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This paper describes the successful fabrication of 4H-SiC junction barrier Schottky (JBS) rectifiers with a linearly
graded field limiting ring (LG-FLR). Linearly variable ring spacings for the FLR termination are applied to improve the
blocking voltage by reducing the peak surface electric field at the edge termination region, which acts like a variable lateral
doping profile resulting in a gradual field distribution. The experimental results demonstrate a breakdown voltage of 5 kV at
the reverse leakage current density of 2 mA/cm? (about 80% of the theoretical value). Detailed numerical simulations show
that the proposed termination structure provides a uniform electric field profile compared to the conventional FLR termi-
nation, which is responsible for 45% improvement in the reverse blocking voltage despite a 3.7% longer total termination

length.
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1. Introduction

Silicon carbide (SiC) is considered to be an excellent ma-
terial for high power and high temperature semiconductor ap-
plications due to its superior properties of a high critical elec-
tric field and high thermal conductivity.!"-?! Until now, a large
number of SiC junction barrier Schottky (JBS) rectifiers have
been reported for a wide range of applications.*! The main
advantages of the JBS rectifier are the Schottky-like on-state
and the fast switching characteristics together with the off-
state characteristics having a low leakage current similar to
that of the PiN rectifier. To reach a breakdown voltage close to
the ideal one, various junction termination techniques for the
SiC devices have been developed, involving field plate (FP), !
field limiting ring (FLR),!"! and single- and multiple-junction

).8-101 Among all of those edge

termination extensions (JTE
termination structures, the FLR termination has been used ex-
tensively for high voltage SiC JBS rectifiers since it is usually
formed simultaneously with the main junctions, thus saving
costly processing steps. However, this method for the SiC de-
vices is strongly dependent on the ring spacing of FLR due to
the relatively shallow junction depth, which correlates closely
to the critical characteristics of the breakdown voltage for SiC
JBS rectifiers.!!!! Consequently, the spacing and the width of
the rings need careful design for the maximum breakdown
voltage with minimal area consumption.

In this paper, an experimental work on the fabrication
and electrical characterization of 4H-SiC JBS rectifiers with
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a linearly graded field limiting ring (LG-FLR) is presented.
Experimental and simulation results show that the proposed
structure with 5 kV blocking capability has a prominent im-
provement in the breakdown voltage characteristics compared
to those rectifiers with the conventional FLR. The experimen-
tal breakdown voltages obtained on the 4H-SiC JBS rectifiers
with LG-FLR structure are compared with the simulation data.

2. Physical models

In this paper, the two-dimensional numerical device char-
acteristics are simulated with Atlas from Silvaco.!'?) The de-
tails of the models are taken from the most recent litera-
ture. The key physical models used in the simulation include
the models for mobility, carrier generation—recombination,
incomplete ionization of impurities, impact ionization, and
bandgap.

The mobility of the carriers in 4H-SiC is modeled using
the Caughey—Thomas expression, which is used to specify the
doping- and temperature-dependent low field mobility!!3]
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where N is the total impurity concentration, and Nrffg,‘ is the
doping concentration at which the mobility is halfway between
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the min and the max values (i.e, the mobilities in highly doped
and undoped materials, respectively). Both u(’)ﬁ‘l‘) and u&lj‘:‘;
the mobilities at room temperature.[”] Terms o p, ﬁn,p, and
Ya,p are the fitting coefficients.

The velocity saturation at high electric fields is modeled

are

with the Canali model

lunOvPO 75 (2)
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(1 + (.unO,pOE/vsat) ﬁE) :

tnp (E) =

Here, E is the parallel electric field, B is the fitting coefficient,
and [0 and Ly are the low field electron and hole mobilities,
respectively.

The effect of the recombination centers can be described
by the conventional Shockley—Read-Hall (SRH) recombina-
tion/generation expression!>16]
Rsru
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Here, 7, and 7, are the electron and hole lifetimes, respec-
tively, n; is the effective intrinsic carrier concentration, n and p
are the electron and hole densities, respectively, Eyrp is the dif-
ference between the trap energy level and the intrinsic Fermi
level, and NV, and N, are the characteristic parameters for elec-
trons and holes, respectively.

The description of the impact ionization, which is critical
to the simulation of blocking characteristics, adopts the Sel-
berherr model!!”!

b
Onp = dnpexp (—f’) : )

Here, E is the electric field in the direction of the current flow
at a particular position in the structure, and parameters a, p and

by p are fitting coefficients.[1819]

3. Device fabrication

Figure 1 shows a cross-sectional view of the fabricated
5 kV 4H-SiC SiC JBS rectifier with LG-FLR structure. The
layer structure consists of an N, 8° off-axis 4H-SiC substrate
purchased from Cree, Inc., followed by two n-type epitax-
ial layers. The first epi-layer is 30 um thick with a doping

~3. The second layer is 20 um

concentration of 2x 10" cm
thick with a doping concentration of 2.5x10'> cm—3. Next,
the P™ implanted field limiting rings at the periphery of the
JBS rectifier and the stripe patterns of p-type grids within the
active JBS rectifier area were formed simultaneously by mul-
tiple aluminum ion implantations having a box profile. The

peak concentration and the depth of the P implantations are

5x10' ¢cm™3 and 0.5 um, respectively. The active area and
the total area of each device are 0.09 mm? and 1.5 mm?, re-
spectively. The activation annealing of all implanted regions
was carried out simultaneously at 1600 °C for 30 min with-
out a capping layer in Ar ambient. A Ni(200 nm)/Au(500 nm)
double layer was used as the backside metal followed by an-
nealing at 1000 °C in Ar ambient for 2 min to form the cath-
ode Ohmic contact. Subsequently, the triple layer metalliza-
tion of Ni(150 nm)/Ti(350 nm)/Au(600 nm) was used to form
the Schottky contact to the N~ epitaxy followed by annealing
at 500 °C in Ar ambient for 5 min. Finally, a SiO; layer was
deposited as a passivation layer.
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Fig. 1. Schematic cross-section of a 4H-SiC JBS rectifier with 35-ring
LG-FLR termination.

A photograph of the fabricated 4H-SiC JBS rectifier is
presented in Fig. 2. As shown in Fig. 1, the p-type grid layout
of the stripe structure for JBS is designed with a width of 4 pm
and a spacing of 4 um between them. The width of the P+ im-
planted field limiting ring is 10 pm. The spacing between the
P* implantation rings (S4__3s) linearly increases from 2 um
to 5.1 um with the first four spacings (S1234) keeping con-
stant, in order to effectively separate the linearly graded spac-
ing structure from the central active region.

Fig. 2. (color online) Photograph of the fabricated 4H-SiC JBS rectifier
with 35-ring LG-FLR termination.

The linearly graded spacings between adjacent rings in-
duce the gradual decrease of the effective charge in the FLR
regions, which results in a gradual and smooth field distribu-
tion across the termination region. To understand the origin
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of the variation of the effective doping concentration, the nor-
malized effective doping factor (¢) is defined as

N,
= — 6
o N (6)
N, xS, =N; xS, @)

where N, and S, are the effective doping concentration and the
spacing at each ring of LG-FLR, respectively. The normalized
effective doping factor at each ring for the LG-FLR structure
is shown in Fig. 3. It is seen that the effective lateral doping
profile of the overall FLR region can be realized by applying
the variable ring spacings.
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Fig. 3. (color online) Normalized effective doping factor at each ring in
the 35-ring LG-FLR.

4. Results and discussion

Both the experimental forward and reverse characteristics
on an individually packaged SiC JBS rectifier were measured
using an Agilent B1505 semiconductor parameter analyzer.
Figure 4 shows the experimental and the simulated forward
J-V characteristics of the fabricated 4H-SiC JBS rectifier at
room temperature. It is demonstrated that the Schottky con-
tact turns on at the forward voltage of 1.15 V with the specific

on-resistance of 349 mQ-cm?.

When the forward voltage
exceeds 2.5 V, the current increases rapidly with the increas-

ing forward voltage due to the bipolar current injection from
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Fig. 4. (color online) Experimental and simulated forward J-V charac-
teristics of the fabricated 4H-SiC JBS rectifier.

the P+ grids. The large specific on-resistance is ascribed to the
poor 4H-SiC surface roughness resulting from the high tem-
perature activation annealing without effective surface protec-
tion, leading to the non-uniform Schottky conduction. This
phenomenon has been predicted by introducing traps into At-
las simulation models, which also predict the conduction mod-
ulation with the anode metal and the P' region set as Ohmic
contacts in the simulation.

Figure 5 shows the experimental reverse J—V characteris-
tic of the fabricated 4H-SiC JBS rectifier with a 35-ring LG-
FLR at room temperature. The breakdown voltage of the pro-
posed structure is over 5 kV when the leakage current den-
sity is 2 mA/cm?, which approaches 80% of the ideal parallel
plane breakdown voltage. The simulated potential contours of
the LG-FLR structure in off-state are shown in Fig. 6. It is
shown that the potential contours are distributed regularly in
the edge termination region at the breakdown voltage of 6 kV.
The guard ring structure serves to reduce the amount of field
crowding at the main junction by spreading the depletion re-
gion past floating junctions with consecutively lower potential.
As can be observed from the figure, the depletion region of the
LG-FLR structure only spreads laterally to the 28th ring. This
is mainly due to the fact that the 35-ring LG-FLR structure
was adopted to reduce the impact of the manufacturing process
on the breakdown voltage, although the optimized number of
field limiting rings for maximum breakdown is around 28 in
the numerical simulations.
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Fig. 5. (color online) Experimental reverse J-V characteristic of the
4H-SiC JBS rectifier with 35-ring LG-FLR termination.

Figure 7 illustrates the comparison of the simulated re-
verse breakdown characteristics of the proposed structure and
the conventional FLR structures with constant spacings of
2 pm and 3 pm, whose total termination lengths (Lp r) are
470 um, 420 wm, and 455 pm, respectively. In this work, the
breakdown voltage of the 4H-SiC JBS rectifier is determined
when the reverse leakage current exceeds 1x107 A/um. On
the other hand, in order to concentrate on the pure effect of the
proposed LG-FLR structure, materials and interfaces are ide-
ally free from oxide charges in the passivation layers and traps
at the anode interface, which is responsible for the difference
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between the simulated breakdown voltage and the measured
breakdown voltage. It is found that the blocking voltage is
3.9kV (S1-35rings = 3 um) and 4.2 kV (81 _35¢ings = 2 pm) for
the SiC JBS rectifiers with conventional FLR structures but is
increased by 45% to 6.1 kV by applying the LG-FLR structure.
This improvement in breakdown voltage is considered to be
caused by the linearly variable ring spacings, resulting in the
gradual equivalent concentration in the LG-FLR termination
region. According to the Poisson equation, a lower concen-
tration results in a smaller slope of the electric field, leading
to a gradual and smooth field distribution. Figure 8 shows the
surface electric field distributions at breakdown for the 35-ring
FLR termination with different ring spacings. As can be ob-
served, by introducing the LG-FLR structure, the extremely
flat electric field distribution across the termination region can
be obtained. As mentioned above, actually 28 rings are ad-
equate for the LG-FLR structure, resulting in the breakdown
voltage of 6.1 kV at the expense of Lg r of 436 um. However,
the maximum surface electric field is found at the outer edge
and the inner side of the terminations for conventional 2 pm-
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Fig. 6. (color online) Potential contours in off-state of the 4H-SiC JBS
rectifier with 35-ring LG-FLR termination.
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Fig. 7. (color online) Simulated reverse J-V characteristics for LG-
FLR structure and conventional FLR structures with constant spacings
of 2 pm and 3 pm.

and 3 pm-spacing FLR structures, respectively, which leads to
the premature breakdown. Particularly, the electric field of the
3 um-spacing case approximates zero at the 28th ring, imply-
ing that further increase of the rings does not help improve the
breakdown voltage. Moreover, the conventional 2 pm-spacing
FLR structure fully utilizes its termination length, which is
3.7% shorter than that of the LG-FLR, but it achieves 31%
lower breakdown voltage.
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Fig. 8. (color online) Surface electric field distributions at breakdown of
(a) LG-FLR termination and conventional FLR terminations with con-
stant spacings of (b) 2 um and (c) 3 pum.

To determine the optimum LG-FLR termination, the de-
pendence of the breakdown voltage on the number of rings is
demonstrated in Fig. 9. It is obvious from this graph that the
number of rings has a significant effect on the breakdown volt-
age. The breakdown voltage of the SiC JBS rectifier increases
with the increasing number of rings till 28 and later remains
the same with further increase in rings. With the number of
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rings increasing to 28, the electric field peak becomes lower at
the last ring and more uniform at the inner rings until a uniform
electric field distribution is obtained across all 28 rings. Any
further increase in the number of rings does not change the
electric field distribution and the breakdown voltage because
the depletion region does not extend to those rings. Therefore,
the approximately constant blocking voltage region represents
the efficiency of the edge termination with respect to the maxi-
mum blocking voltage capability for the designed electric field
distribution across each ring.

- 6000 .

E l/

1)

[

&

5

~ 4000 1

£

Qo

z

[y}

g /

M 2000 f 1
10 20 30 10

NrLr

Fig. 9. (color online) The variation in the breakdown voltage with the
number of rings of the LG-FLR termination.

5. Conclusion

In this work, a 5-kV 4H-SiC JBS rectifier with a linearly
graded FLR termination structure is successfully developed.
Simulated results show that the reverse breakdown voltage in-
creases from 4.2 kV to 6.1 kV by applying the linearly vari-
able ring spacings to the conventional FLR structure despite
a 3.7% longer total termination length. This improvement in
the blocking voltage is attributed to the linearly variable ring

spacings, which induce the gradual equivalent concentration
in the termination region of the proposed device, thus result-
ing in a uniform electric field profile across all rings. These
results indicate that the 4H-SiC JBS rectifier with LG-FLR is
promising as a high-voltage operation device for high-power
switching applications.
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