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Study of 4H-SiC junction barrier Schottky diode using
field guard ring termination*
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This paper reports that the 4H-SiC Schottky barrier diode, PiN diode and junction barrier Schottky diode ter-
minated by field guard rings are designed, fabricated and characterised. The measurements for forward and reverse

characteristics have been done, and by comparison with each other, it shows that junction barrier Schottky diode has
a lower reverse current density than that of the Schottky barrier diode and a higher forward drop than that of the PiN

diode. High-temperature annealing is presented in this paper as well to figure out an optimised processing. The barrier
height of 0.79 eV is formed with Ti in this work, the forward drop for the Schottky diode is 2.1 V, with an ideality
factor of 3.2, and junction barrier Schottky diode with blocking voltage higher than 400 V was achieved by using field

guard ring termination.
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1. Introduction

With increasing interest in SiC Schottky barrier
diode (SBD) in power conversion applications, much
attention has been focused on improving SiC SBD
performance. Thus, the junction barrier Schottky
(JBS) diode was proposed which offers Schottky-like
ON-state and fast switching characteristics, while the
OFF-state characteristics have a low leakage current
similar to that of the PiN diode. Several SiC JBS
diodes have been reported by different groups.[!—3!
The conduction loss can be much lower than that of a
PiN diode with a breakdown voltage of less than 3 kV
due to the high turn-on voltage (2.7 V) of the SiC p—
n junction.l) The leakage current of the JBS diode
is lower than that of a SBD by shielding the high
electric field away from the Schottky contact by de-
pletion layer of p—n junctions. To create a JBS diode
with a high break down voltage, several kinds of ter-
minations have been used in the structure, such as
junction termination extension and mesa termination.
However, these terminations require etching and extra
ion-implantation. To reduce the processing steps, field
guard ring (FGR) was used in this work and it was fab-
ricated with PT for p-n junction simultaneously. Be-
cause the PT regions of the SiC JBS diodes are formed

by ion implantation, a high-temperature (> 1600 °C)
activation annealing step is required. This step will
cause harming the surface since silicon can preferen-
tially evaporate at the high annealing temperature.
Several tests have been done in this work to show
the influence from the annealing to the surface and
To study
the influence of different parameters of structure on

the electric characteristics of the devices.

the electric characteristics and to compare each differ-
ent devices, 4H-SiC SBD, PiN diode and two kinds of
JBS diodes with different parameters were fabricated
in this work.

2. Design and fabrication

A 10 pm N~
1.56x10' em ™2 was grown on the Nt substrate pro-

duced by CREE and doped by the concentration
3

epilayer with doping of

more than 1x10'® em™3. To create the circular P*
regions, multiple implantations were used. At 400 °C,
in argon ambience, Al ion was implanted with en-
ergy of 30 eV, 280 eV, and 500 eV when the doses of
8.6x10' cm™2, 5.2x10 cm™2, and 7.8x10™ cm™2
were taken respectively. As shown in Fig. 1, the PT

junction grid is characterised by the width of the P+
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implantation window (W) and the spacing in between
(S). The FGRs are characterised by the width of a
single ring (L) and the spacing between two nearest
rings (D). According to Ref. [5], L was chosen to be
the fixed value 5 pm, and D = 2.5 ym in the exper-
iment described below. The FGRs with 5 pm-wide
for each ring were implanted around the periphery of
the forward conducting active area to reduce electric

R

field crowding toward the edge of the diode under re-
verse bias. All the FGRs were formed simultaneously
with the P junction regions stated above, thus the
depth and concentration are same to the P™ junction
regions. Samples were annealed at 1650 °C for 45 min
in argon ambience. Then, the profile in 0.6 pm depth

was measured.
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Fig. 1. Schematic cross section of the JBS diodes with FGRs as edge termination.

Figure 2 shows the distribution of the Al atoms
before and after annealing, tested by secondary ion
mass spectroscopy. As can be seen from this figure,
the distribution of the Al atoms are barely changed
after annealing, only in the depth more than 0.4 pm,
and the concentration curve becomes more smooth. It
shows that the Al atoms move a little deeper in epi-
layer after annealing. To protect the surface of 4H-SiC
and avoid silicon atoms escaping from surface at high
annealing temperature, a graphite crucible being full
of SiC powder is used to reduce the surface damage

during annealing process. ¢!
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Fig. 2. Distribution of Al atoms before and after the
annealing.

The Tri-layer metallization of Ti/Ni/Ag was used
to form a backside contact, and subsequently annealed
at 1000 °C in gas mixture of 97% Ny and 3% H, for
5 min. The Bi-layer metallization of Ti/Ag was used
to form the front Schottky metal contact.

3. Results and discussion

3.1. Activation annealing

High-temperature activation annealing for the p-
type dopant creates damage to the SiC surface, thus
Figure 3(a)
shows the scanning electron microscope (SEM) pho-

degrading the Schottky performance.

tograph of the surfaces before annealing. Figure 3(b)
shows the SEM photograph of the surfaces after an-
nealing at 1650 °C in argon for 45 min in a graphite
crucible full of SiC powder.

Figure 3(a) shows a relatively smooth surface. Af-
ter annealing in the graphite crucible, the surface is
damaged at a certain extent. It contains gullies in
the form of strips in the whole surface of the samples,
as is shown in Fig. 3(b). Further electrical charac-
terisation results presented in the following part, will
show that those surface damages degrade the device

performance.
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Fig. 3. The SEM photographs of the 4H-SiC surface: (a)
before annealing and (b) after annealing.

3.2. Electrical characteristics

The fabricated devices were electrically charac-
terised at room temperature using the Tektronix 370B
programmable curve tracer and Agilent BI500A semi-
conductor device analyser. According to parameters
stated previously, the JBS mentioned below are des-
ignated as JBS (S, W).

Since SiC JBS diodes conduct current only
through the Schottky region, it is expected that the
forward drop is low due to the low barrier height in
comparison with the high turn on voltage of SiC p—
n junction. Forward current density—voltage (J-V)
characteristics of the 4H-SiC JBS diodes fabricated
are shown in Fig. 4.

Using the thermionic emission theory, the current
through the SiC Schottky diode can be expressed in
the form

I=AA*T? exp ( — i—;) {exp (%) — 1], (1)

where A is the diode area, A* is the Richardson’s con-
stant, ¢p is the Schottky barrier height, n is the ideal-
ity factor, and other constants have their usual mean-

ing. At a low forward voltage, the ideality factor is

given by
q OV

" kT omI )

Calculating with the equations given above, we

obtain that the forward drop for the Schottky diode

is 2.1 V, with an ideality factor of 3.2. The forward

drop of JBS diode with W of 4 ym and S of 3 pm is

3.9 V at 64.8 A/cm?. The ideality factor is larger due

to the interface states of the SBDs, residual defects

and surface roughening caused by ion implantation

and annealing. As Ref. [7] shows, the experimental
measurements have a good agreement with simulated
results, which indicates a good agreement between ex-
periments and the thermionic emission mode.

Figure 4 indicate that with the same W, the for-
ward drop decreases to be closer to that of the SBDs
as the S increases. Measurements also show that the
PiN diode has a large forward drop (> 6 V) and a
low current density, which is not presented in Fig. 4.
From the y-intercept of the linear region of the J-V
curves, the barrier height of Ti/4H-SiC ¢5=0.79 eV
can be obtained, this value is consistent with that in
Ref. [8].
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Fig. 4. Forward J-V characteristics of JBS diodes and
SBD.

The possible reverse leakage current mechanisms
of the JBS are (1) thermionic emission, (2) thermionic
field emission, (3) field emission, and (4) generation
in the depletion region. In addition to these basic
mechanisms, surface leakage and defect-related leak-
age may occur. The dominant mechanism depends
on the Schottky barrier height, temperature, applied
voltage, surface status, and defects in the material.

Figure 5 shows the reverse J-V characteristics of
SBD, PiN and JBS diodes. As can be seen in Fig. 5, re-

verse current density of JBS diodes is higher than PiN
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diode, and lower than SBD. As tested by Tektronix
370B programmable curve tracer, JBS(3,4) shows a
break voltage higher than 400 V. The main reasons
resulted in a relatively high leakage current and low
breakdown voltage are: (1) Ti is used as the metal to
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Fig. 5. Reverse J-V characteristics of SBD, PiN and JBS
diodes.

form the Schottky barrier, the barrier height formed in
this work is 0.79 eV, which is smaller than the one fab-

ricated with Ni (¢p = 1.26 eV);[1% (2) multi-step ion
implantation brought in damages in the space lattice;
(3) high temperature annealing caused the deteriora-
tion of the epilayer, which was stated previously.

To reduce the damage during high-temperature
activation annealing, AIN can be used to prevent 4H-
SiC surface from silicon evaporation,'?) and carbon
film is a feasible way as well.®!

4. Summary

The design and fabrication procedure of planar
4H-SiC JBS rectifiers with FGRs as the termination
were studied. Measurements show the performance
tradeoffs between forward characteristics and reverse
With
P region doping concentration (~1x10'® cm=3 ) and

leakage current density of these JBS diodes.

window spacing (3 pm), 4H-SiC JBS rectifiers with
Schottky-like forward characteristics and pin-like re-
verse characteristics have been experimentally demon-
strated.
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