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Abstract—The article reports a comprehensive study
optimizing the ofFr- and on-state characteristics of 3.3 kV
junction barrier Schottky (JBS) diodes made using nickel,
titanium, and molybdenum contact metals. In this design,
the same implants used in the optimized termination region
are used to form the P-regions in the JBS active area. The
width and spacing of the P-regions are varied to optimize
both the on- and orr-state of the device. All the diodes
tested displayed high blocking voltages and ideal turn-on
characteristics up to the rated current of 2 A. However, the
leakage current and the Schottky barrier height (SBH) were
found to scale with the ratio of Schottky to p™ regions. Full
Schottkys, without p* regions, and those with very wide
Schottky regions had the lowest SBH (1.61 eV for Ni, 1.11 eV
for Mo, and 0.87 eV for Ti) and the highest leakage. Those
diodes with the lowest Schottky openings of 2 xm had the
lowest orF-state leakage, but they suffered severe pinching
from the surrounding p™ regions, increasing their SBH. The
best performing JBS diodes were Niand Mo devices with the
narrowest pitch, with the p™ implants/Schottky regions both
2 um wide. These offered the best balanced device design,
with excellent orFr-state performance, while the Schottky
ratio guaranteed a relatively low forward voltage drop.

Index Terms— JBS diodes, Mo, Ni, Schottky diodes, sili-
con carbide, termination design, Ti.

|. INTRODUCTION

ECENT progress in growth and processing technology
has made wide bandgap semiconductor materials realistic
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Fig. 1. Schematic of 4H-SiC (a) SBD, (b) JBS, and (c) p-i-n diode. Inset:
the active area of the JBS diode, which uses a shallow, highly doped
p*-implant on top of the JTE implant, with wg the Schottky width and wp
the p* implant width. Also shown are the JTE/p* doping profiles as they
feature in the JBS and PiN diodes.

competitors for high-voltage power electronics applications.
Due to its availability on large-diameter wafers (up to
150 mm), in combination with relatively low defect den-
sities, silicon carbide (SiC)is the most widely developed
wide bandgap semiconductor material [1]. Since the first
SiC diodes were commercially available in 2001, Schottky bar-
rier diodes (SBDs) and MOSFETs have penetrated the power
device market and are now offered by a wide range of sup-
pliers, providing faster switching, better thermal robustness,
and increased efficiency when compared with their bipolar
Si counterparts [2], [3]. In addition, the materials used for
ultrahigh voltage applications (>3.3 kV) such as traction, static
VAR compensation, and high-voltage direct current (HVDC)
is the focus of extended research activities, where multiple
unipolar and bipolar switches with blocking voltages up to and
exceeding 20 kV have been successfully demonstrated [4].
Despite these developments in high-voltage switches, diodes
in the voltage range up to 1700 V still represent the most
mature and widely used SiC device. These most com-
monly feature implanted p* regions within a regular SBD’s
metal-semiconductor interface (see Fig. 1). These implants
are used to shift the electric field peak away from the
metal-semiconductor interface, lowering OFF-state leakage
current [5], [6] and improving the surge current capabili-
ties [7], [8], both being essential for high-voltage applications.
In the merged PiN-Schottky (MPS) diode variant, the PiN
regions in the active area turn on at voltages around 3 V, after

For more information, see https://creativecommons.org/licenses/by/4.0/
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the SBD regions have started conducting current at voltages
close to the built-in potential (0.7-1.2 V). Hence, MPS devices
offer the potential to increase the current-carrying capability
compared with SBD planar Schottky devices [9] by carrier
injection in the p* area. However, selecting a metal contact
that forms both a good Schottky metal and a good p* ohmic
contact is very difficult, and hence most SiC diodes are
actually junction barrier Schottky (JBS) diodes, in which there
is no hole injection from the p* regions.

The performance of a JBS or MPS power diodes is still pre-
dominantly governed by the choice of Schottky contact metal,
which in turn determines the Schottky barrier height (SBH)
at the metal-semiconductor interface. This selection deter-
mines the fundamental trade-off in performance between low
ON-state voltage drop and low leakage current levels. The-
oretical considerations of the exact conduction mechanisms
in the ON-state and the OFF-state have also been widely
investigated, with Tung’s description of thermionic field emis-
sion dominating the conduction of Schottky diodes being
the basis of most attempts to exactly model both leakage
current levels and ON-state performance [10], [11]. Over the
past decade, industrial suppliers have moved away from high
work function metals such as nickel (Ni) toward lower work
function metals such as titanium (Ti) [12], [13] and molybde-
num [14], [15], where a decrease in forward voltage drop has
come at the expense of higher leakage currents. More recently,
molybdenum nitride (MoN) has been selected as metal by
companies for their low barrier height devices [16], [17],
which were demonstrated to have even lower barrier heights.
Using refractory metals with low work functions or attempting
to tune barrier heights by pre-conditioning the surface prior
to metallization [13], [18]-[20], it has been shown that the
performance of SBDs can be further improved by lowering
the SBH.

In this investigation, we demonstrate a comprehensive study
to optimize the use of the JBS technology for the 3.3 kV
blocking voltage range by improving both the termination
structure and the active area of the devices, offering a novel
and industrially relevant approach to using the advantages of
both bipolar and unipolar device action.

[I. DEVICE STRUCTURE AND FABRICATION

Fully terminated planar Schottky, JBS, and PiN diodes were
fabricated. In the JBS and PiN diodes, the goal was to use the
same implantations required for the termination structure as
for the deep p-regions in the active area designed to reduce
the electric field at the SiC surface.

The devices were made on a 4 x 10" cm™ nitrogen-
doped, 35 um thick 4H-SiC drift region, which was grown on
highly n-doped substrates. Cross sections of the devices can
be seen in Fig. 1, with the active area of the JBS diodes being
shown in Fig. 1(d), with wp the width of the p™ implants
(in um) and wg the width of the Schottky regions between
the implants. The wafers were laser-cut into chips, before
they were cleaned using a standard RCA 1/HF (10%)/RCA
2/HF (10%) process. In the active area, a shallow, highly
doped aluminum (Al) implant (200 nm deep, 3 x 10" cm™3
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Fig. 2. Overview of the three different termination designs used
in this investigation with (top) the single-zone JTE (SZJTE) design,
(center) the space-modulated multiple-zone JTE (SM-JTE) termination,
and (bottom) the (bottom) hybrid design. The hybrid termination consists
of p* rings and multiple JTE rings. p* ring widths are fixed at 3 um
(3, 3,4, 6,8, 11 um gaps). JTE ring widths are 14, 11, 7,5, 4,and 3 um
(3,3,4,5,7,and 9 um gaps).

box profile doping) was carried out on top of a JTE implant
(600 nm deep, 2 x 107 cm™ box profile doping). Implan-
tation was carried out at 500 °C. After Al implantation, the
samples underwent post-implantation activation at 1650 °C for
45 min and a sacrificial oxidation step at 1300 °C for 2 h
in nitrous oxide ambient. A 2 um thick SiO, field passiva-
tion layer was then LPCVD-deposited on the topside using
a tetraethyl orthosilicate (TEOS) precursor. Ti (30 nm)/Ni
(100 nm) ohmic contacts were then formed on the backside
of the samples after a rapid thermal anneal at 1000 °C for
2 min in Ar (5 slm) ambient. In the next step, 100 nm thick
Schottky contact metals (Mo, Ni, Ti) were deposited and then
annealed at 500 °C for 2 min to form Schottky contact. Finally,
a 4 um thick polyimide layer was spun onto the surface and
then patterned and etched before a 1.5-2 ym aluminum (Al)
pad metal was deposited. This served as a field plate and to
aid wire-bonding for switching tests.

To investigate the impact of different Schottky widths (wg)
and PiN widths (wp) on the electrical characteristics, these
parameters were varied in the investigation. The Schottky
device splits are listed in Table I, while a full p-i-n diode was
also made for comparison to these devices.

[1l. TERMINATION DESIGN CONSIDERATIONS

To optimize the OFF-state performance of the device, a
range of termination designs were investigated, with their
cross sections shown in Fig. 2. Here, a single zone junction
termination extension (SZ-JTE) design, such as those used
previously [21], [22], was used as a baseline. Also, a space-
modulated JTE (SM-JTE) [23], [24] can be seen in Fig. 2
(central). Furthermore, a novel hybrid JTE design was used
and is shown in Fig. 2 (bottom). The hybrid JTE comprises
two zones, produced using a p™ implant (200 nm depth,
3 x 10" cm™3 box profile doping) and a single JTE implant
(600 nm depth, variable box profile doping), both of which
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TABLE |
OVERVIEW OF THE ON- AND OFF-STATE ELECTRICAL MEASUREMENTS OF THE JBS SCHOTTKY DIODES. DEVICE AREA IS 0.0156 cm?
SBH (eV) Ideality factor I at 3300 V (nA) Breakdown Voltage (V)
L W/W,
ID Description
(um) | Ni Ti Mo Ni Ti Mo Ni Ti Mo Ni Ti
1 Benchmark 3/3 1.16 1.67 1.31 1.01 1.02 1.03 190 700 0.035 3466 3411 3465
2 Wide Features 4/4 1.15 1.62 0.88 1.01 1.05 1.01 - 25 250 1831 3488 3583
3 Narrow Features 2/2 1.17 1.68 1.62* 1.01 1.02 1.38% 0.60 0.10 1.45 3560 3520 3465
4 Narrow wy 2/3 1.07* 1.69 1.37* 1.28* 1.02 1.56* - 0.17 6.5 2345 3501 3560
5 Wide wy 4/3 1.15 1.66 1.28 1.01 1.03 1.04 150 0.13 - 3464 3600 -
6 Wide w, 3/4 1.18 1.67 1.38 1.01 1.03 1.01 60 0.90 0.015 3325 3600 3500
7 Narrow wy/wide w, 2/4 1.10% 1.71 2.71%* 1.26* 1.02 6.21* 0.30 0.11 0.75 3430 3481 3580
8 Full Schottky 1/0 1.11 1.61 0.87 1.02 1.03 1.07 - 30 - 885 3662 -

*Results skewed by poor I-V characteristics, potentially due to the pinching of the narrow Schottky regions.
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Fig. 3. Left: results of peak electric field (Peak EF) simulations of the
SZ, SM, and hybrid JTE designs, each including four different JTE doping
values from 1 x 10'7 to 2.5 x 10'7 cm~3. Right: results of breakdown
measurements for the corresponding JTEs as implemented on fabricated
p-i-n diodes for a JTE box profile doping concentration of 2 x 10'7 cm~3.

are AlT implants carried out at 500 °C. In the first innermost
zone (75 um total width), space-modulated p* floating rings
are implanted into the JTE region that extends from the active
region. A second zone, outside of the first, features the space
modulation of the JTE implant itself in multiple floating JTE
rings (75 pm total width). These two implants were also used
to form the P region(s) in the active area, as shown in Fig. 1.

To optimize the performance of the different termination
designs, peak electric field (EF) simulations were carried out
at voltage biases from 500 to 5000 V. These were used to
simulate the maximum EF reached for each JTE box profile
doping value from 1 x 10'7 to 2.5 x 10" cm™3 at 150 °C.
A first overview of the results of these simulations can be

seen in Fig. 3. The results revealed that the SM-JTE, with a
doping concentration of 2 x 10!7 cm™3, reached the highest
voltage, or 4000 V before reaching a peak EF of 2.5 x
10° V/cm. This was compared with 3000 V for the SZ-JTE
and 3500 V for the hybrid design, both at 1.5 x 10'7 cm™3.
Despite the slightly lower voltage possible, the hybrid JTE
design shows greater immunity to doping variations, hence
offering a greater possibility of reaching high breakdown
voltages for real devices, where the implantation dose has an
associated margin of error. All three of the termination designs
were taken forward to the p-i-n diode fabrication phase and,
to allow for process deviations, a 2 x 10!7 box profile doping
concentration was chosen for the different JTE regions. For
the hybrid termination design, p™ doping was chosen to be
3 x 10! cm™3 to assist with both the potential formation of an
ohmic contact when selecting an appropriate metal stack with
sufficiently low specific contact resistivity and a sufficiently
low implant dose to help with re-crystallization during the
post-implantation anneal [25].

The results of breakdown measurements on p-i-n diodes
which utilized these different termination designs are depicted
in Fig. 3 (right). Both the SZ-JTE and hybrid devices com-
fortably exceed the desired blocking voltage of 3300 V, con-
firming the successful activation of p-dopants, with the hybrid
devices showing a much tighter distribution with no device
reaching a leakage current level of 1 x 1077 A below 3000 V.
However, all SZ-JTE devices broke down before reaching
blocking voltages of 2600 V. This suggests that the activated
P concentration in the JTE may have fallen outside of the very
narrow processing window that was required to optimize the
SZ-JTE.

In this section, we used p-i-n diodes to demonstrate the
applicability of the hybrid termination design for 3.3 kV
devices and benchmarked it against widely used commer-
cial termination design structures. In the next step, the JBS
diodes were fabricated using the hybrid JTE design, and their
ON- and OFF-state characteristics were extracted.

IV. ELECTRICAL RESULTS OF THE OPTIMIZED
SCHOTTKY DEVICES

The 3.3 kV JBS diodes used Mo, Ti, and Ni as Schottky con-
tact metals, with each chip containing the eight device types
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Fig. 4. Overview of the ON-state of the fully terminated Mo, Ti, and

Ni JBS diodes. The full active area is 0.0156 A.cm?; the Schottky area
through which current flows is A.ws/(ws + Wp).

as listed in Table I. The ON-state characteristics of diodes with
an active area (A) of 1.56 mm? can be seen in Fig. 4. These
were obtained via an auto-prober at room temperature using a
Keysight BIS05SA parameter analyzer with a Semiprobe semi-
automatic probe station. Their ON-state parameters, ideality
factor (77), and SBH are listed in Table I. These were extracted
in the current density range of 1 x 10771 x 1072 A.cm~2,
following the thermionic emission theory which can be found
in [10] and [11]. The Schottky-only area (A.w/[w; + W,])
was used rather than the full active area (A) in plotting Fig. 4
and in extracting these data. The majority of the devices, and
all the Ni diodes investigated, had extremely low values of
n, confirming the assumption that thermionic emission is the
dominant conduction mechanism at the interface. The SBHs
extracted for the three metals correlate well with previous
reports [15], [26], the Ni offering a very high barrier at 1.6 eV,
the Mo 1.1 eV, and the Ti as low as 0.87 eV in the best case.
While interfacial formation of silicides or carbides in Mo has
been shown to be very unlikely [15], the partial formation
of these at 500 °C is possible in Ni [27] and Ti [28]-[30]
SiC SBDs and could be related to the inhomogeneity in the
Ti systems while being the source of reliable Ni Schottky
contacts [27]. The impact of width changes in the Schottky
region and the pT-implanted region on the contact resistance
and surge current behavior have not been investigated and are
beyond the scope of this investigation.

Following ON-state measurements, the reverse characteris-
tics of the same 3.3 kV chips were assessed. To prevent arcing
during measurements, samples were covered in fluorinert oil.
Fig. 5 shows the characteristics of all the 1.56 mm? JBS
diodes, and in Table I the leakage current (/) at 3.3 kV
and the breakdown voltage of the devices are listed. Further-
more, validating the hybrid termination design, the breakdown
voltage of the majority of the devices exceeded the target
voltage of 3.3 kV without premature breakdown, irrespective
of their choice of Schottky contact metal. Furthermore, leakage
currents (I;) exceeded a current level of 1 x 1075 A only
at voltages higher than 3 kV for the majority of the devices
presented.
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Fig. 5. Overview of selected breakdown measurements up to 4000 V
on the fully terminated Mo, Ti, and Ni JBS diodes. Device area is
0.0156 A.cm?.
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Fig. 6. ON- and OFF-state responses of the Ni and Mo Schottky diodes
with a ws/w), ratio of 2:2 um.

Special attention is drawn to design 3, as shown in
Fig. 6 for the Ni and Mo devices. As one of the three
designs with a 50:50 Schottky:PiN ratio, this design has
the narrowest pitch with the p* implants/Schottky regions
being 2 um wide. As a result, these devices have exemplary
OFF-state performance, while the 50% Schottky ratio allows
for a high-quality turn-on with relatively low forward voltage
drop. These are perhaps the best balanced diodes of those
presented.

Fig. 7 shows the I — V characteristics of the Mo and
Ni planar Schottky devices which were taken up to their
rated current of 2 A, with values of specific ON-resistance
(Roxsp) of 15 and 15.5 mQ.cm?, respectively. These are
compared with a p-i-n diode which used a Ti/Al (30/100 nm)
topside metal stack which was annealed at 1000 °C to cre-
ate an ohmic contact. This bipolar device showed a typical
PiN response, turning on at approximately 2.7 V, but with
a slightly reduced Ronsp of 11.9 mQ.cm?. While this is
about 4 mQ.cm? lower than the other devices, a lifetime
enhancement process [31] would boost conductivity modula-
tion and reduce this further. Despite this, Ron sp agrees with
the already reported values for similar SiC unipolar power
diodes [21]. This result was validated across several chips and
wafers.
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V. DISCUSSION AND TRENDS

Common trends appear within the ON- and OFF-state results.
Despite reducing the area in the thermionic emission equation
to eliminate the implanted regions of p*, all three datasets
display a correlation between the Schottky coverage and the
SBH, as plotted in Fig. 8. The full Schottky diodes have
the lowest SBH in each of the three datasets and as the
p* coverage increases, so too does the SBH. The reason
for this trend is due to the depletion region that surrounds
the p* regions, which according to standard depletion region
calculations [32] extends 570 nm into the Schottky region
at 0 V, reducing the Schottky area—as shown to scale in Fig. 8.
To those devices with the narrowest Schottky 2 4m openings,
this is a pinching JFET-like effect across more than half of the
Schottky opening. Several of the devices, marked in Table I,
with 2 um Schottky openings and wider PiN regions from this
dataset were evidently skewed in Fig. 4 as a result of this.

What is also of interest from this dataset is while a good
linear fit is possible to all the non-pinched-off data, as shown in
Fig. 8, very different slopes were achieved. This is potentially

attributable to the differing depletion region widths that form
from the Schottky interface, which are again shown to scale
in Fig. 4 using standard calculations [32]. With the 600 nm
deep JTE implants used in this region, only the 630 nm deep
depletion region resulting from the 1.61 eV Ni SBH depletes
the bottom of the JTE implant, thereby reshaping/engineering
the depletion profile and reducing the pinching effect. Con-
versely, the Ti contacts with a 0.87 eV SBH has a 0 V
depletion region of 440 nm, falling short of the JTE depth.
Consequently, it is proposed that this pinching beneath the
Schottky depletion region explains the greater SBH fluctuation
and the three devices with poor I — V' characteristics.

In this study, the p-regions in the active area are relatively
deep, at 600 nm, as they use the same implants as the
termination region. While this depth benefits the OFF-state and
is fine for the Ni diodes, it is clear that this a further step in
optimizing the Ti, and possibly also the Mo diodes would be
to reduce the implant depth to 400 nm or less.

It is of little surprise that p* pinching has a positive impact
on the OFF-state results. The devices skewed by pinching in
the ON-state generally get the benefit of low leakage in the
OFF-state. Across the dataset, the designs with the narrowest
Schottky regions and the smallest Schottky percentage are the
diodes with the lowest OFF-state leakage at the rated voltage of
3.3 kV. These designs are effective at shifting the peak of the
electric field down, away from the Schottky interface to the
bottom of the implanted p-regions. With a reduced electric
field at the surface, the leakage due to tunneling is greatly
reduced.

For completeness, Ti device #2, marked in Fig. 8, fell
outside of the trend described, with an excellent low SBH
ON-state, but an OFF-state with high leakage. This is explain-
able as it has wide 4 um features, and hence pinching has little
effect, and the device behave similar to a full Ti Schottky.

VI. CONCLUSION

The 3.3 kV JBS diodes have been successfully developed
that feature a validated hybrid JTE design, the implants for
which are also used in the device’s active region. Diodes made
from Ni and Mo, which feature 2 gm wide Schottky and PiN
regions, display excellent characteristics in both the ON- and
OFF-state. These diodes and the majority of the other designs
display near-ideal characteristics, while the leakage remains
very low until they breakdown at >3500 V. Several diodes
were also shown to work to the rated current of 2 A. Devices
made using Ti are shown to be affected most adversely from
JFET pinching effects, most likely due to the shallow depletion
region that forms compared with the p-type implant depth.
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