev-
able and suitability to many device types and coarser
photolithography. However, the remarkable variation
of breakdown voltage along with JTE implanted dose
will cause the process window limited and increase
the implementation complexity of JTE technique. For
this reason, in this work, JTE edge terminations were
studied by a two-dimensional device simulator ISE-
TCADI10.0 to optimize the device performance and
extract some dependent parameters. In addition, they
were also compared with the most commonly used
edge termination technique, OFP—FLR. Finally, these
optimized structures were performed experimentally
to test and verify the feasibility of JTE edge termina-
tion technique for 4H-SiC P—i—N diode.
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2. Device simulation model

The two-dimensional (2D) numerical device sim-
ulator ISE-TCAD10.0 is used to simulate the char-
acteristics of 4H-SiC P—i-N diode with junction ter-
mination technique by solving Poisson’s equation and
carrier continuity equation.'>13] The models for 4H-
SiC P—i—-N diode are shown as follows:

eV =—q(p—n+ N —Ny)—ps, (1)

on 1

— ==V, -U,=F s T, D)y 2
ot —gvin U (¥, n,p) (2)
op 1. B
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jn = —QMn”v<Pm (4)
Jp = —qippVep, (5)

where 1 is the intrinsic Fermi potential, NS‘ and N,
are the ionized impurity concentration respectively, pg
is the surface charge density, u, and p, are the elec-
tron and hole mobility respectively, ¢ is the electrical
permittivity, ¢ is the electronic charge, n and p are
the electron and hole densities respectively, U, and
U, are the net electron and hole recombination rate
respectively, j, and j, are the electron and hole cur-
rent density respectively, ¢, and ¢, are the electron
and hole quasi-Fermi potential respectively.

As we know, there are two mechanisms includ-
ing avalance and tunneling breakdown which can be
occurred at the P—i—-N diode junction. Since the tun-
neling breakdown mainly occurs in very low-voltage
condition, so the avalance breakdown mechanism is

The P-i-N diode
14]

considered mainly in the paper.
avalance breakdown condition is:!

/Ow . (/Oz (0 — an) dx’) dz =1, (6)

where w is the drift layer thickness of 4H-SiC P-i-N
diode, o, and o, are the impact ionization coeflicients
for the electron and hole respectively, which are given
by the following equation

(i = @ eX <Eb") , 1)
ap = ay exp (‘Ebp> . (8)

The parameter values are taken as follows:[15]

an(em™) = 1.76 x 10®, b,(V/cm) = 3.30 x 107;
ap(em™1) = 3.41 x 108, b,(V/cm) = 2.50 x 107,

The critical breakdown field in 4H-SiC P-i-

N diode can be approximated by the following
equation/'!

2.49 x 109
B, - 9 %10 ‘ )

1
1- 1 log,4(N/1016 ¢cm—3)

The critical breakdown field in 4H-SiC appears
to be more than 10 times higher than breakdown field
in silicon.

The incomplete impurity ionization model is con-
sidered, which means that the impurity is not fully
ionized at room temperature. lonization rate is only
75% for 4H-SiC with 10'7 cm™2 n-type doping con-
centration at 300 K. However, the ionization rate in-
creases with temperature and it is about 95% at 700 K
for 4H-SiC with 10'7 cm ™3 n-type doping concentra-
tion. The concentration of ionized impurity atoms is

given by
Np
1 + GD(T) exp (Zﬂc>
N
N} = A

Fp —

By Ey

where Ny and Np are the acceptor and donor concen-

1+ Ga(T)exp (—

tration respectively, Ep, and Ep, are the quasi-Fermi
energies for electrons and holes respectively, Fc and
FEy are the conduction band and valance band ener-
gies respectively, G o /7 is the degeneracy factor for the
impurity level, T" is the lattice temperature and kg is
the Boltzman’s constant.

The following simulations were performed at
300 K by using DESSIS-ISE10.0 software. We de-
fine the reverse breakdown voltage as the point where
the P-i-N diode reverse leakage current comes to
1 x 10~7 A. This low limiting condition is set to avoid
computer long time simulation running because no
further change in Vp_;_ N_breakdown Was observed after
the reverse leakage current reached this value.

3. Device structure and simula-
tion

To optimize the characteristics of edge termina-
tions for 4H-SiC P-i-N diode, a 2D device simulator
ISE-TCAD10.0 is used to analyse the devices. The
cross sections of three edge terminations adopted in
this work are illustrated in Figs. 1 and 2, respec-
tively. The doping profile concentrations are regarded
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as Gaussian distribution and all P-i-N diode junctions
are considered to be formed at the same moment. So
the p™ main junction and p* field-limiting rings have
the same junction depth, however the JTE regions due
to its much lightly doping concentration are shallower
than others.
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Fig. 1. Schematic cross section: (a) 20FP-1FLR; (b)
30FP—2FLR.
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Fig. 2.
double-zone JTE edge termination.

Schematic cross section: (a) single zone; (b)

3.1. Termination techniques of OFP-FLR

Multiple OFP-FLR are designed to effectively re-
duce the electric field crowding influence. Figures 1(a)

and 1(b) schematize a typical edge termination struc-
ture of 20FP-1FLR and 30OFP-2FLR respectively, in
which the first field plate is directly extended from the
pT main junction electrode, but the others are cou-
pled with their respective floating FLRs. By means
of simulation optimization, the electric field distribu-
tion along the termination surface for 20FR-1FLR,
30FR-2FLR, 40FP-3FLR and 50FP—4FLR with a
near breakdown voltage can be seen in Figs. 3 and 4.
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Fig. 3. Electric field distribution along the termination
surface for 20FP-1FLR and 30FP-2FLR with a near
breakdown voltage.
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Fig. 4. Electric field distribution along the termination
surface for 4OFP-3FLR and 50FP-4FLR with a near
breakdown voltage.

The arabic numerals shown in Figs. 3 and 4 represent
the existing electric field peaks, which just correspond
to the possible breakdown locations shown in Fig. 1.
All these electric field peaks can be found at the sili-
con carbide surface and beneath the edge of each field
plate. The extent of these peaks primarily depends on
the spacing between each FLR. Obviously, equal spac-
ing is not the optimum design and the best results can
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be obtained by increasing the spacing gradually from
the inner to the outer of termination. Besides, because
of the voltage supported by the first FLR is higher, so
if the first peak can be inhibited effectively, the electric
field crowding effect will be improved further.

3.2. Termination techniques of JTE

With regard to JTE, two different structures of
single-zone JTE and double-zone JTE are designed as
shown in Figs. 2(a) and 2(b).

Usually, two competitive electric field peaks may
exist at device edge to determine whether the break-
down will occur. One is bulk electric field peak and
the other is surface electric field peak.l'?) For single-
zone JTE, one lightly JTE doping concentration is
formed against the p™ main junction to control these
two electric field peaks simultaneously. This lightly
doping must be high enough to suppress the bulk elec-
tric field and at the same time it also must be as low
as possible to prevent the surface electric field. Thus,
this JTE doping concentration is very critical and the
implanted dose must be carefully controlled and cho-
sen.

However, double-zone JTE method uses two dif-
ferent kinds of JTE doping (JTE 1 and JTE 2) to
control these two electric field peaks independently, so
these two peaks can be optimized separately. There-
fore, double-zone JTE can be more insensitive to the
variation of JTE doping concentration than single-
zone JTE, but the drawback is that the extra process
must be required.

Figures 5 and 6 disclose the optimized electric
field distribution along the termination surface for
single-zone JTE and double-zone JTE with a near
breakdown bias. As can be seen, single-zone JTE
shows two apparent peaks and they are exactly the
bulk and surface electric field peak. These electric
field peaks can make a well-balanced intensity to en-
hance its breakdown voltage by precisely controlling
the JTE doping. In particular, for double-zone JTE
shown in Fig. 6, an extra surface electric field peak at
2 zone exists near the interface between JTE 1 and
JTE 2 zones. This extra surface electric field peak is
produced by the increase of localized doping concen-
tration due to the overlap of lateral diffusion of two ad-
jacent JTE regions, so the extent is mainly determined
by the doping difference between JTE 1 and JTE 2.
In addition, figures 5 and 6 also show the electric field
distribution with different JTE zone widths. It can be

seen that the well-balanced electric field distribution
almost keeps unchanged after the JTE zone width is
enlarged. However, a broader electric field distribu-
tion and higher breakdown voltage can be achieved
by increasing the JTE zone width.
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Fig. 5. Electric field distribution along the termination
surface for single-zone JTE with different JTE zone widths
at a near breakdown voltage.
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Fig. 6. Electric field distribution along the termina-
tion surface for double-zone JTE with different JTE zone

widths at a near breakdown voltage.

The simulation outcomes of breakdown voltage
for P-i-N diode as a function of termination width
for single-zone JTE and OFP-FLR are compared in
Fig. 7, where the termination width is defined as the
distance from the p™ main junction edge to the start-
ing point of channel stop. Regardless of JTE or OFP—
FLR, the breakdown voltage shows an upward ten-
dency along with the termination width and finally
reaches a saturated value. By making a comparison
between JTE and OFP-FLR, JTE can not only sup-
port higher breakdown voltage but also require less
termination area. The results can demonstrate that
JTE is a much more effective edge termination tech-
nique than OFP-FLR.

In order to obtain the JTE doping concentra-
tion effect upon breakdown voltage, the concentra-
tion of assumed Gaussian distribution for JTE dop-
ing profile is varied. Figure 8 shows the simulation
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results of breakdown voltage versus JTE concentra-
tion for single-zone JTE. Apparently, the tendencies
of breakdown voltage along with concentration are all
the same for four devices with different zone widths
and they all have an identical optimum concentration
of 3.8 x 10" cm™3. A considerable reduction of break-
down voltage is observed when the concentration de-
viates from the optimum value. Especially when the
concentration is higher than the optimum value, the
breakdown voltage will obviously decrease. However,
the sharp reduction effect can be slightly compensated
by extending the JTE zone width, because the break-
down voltage can be improved as the JTE zone width
But, the best design is still to make the
doping concentration as close as the optimum value

increases.

but not more than it.
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Fig. 7. Simulation results of breakdown voltage as a func-
tion of width for single-zone JTE and OFP-FLR.
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Fig. 8. Simulation results of breakdown voltage versus
JTE concentration for single-zone JTE with different JTE
zone widths.

Figure 9 indicates the simulation results of break-
down voltage versus JTE 1 and JTE 2 concentration
for double-zone JTE. It can be obtained that the varia-
tion of breakdown voltage with doping concentration
for double-zone JTE is much smoother than single-
zone JTE shown in Fig. 8. This characteristics also
shows the superior advantage for multi-zone JTE. Be-
sides, an optimum N7 of 4x10'" cm ™3 can be obtained

for all cases of Ny and the breakdown voltage increases

if Ny can reach as close as 5 x 1017 em 3.
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Fig. 9. Simulation results of breakdown voltage versus
JTE 1 and JTE 2 concentrations for double-zone JTE.

4. Fabrication and experimental
results

Based on the simulation results mentioned above,
the high-voltage 4H-SiC P-i—N diode with JTE were
fabricated on the epilayer, its schematic cross section
is shown in Fig. 2(a). The thickness of p* region is
0.4 pm, diameter is 200 um, the thickness and di-
ameter of substrate are 350 um and 300 pum respec-
tively, the thickness and n™ concentration of the epi-
layer were 12 pum and 6 x 10'® cm™3 respectively.
The boron ions were implanted to fabricate the p™
anode (1 x 10 em~2) and JTE (4.0 x 107 cm™3)
respectively.'”l The depth (d) and total legth (L) of
the JTE were 0.3 pm and 60 pm respectively. The
Ni was deposited for the anode contact and cathode
contact respectively.

The forward I-V characteristic for the 4H-SiC P—
i-N diode is shown in Fig. 10. This forward current
conduction mechanism follows the thermionic electron
emission theory. The reverse I-V characteristic of

0.8

Forward current/A
o o
= o

] I

e
o
I

O 1 1 L 1 I | 1 1
0 2 4 6 8
Forward volutage/V
Fig. 10. Forward I-V characteristic of 4H-SiC P-i-N
diode.

067102-5



Chin. Phys. B Vol. 20, No. 6 (2011) 067102

4H-SiC P—i-N diode is shown in Fig. 11, the avalanche
breakdown voltage was observed at 1650 V, above 90%
of the ideal V. The leakage current density can be
estimated as low as 3 x 107° A/cm?. The breakdown
voltage of the fabricated device had a little lower than
optimization simulation breakdown voltage because of
some reasons, such as requiring precise control doping
concentration for JTE, some defects for 4H-SiC epi-

layer etc.!'8]

Reverse leakage current/A
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T
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1 ] 1 ! 1 1 1
—1400 —1500 —1600
Reverse voltage/V

—1300 —1700

Fig. 11. Reverse I-V characteristic of 4H-SiC P—-i—-N

diode.

5. Conclusions

In this work we have systematically studied the
design and optimization of the planar edge termina-
tion techniques for high-voltage 4H-SiC P—i—-N diode
by ISE-TCAD10.0. By making a comparison between
JTE and OFP-FLR, JTE can not only support higher
breakdown voltage but also requires less termination
area. Relatively to OFP-FLR, about 40% of termi-
nation area can be economized to achieve the same
breakdown voltage for JTE. According to the simula-
tion parameters of 4H-SiC P—i—N diode with single-
zone JTE, we have succeeded in fabricating the 4H—
SiC P-i-N diode with single-zone JTE. The results
are shown to be in good agreement between simu-
lated and experimental data, this fact proves that it
is effective and practicable to use the ISE-TCAD10.0
simulator to simulate 4H-SiC P—i—N diode. The re-
sults presented in this work confirm that JTE is a fea-
sible edge termination technique for higher blocking
capability power 4H-SiC P-i-N diode. The farbrica-
tion technique can be also utilized for other high volt-
age silicon carbide devices, such as Schottky barrier
diode, bipolar transistors and metal-oxide semicon-
ductor field effect transistors, etc.
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