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ABSTRACT

High voltage bipolar diodes with a single periphery
protection by JTE (Junction Termination Extension) have
been realised and show breakdown voltages as high as 4.8
kV. Optical Beam Induced Current (OBIC) measurements
have shown that the JTE are efficient. Thyristors with
breakover voltage ~3.9 kV have been fabricated. In both
case, the performance of the structures are limited by the
dielectric rigidity of the ambient environment. Specific
component have also been realised. i) current fault limiter
have been able to block 800 V ; ii) SiCOI Schottky diodes
and MESFET have been processed, which is a first step
towards integrated power systems.

1. INTRODUCTION

Thanks to its excellent physical properties, SiC will make a
breakthrough in power and high temperature electronics in
the near future. 1200 V/ 10 A SiC Schottky diodes are
already in the market, and samples of high voltage 1200 V
JFET are now commercially available [1]. Numerous
demonstrators of SiC devices have been realised in lab, and
only the high voltage components are now reviewed, a 19
kV SiC bipolar diode [2], a 7 kV thyristor [3], 5.5 kV JFET
[4] and 10 kV MOSFET [5].
The aim of this paper is to show the results obtained at
CEGELY for Silicon Carbide power devices. Results are
divided in three parts : high voltage bipolar diodes, high
voltage switches (thyristor and JFET) and finally specific
devices. Specific devices (current limiter and SiCOI
Schottky diode) appear like a new research activity during
the last four years. Interesting results give evidence of the
good properties of SiC (even for 600 V applications). Our
results will be compared with published data.
LGET laboratory is in charge of the study for dielectric
materials used to passivate and insulate the SiC dies. These
components must sustain higher electric field constraints
than Si ones, and also higher temperatures (up to 350°C).
The work of LGET consists in defining the theoretical
features of optimised materials, and in the characterisation

of commercially available materials that are potential
candidates for passivation.

2. HIGH VOLTAGE BIPOLAR DIODES

This aim of this study is to show potentialities of silicon
carbide for high voltage power systems. Test vehicles are
SiC bipolar diodes able to sustain 1.3 kV and 5 kV. Emitter
and periphery protection (JTE) are realised by ion
implantation of Aluminium in epitaxial n-type layer grown
on commercial substrate.
The efficiency of the diodes with respect to the breakdown
voltage (Vbr) is defined as the ratio of device Vbr on the
theoretical Vbr. The number of devices, which exhibit
efficiency > 84% has been improved during the last four
years. Indeed, 70 % of the diodes 1.3 kV with an implanted
emitter at 300°C exhibit a breakdown voltage higher than
1100 V (up to 1300 V) (anode diameter 160 µm) and long
JTE length (120 µm) without any impact of the ambient (air
or SF6 gas or dielectric liquid). The ambient impacts
breakdown voltage only for diodes with short JTE length
(50 µm) [6].
OBIC set-up [7] allows experimental analysis at room
temperature for the efficiency of periphery protections.
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Figure 1 : OBIC measurements realised on p+n diode for different
reverse biases. (Emitter diameter Ø = 250 µm, JTE length = 120
µm).



As an example, Fig. 1 shows OBIC analysis on 1.3 kV JTE
diodes. For low voltage (<600 V), optical currents stretch
over the total JTE length. For higher voltage, a peak appears
at the edge of the emitter. At 900 V, a peak seems to appear
at the edge of JTE. This proves that JTE are efficient.
According to the simulations results, it means that doping
level of JTE is slightly too small with respect to the optimal
value for this structure (epitaxial layer thickness 10 µm,
doping level 1016 cm-3).
These results show in the same time that post-implantation
annealing realised in our furnace [8] allows a full activation
of dopants in JTE. In forward state, current densities and
efficiency have been improved (200 A/cm2 @ 5 V at room
temperature) also due to the improvement of metallisation
step and succeeding annealing at IMM Bologne [9]. Results
of good ohmic contacts on highly doped P+ zones are
comparable with other results given in literature.
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Fig 2 : Reverse I-V characteristics of 5 kV bipolar diodes
measured in three different ambients : air, galden® and SF6.
Active area = 0.05 mm2.

As it can be observed in Fig. 2, CEGELY is now able to
present results of breakdown voltage in the range of 4 kV,
with a maximum of 4.8 kV with low reverse current density
in fluoride ambient (Galden® and SF6) [10]. Without
passivation, breakdown voltage is only 1.3 kV for these
devices with a JTE length of 250 µm (optimised with
respect to the semiconductor properties). This clearly proves
the need to passivate in order to fully take benefit of SiC
properties for high voltage applications.
Theoretical interest to use passivation materials with high
dielectric permittivity (ε) in order to reduce electric field
outside SiC have been shown using simulation software
MEDICI on bipolar 5 kV diode protected by JTE. For a
given structure, only a sufficiently high ε value allows to
reduce electric field peaks both at emitter and JTE borders,
by stretching space charge region outside the JTE [11].
Another advantage to use a high ε material is to significantly

reduce the sensitivity on breakdown voltage with respect to
the optimal dose of JTE. From the technological point of
view, choice of such material (with high ε) and a compatible
deposition method remain to be solved before obtaining
experimental results.
Among available and practical insulating materials,
polyimide materials specifications exhibit good dielectric
together with good thermal properties under usual
conditions. Thus an experimental characterisation using
MIM and MIS structures has been launched in order to
quantify their effective characteristics within an extended
temperature range. For high voltage (up to 50 kV) and high
temperature (up to 500°C) measurements, a specific set-up
has to be developed [11].

3. HIGH VOLTAGE SWITCHES

3.1 Thyristor (5 kV breakdown voltage)
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Figure 3 : I-V characteristics of switching on (a) and breakover
voltage in forward blocking mode (b). Active device surface is
0.25 mm2.

A first step allowed to define the features of the four layers,
required to realise a thyristor able to sustain a forward
blocking voltage of 5 kV [12]. Electrothermal simulations
show that the structure can deliver one-shot of very high
current pulse of 1 ms. Then main effort was concentrated on
periphery protection using several types : MESA, Etched
Guard Rings (EGR) and a combination of MESA and JTE
[13]. All kind of structures were realised in collaboration
either with IBS society or with Institute Saint Louis. In any
case, the P- type epilayer is 35 µm thick with a doping of
5×1014 cm-3 and SiO2 layer is used as passivation layer.
Both kinds of electrical characterisations have been
performed with our probe station : forward blocking state
and switching-on triggered from AC.



Breakover voltage (Vbo) was obtained in the 3.4-3.9 kV
range (efficiency 56-66%) by testing in Galden®. The higher
value 3.9 kV is obtained for the devices with mesa structure
with the highest etching depth and the thickest oxide layer.
In the mesa-JTE structure the lower Vbo (a maximum of 3.5
kV) is compensated by a more homogeneous distribution on
the whole wafer of the devices with a Vbo greater than 3kV.
Like for the bipolar diodes, the Vbo value seems to be
limited by the dielectric rigidity of the ambient environment,
that is not adapted to device structures that were optimised
only for the SiC.

3.2 JFET Transistor (8 kV breakdown voltage)

Theoretically less suitable than the thyristors to support high
energies, unipolar devices should be able to deliver higher
di/dt but with higher voltage drop. All geometrical and
technological parameters of the JFET have been optimised
for 8 kV taking into account technological feasibility at
CEA/LETI. Cross sectional view of the structure is
presented in Fig 4. The thick and low doped n-type layer (60
µm / 8×1014 cm-3) is responsible for the high Vbr.
Considerable efforts were focused on epilayer growths.
Moreover, the small width of the channel (3 µm) implies a
delicate epitaxial regrowth of n-type layer between the walls
formed by RIE in the p-type layer.

Fig 4 : cross-section of the 8 kV VJFET transistor.

4. SPECIFIC DEVICES

4.1 Fault current limiter for serial protection application

As the 600 V Schottky diode (first SiC device
commercially available in 2000), a fault current limiter for
domestic applications presents a real commercial impact,
because the target market is large and silicon devices can
not challenge in this field (due to their strong thermal
limitation).

Two different structures, based on vertical JFET, have
been designed by CEGELY, and realised with CNM. First
experimental characterisations have validated the basic
principle of the current limitation. Current density of 800
A.cm-2 was demonstrated under 30 V, with a serial
resistance of only 14 mΩ.cm2 for Vbr of 600 V [14].

The second structure [15] was improved with an extra
gate electrode described in Figure 5 a-b. This three
terminals device allows to control the fault limited current,
aiming to reduce the losses and therefore the self-heating
during default appearance.

a) b)

 c)
Figure 5 : (a) Cross sectional view of the current limiter with gate
electrode. (b) Micrography of the interdigitated structure, total
area is 1.18 mm2. (c) Transient characteristic response to a short-
circuit on resistive load.

Device was encapsulated to study short circuit
switching on resistive load. A 2 mm thick aluminium
substrate, with an area of 16 cm2 has played the role of
cooling system. As it can be seen in Fig. 5-c, there is no
over-voltage and a very short response time. Short-circuit
was held during several minutes, and the steady state
temperature was only 77°C.

Compatibility of VJET technology to MESFET
fabrication have been shown allowing to integrate the
control of fault current, and moreover on the same die
(monolithic integration) [16].

Bi-directional current limiting function has been
obtained by head to tail association. Details of different
ways of connecting gates are given in [17]. This device can
sustain a breakdown voltage of 800 V.

4.2 Devices realised on SiCOI material

CEA/LETI together with SOITEC have optimised the «
Smart-cut » process to SiC. The resulting material is a
sandwich of a thin layer of SiC, upon an insulating layer,
upon a Si substrate. The advantages of this material is
double : it allows to be handled with standard production
equipments and to theoretically reduce the cost for the basic
material. However, the constraint is to design lateral
devices. From the point of view of the integrated power
system, SiCOI material allows to take benefit of the good
SiC properties, and an easier galvanic insulation.
The first step was to design and realise Schottky diodes,
with the following features : a Vbr of 600 V and a forward
current of 1 A. The SiCOI material was with a thin SiC layer
(0.5 µm : 2×1017 cm-3) [18]. Typical electrical I-V
characteristic is shown in Fig 7. Despite a very leaky reverse
behaviour, this curve proves the feasibility of such devices
on SiCOI material. MESFET transistors have also been



realised in the same time, they are functional with a
measured transconductance of 200 µS/mm).
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Fig. 7 : I-V characteristics of a Schottky SiCOI diode at 300 K in
forward and reverse bias.

Then, the opportunity to add an SiC epilayer on the reported
SiCOI material was developed. It allows to obtain a thicker
active layer with a controlled doping and therefore, a new
run of Schottky diode was launched. To keep the benefit of
the RESURF effect, the reported SiC layer was transferred
from a semi-insulating wafer. The breakdown voltage was
strongly improved up to 1000 V, (see Fig 8) thanks to [19].

Fig. 8 : Reverse characteristics of the Schottky diode on SiCOI
with a regrowth epilayer (3 µm thick and 5×1015 cm-3 doping).

5. CONCLUSION

5 kV bipolar diodes with JTE periphery protection were
designed and realised. 3.9 kV breakover voltage thyristors
were fabricated. In both cases, the main difficulty for high
voltage devices remains passivation layer and then the
packaging. Remaining works must be done before to obtain
high voltage discrete components.
For specific devices, fault current limiters have shown their
ability to sustain 600 V and to act as a serial protective
device. Schottky SiCOI diodes and MESFET were
fabricated. These devices are an important step towards the
realisation of integrated power systems.
Results given in this paper are not so high as those found in
literature, but are comparable.
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