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The 4H-SiC junction barrier Schottky (JBS) diodes terminated by field guard rings and offset field plate are
designed, fabricated and characterized. It is shown experimentally that a 3-pm P-type implantation window spacing

gives an optimum trade-off between forward drop voltage and leakage current density for these diodes, yielding a specific

on-resistance of 8.3 mQ-cm?

. A JBS diode with a turn-on voltage of 0.65 V and a reverse current density less than

1 A/cm? under 500 V is fabricated, and the reverse recovery time is tested to be 80 ns, and the peak reverse current is

28.1 mA. Temperature-dependent characteristics are also studied in a temperature range of 75 °C—200 °C. The diode

shows a stable Schottky barrier height of up to 200 °C and a stable operation under a continuous forward current of

100 A/CmQ.
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1. Introduction

Silicon carbide (SiC) is an attractive material for
high-power, high-temperature and high-frequency de-
vices because of its superior properties such as wide
bandgap, high breakdown field, high thermal conduc-
tivity and high saturation electron drift velocity.!
And 4H-SiC Schottky diode has been proved to have
great potential in power applications for its low con-
duction loss and fast switching speed.[!l One major
issue for the Schottky diode is its high reverse leakage
current, especially at elevated temperature. The junc-
tion barrier Schottky (JBS) diode is proposed, for it
offers Schottky-like on-state and fast switching char-
acteristics, while the off-state characteristic has a low
leakage current similar to that of the PiN diode.l”!

The field guard ring (FGR) is an edge termination
structure that has been used in 4H-SiC JBS diodes,
which dynamically introduces negative charge along
the surface of an N-type voltage blocking layer.!
However, FGR has a shortage that is very sensitive
to the charges formed in the passivation layer, which
takes offset field plate (FP) into consideration in the
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edge termination method, and the function is simu-
lated to be proved.!”!

In this work, JBS diodes with several different pa-
rameters, terminated by FGR and offset FP, are fab-
ricated to study their performances. Because of the
properties of SiC radical in a strong chemical bonding
between silicon and carbon, difficulties in processing
the device arise, for example, a relatively high temper-
ature is generally required. Device processing tech-
nology in SiC is one of the crucial issues to realize
high-performance SiC electronic devices. A test is car-
ried out to examine essential techniques, direct current
(DC) characteristics and reverse recovery characteris-
tics and the obtained results are shown below.

2. Design and fabrication

A 10-um N~
1.56x10" ecm ™2 was grown on the Nt substrate pro-

epilayer with a doping of
duced by Si crystal and doped by a concentration of
more than 1 x 108 cm—3.

Offset FP and FGR are employed in this exper-
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iment for comparison. Parameters considered in the
structure are shown in Fig. 1. In the FGR structure,
the parameters investigated are the ring width w and
the distance between two nearest guard rings d. Offset
FP consists of FPs (there is one FRG under each FR),
which are fabricated with Schottky metal-overlaps on
a SiOy layer with length L. For JBS part, the P—
N junction width is denoted as m, and the Schottky
region width is denoted as s.

N- epilayer

N+ substrate

Fig. 1. Schematic cross section of a half unit of the JBS
diode with offset FP as edge termination.

To form selective P-type regions in 4H-SiC,
aluminum-ion (Al") or boron-ion (BT) implantation
is commonly employed. Aluminum is particularly at-
tractive for implantation to form heavily doped P*-
regions with low sheet resistances, because Al accep-
tors have smaller ionization energies (190 meV and
240 meV) than B acceptors (285 meV and 300 meV)
in 4H— and 6H-SiC, respectively. Whereas the use of
B is much effective for implantation to form deep P-N
junctions because of its lighter mass and the resulting
larger projected range.l® In this work, Al* and B+
were implanted with an energy of 150 eV when the
dose is 1.45x10' em ™2, and of 400 eV when the dose
is 1.79%x 10 cm—2.

Figure 2 shows the distributions of Al and B
atoms after implantation, tested by secondary ion
mass spectroscopy. It can be seen that since a 200-
nm SiOy was grown on the surface of samples before
ion implantation, the peak of the Al curve is arranged
close to the surface of SiC which helps to build a bet-
ter contact in the PT-region and it can protect the
surface from damage during ion implanting as well.
Samples were annealed at 1650 °C for 45 min in ar-
gon ambience to activate the implanted ions. During
the annealing, a graphite crucible full of SiC powder
was used to protect the surface of 4H-SiC and avoid
silicon atoms escaping from the surface at high an-

nealing temperature.!”]
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Fig. 2. Distributions of B and Al atoms after ion-

implantation.

A 500-nm SiO; layer was deposited on the surface
as a passivation layer. Then a multi-layer comprised of
Ti and Al were deposited in the PT regions, followed
by a tri-layer metallization of Ti/Ni/Ag deposited on
the backside and subsequently annealed at 1000 °C
in a gas mixture of 97% Ny and 3% H, for 5 min.
Bi-layer metallization of Ti/Ag was used to form the
front Schottky metal contact and FPs simultaneously.

3. Results and discussion

3.1. DC characteristics

Figure 3 shows the forward current density—
voltage (J-V) characteristics of Schottky barrier
diode (SBD) and JBS diodes. The fabricated devices
were electrically characterized at room temperature
using Keithley 4200. According to parameters stated
above, the JBS mentioned below is designed as JBS
(s, m). Since SiC JBS diode conduct current flows
only through the Schottky region, it is expected that
the forward drop is low due to the low barrier height
compared with the high turn-on voltage of SiC PN
junction. As can be seen, the turn-on voltage drop of
SBD is about 0.62 V. When the voltage reaches 1.5 V,
the current density is more then 100 A /cm?, the JBS
diode current density is very close to that of SBD. The
specific on-resistances are calculated to be 7.7 m-cm?
for SBD and 8.3 mQ-cm?, 10.5 mQ-cm?, 7.8 mQ-cm?
for JBS(3, 3), JBS(3, 4), JBS(4, 4), respectively.

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

Vv
I = AA*T? exp (—Z?) [exp <nqkT> - 1} , (1)
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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
qg OV
"= kT Olnl’ 2)

Calculated with the formulas given above, the ideality
factor is 1.6 and ¢p is 0.69 eV.
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Fig. 3. Forward J-V characteristics of SBD and JBS
diodes.

Temperature-dependent characteristics of the de-
vices were tested by HP 4156, Figure 4 shows the
temperature-dependent forward current—voltage (I—
V) characteristics of a 6.25x107% cm? JBS(3, 3). In
region a, the JBS current coincides with the Schot-
tky one due to the thermionic emission effect, which
is characterized by a positive temperature coefficient
(TC); in region b, the series resistance of the N-drift
layer of the Schottky portion dominates, so that a neg-
ative TC arises.[®9) With temperature increasing from
75 °C to 150 °C, the turn-on voltage of the JBS diode
decreases from 0.61 V to 0.43 V. However, the differen-
tial on-resistance significantly increases from 16.15 2
at 75 °C to 22.4 Q at 150 °C. The large increase in
differential resistance is due to the large resistance in-
crease in the 10-ym-thick 1.56x 105 cm=2 doped drift
layer with temperature.

Reverse J-V characteristics of JBS(3, 3) with dif-
ferent edge terminations are shown in Fig. 5, which are
tested by Tektronix 370B programmable curve tracer.
Since offset FP can effectively reduce the sensitivity
to the charge in passivation layer in comparison with
FGRs, the JBS diode terminated by offset FP has

a lower reverse current and higher breakdown volt-
age. It can be seen that JBS(3, 3) with w = 10 pm,
d =6 um and L = 3 wm shows a reverse current den-
sity lower than 1 A/cm? when the reverse voltage is
500 V.
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Fig. 4. Temperature-dependent forward -V characteris-
tics of 4H-SiC JBS(3, 3).
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Fig. 5. Reverse characteristics of JBS terminated by
FGRs and offset FP.

The temperature-dependent reverse blocking
characteristics of SBD and JBS(3, 3) are shown in
Fig. 6. Over the temperature range of 75 °C-200 °C,
the reverse current of SBD grows from 5.71x107% A
to 8.56x107° A at 20 V, while the JBS diode cur-
rent grows from 3.21x1077 A to 9.72x107° A. Ap-
parently, because at low voltage bias, the leakage cur-
rent is dominated by thermionic emission and the re-
verse current increases with temperature increasing.
At high reverse bias, the leakage current is less sen-
sitive to the temperature, which is dominated by the
tunneling current. This case is not shown in Fig. 6,

because of the testing limit of the equipment.?)
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Fig. 6. Temperature-dependent reverse I-V character-
istics of 4H-SiC devices. (a) 2.5x1072 cm? SBD, (b)
6.25x10~% cm? JBS(3, 3).

3.2. Reverse recovery characteristics

The reverse-recovery testing was performed using
the setup that is shown in Fig. 7. The system includes
a cascade probe station with micromanipulators and
microscope for probe positioning, two Agilent E3631A
voltage sources which supply a forward voltage (10 V
for SBD, 6 V for JBS) and a 50-V reverse voltage
(maximum output), a single-pole double-throw switch
which can switch over from forward state to reverse
state within 20 ns and a Tektronix TPS2012 oscillo-
scope with a frequency limit f,.x = 100 MHz to moni-
tor and record the output waveforms. Since Tektronix
TPS2012 oscilloscope can only measure the voltage
and resistances of SBD and JBS diodes are changing
in the whole process, it is necessary to introduce the
100-€2 resistance R1 into the setup which has a fixed
resistance, then by measuring the voltage, the current

curve can be calculated easily.

A\ o
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oscilloscope [;51°¢)

Fig. 7. Experimental setup for reverse-recovery measure-
ments.

Under the test conditions employed, the reverse
recovery characteristics of JBS(3, 3) with different
The 6.25x107% cm?
JBS(3, 3) terminated by offset FP is switched over
from a 49.4-mA forward current to the blocking state
with a reverse bias of 50 V at a current rate-of-fall of
3 A/us. At room temperature, the diode has a reverse
recovery time ¢, of 80 ns, a peak reverse current I, of
28.1 mA and a reverse recovery charge Q,, of 3.37 nC.
The 2.5x1072 cm? SBD is switched over from a 95-
mA forward current to the blocking state, t,, is 50 ns,
I, is 37.5 mA and @, is 3 nC.

edge terminations are similar.
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Fig. 8. Reverse recovery characteristics of SBD and
JBS(3, 3).

4. Conclusion

The 4H-SiC SBD and the JBS diodes are fab-
ricated with different parameters using two kinds of
edge terminations which are FGRs and offset FP. DC
tests show that the JBS diodes have a similar forward
characteristic, the JBS(3, 3) has a turn-on voltage of
0.65 V and a specific on-resistance of 8.3 mQ-cm?. Re-
verse characteristics show that the JBS diode termi-
nated by offset FP has a higher breakdown voltage.
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A current density lower than 1 A/cm? under 500 V
reverse bias is achieved. It also shows an acceptable
performance for all devices over a test range of 75 °C—
200 °C. Under switching tests, the JBS diode shows a
reverse recovery time of 80 ns, a peak reverse current
of 28.1 mA and a reverse recovery charge of 3.37 nC
and those for SBD are 50 ns, 37.5 mA and 3 nC, re-

spectively.
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