
HAL Id: hal-00369497
https://hal.science/hal-00369497v1

Submitted on 3 Jun 2009

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Bipolar Conduction Impact on Electrical Characteristics and
Reliability of 1.2- and 3.5-kV 4H-SiC JBS Diodes

Pierre Brosselard, Nicolas Camara, Viorel Banu, Xavier Jordà, Miquel Vellvehi,
Philippe Godignon, José del R. Millán

To cite this version:
Pierre Brosselard, Nicolas Camara, Viorel Banu, Xavier Jordà, Miquel Vellvehi, et al.. Bipolar Conduction
Impact on Electrical Characteristics and Reliability of 1.2- and 3.5-kV 4H-SiC JBS Diodes. IEEE Transactions
on Electron Devices, 2008, 55 (8), pp.1847 - 1856. ⟨10.1109/TED.2008.926636⟩. ⟨hal-00369497⟩

https://hal.science/hal-00369497v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 55, NO. 8, AUGUST 2008 1847

Bipolar Conduction Impact on Electrical
Characteristics and Reliability of

1.2- and 3.5-kV 4H-SiC JBS Diodes
Pierre Brosselard, Nicolas Camara, Viorel Banu, Xavier Jordà, Miquel Vellvehi,

Philippe Godignon, and José Millán, Member, IEEE

Abstract—4H-SiC Junction Barrier Schottky (JBS) diodes (1.2
and 3.5 kV) have been processed using the same technology with
two different layouts. From 4 A and for the whole temperature
range, the 3.5-kV diodes exhibit a bipolar conduction independent
of the layout. However, the behavior of the 1.2-kV diodes depends
on the design. At 500 V–300 ◦C, the leakage current is only
100 nA and 10 µA for the 3.5- and 1.2-kV diodes, respectively. The
switch-off performances show a reverse peak current of only 50%
of the nominal current at 300 ◦C for all JBS diodes. The JBS diodes
have a surge current capability of around 80 A, two times higher
than the Schottky diodes. DC electrical stresses are performed
during 50 h, and all the 1.2-kV diodes exhibit no bipolar degra-
dation. Nevertheless, some slight bipolar degradation is observed
in 3.5-kV JBS diodes. Electroluminescence measurements exhibit
the expansion of stacking faults in 3.5-kV diodes unlike in 1.2-kV
diodes.

Index Terms—Junction Barrier Schottky (JBS), merged p-i-n
Schottky, rectifier, reverse recovery, Schottky, silicon carbide
(SiC), surge current, ultrafast diodes.

I. INTRODUCTION

D IAMOND, gallium nitride (GaN), and silicon carbide
(SiC) are wide-bandgap (WBG) semiconductors theoreti-

cally having the best properties (critical electric field, mobility
and intrinsic concentration) for power electronics applications.
Up to date, it is still difficult to find high-quality diamond ma-
terial, and its process technology is rather hard. GaN devices,
mainly epitaxial GaN layers on SiC, Si, or sapphire substrates,
are mainly suitable for RF applications (commercial devices
are available from OKI, Nitronex, RFMD, etc.), and lateral
power devices up to 600 V (Velox Semiconductor) are also
available. Because of the tradeoff between the on-resistance and
the breakdown voltage, GaN and SiC lateral devices are limited
to about 1 kV. Therefore, the best option to reach high-voltage
level is the vertical device architecture using a low defective
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starting substrate on which a homoepitaxy is feasible, which
is the case only for SiC up to now. For SiC, the modified
Lely method [1] is successfully used by manufacturers (such
as CREE) to produce SiC substrates with a micropipe density
low enough for manufacturing large-area power devices. Then,
the chemical vapor deposition (CVD) technique is employed to
grow high-quality SiC epitaxial layers [2]. Due to that, the most
mature WBG semiconductor for developing 600-V and higher
breakdown voltage devices is currently SiC.

Since 2001, Infineon has been commercializing 600- and
1200-V Schottky barrier diodes (SBDs). Other companies like
CREE, APT, Semelab, etc., sell SiC SBDs in the 300- to
1200-V range with nominal currents from 6 to 20 A. In some
power electronic systems like power factor correction, a 40%
decrease on the losses, a reduction of the system size, and
a decrease of the cooling system [3] are feasible just replac-
ing the Si bipolar diode by a SiC SBD. Nevertheless, this
replacement may impact on the surge current capability [4]
and the leakage current level. Thus, since 2006, Infineon has
been commercializing a second generation of 600-V SBD based
on the Junction Barrier Schottky (JBS) diode [4]. This device
mixes Schottky contact regions on N with P+ stripes or dots
regions, locally forming p-n junctions. This way, the metallic
anode contact must be Schottky on the N-region and ohmic on
the P+ region. The advantages of the JBS diode in comparison
with the SBD lie on the increase of the surge current capability
in the forward mode and the decrease of the leakage current
in the reverse mode [5], [6]. In the forward mode, the JBS
diodes could show similar electrical characteristics than the
SBDs, depending on the P+/N area ratio. When compared
with the bipolar (p-i-n) diode, the JBS diode presents a higher
differential on-resistance, even when working in the bipolar
mode, due to the lower effective area of the p-n junction.
However, because of bipolar degradations [7], lack of current
limitation with temperature, and high turn-off losses, p-i-n
diodes are limited in terms of reliability, paralleling, and power
losses. On the other hand, SiC JBS diodes seem to show much
lower bipolar degradations, current limitation with temperature,
and very low turn-off losses. Therefore, SiC JBS diodes are a
promising alternative for high-voltage diodes using either large-
area devices or paralleling several dice in order to increase the
current level of such modules.

To summarize, SiC JBS diodes show lower leakage current
and higher surge current capabilities than SiC Schottky diodes

0018-9383/$25.00 © 2008 IEEE
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Fig. 1. Schematic cross section of a 4H-SiC JBS diode.

and seem to be more suitable than SiC p-i-n diodes in terms of
reliability, paralleling, and low turn-off losses for high-voltage
applications.

This paper analyzes the performances of 1.2- and 3.5-kV JBS
diodes with the same layout and the same process technology.
After presenting the cross section of the JBS diodes and its
process technology, the activation of the bipolar conduction on
the 1.2- and 3.5-kV diodes, the reverse electrical characteristics,
and the turn-off current waveforms will be analyzed for dif-
ferent layouts. Concerning reliability aspects, the surge current
capability and electrical stress will also be discussed. Finally,
the electroluminescence characterizations will be detailed in
order to show the activation or not of stacking faults (SFs).

II. 4H-SiC JBS DIODES

A. Device Concept

Fig. 1 shows a schematic cross section of a JBS diode, where
we can infer the merging between SBD and p-i-n areas. In
forward mode, at VAK > 1 V and depending on the anode
metal barrier, the diode enters the unipolar conduction due to
the Schottky component. At higher voltage drops, the bipolar
conduction mode gets activated. The bipolar activation voltage
depends on numerous parameters, such as the P+ doping pro-
file, the P+ ohmic contact resistance, the stripes or spots di-
mensions, etc. In reverse mode, the JBS diode shows a leakage
current lower than the SBDs due to the presence of the space
charge region generated by the p-n junction regions in order to
limit the electric field at the semiconductor surface. In switch-
ing mode, JBS diodes exhibit or not space recovery charges
depending on the activation of the bipolar conduction mode.

The two main geometrical parameters of the JBS diodes
are the P+ ring length (LP ) and the spacing between two P+

rings (LN ) [Fig. 1(a)]. These parameters will determine the
tradeoff between forward conduction, surge current capability,
reverse current leakages, and switching times, as shown in the
following sections.

B. Design and Process Technology

Different diode layouts and areas have been designed and in-
cluded in our mask set. Parallel stripes design is used to imple-
ment the P+ junctions. For high-voltage periphery protection,
we have chosen a single-zone 120-µm junction termination

TABLE I
SUMMARY OF THE DIFFERENT GEOMETRICAL

CHARACTERISTICS FOR EACH JBS DIODE

extension (JTE). Table I shows the different parameters of the
fabricated diodes.

4H-SiC JBS diodes (1.2 kV) have been manufactured on a
7 µm (tdrift) 8 × 1015 cm−3 (Ndrift) N-type epilayer-selected
micropipe density, whereas the 3.5-kV epilayer properties are
30 µm (tdrift) and 1.5 × 1015 cm−3 (Ndrift) ultralow micropipe
density. The same process technology with the same set of
masks has been employed for both 1.2- and 3.5-kV diodes. The
P+ region is performed by multiple Al implantation at 400 ◦C.
Energies ranged from 20 to 160 keV to get a 0.25-µm-deep
square profile. Then, the JTE is formed by another multiple Al
implantation performed at 300 ◦C. The maximum implantation
energy is around 360 keV (double charge) to get a 0.45-µm
junction depth. Samples are annealed at 1650 ◦C during 30 min
in an Ar ambient. Then, a CVD 0.5 µm − SiO2/1 µm − Si3N4

bilayer is deposited as a first passivation layer. The cathode
back side metallization consists of a Ni layer annealed at
950 ◦C during 2 min, whereas the anode metallization is Ti/Ni.

C. Metallization and Thermal Annealing

The main challenge concerning the SiC JBS diode process
technology is to perform, with the same metallization and post-
annealing, an ohmic contact on the P+ region and a Schottky
contact on the N region. In one of our previous works, a Ti/Ni
bilayer and a Ni layer have been used as anode contact on SBDs
[8], [9]. In forward mode, the Ti/Ni contact is preferable due to a
lower threshold voltage in comparison with Ni. Nevertheless, in
reverse mode, the Ni contact shows lower leakage currents than
the Ti/Ni contact. Moreover, a performant ohmic contact can
be obtained with Ni and Ti/Ni on P+ regions with an adequate
thermal treatment. Therefore, these two different metallizations
seem suitable for JBS diodes, and they are used in order
to compare them. D2 JBS diodes (Table I) are characterized
with probes up to 100 mA in forward conduction. At this
forward current level, the bipolar conduction is not yet acti-
vated. Table II summarizes the main electrical properties in
forward mode for three different metallization-annealing (in N2

ambient during 2 min) schemes. In reverse mode, at 100 V,
the leakage current is lower for the Ni-700 ◦C metallization
than the other schemes. Moreover, 81% of the diodes with
Ni-700 ◦C metallization shows Vbr higher than 500 V, and
less than 60% of the diodes with other metallization schemes
shows this high-voltage capability. This is the reason why the
Ni-700 ◦C metallization is finally chosen to develop the JBS de-
vices. One can notice that for this metallization, the differential
resistance (Ron) is the lowest one, which is another advantage
of this metallization. In addition, similar results obtained on



BROSSELARD et al.: BIPOLAR CONDUCTION IMPACT ON 1.2- AND 3.5-kV 4H-SiC JBS DIODES 1849

TABLE II
AVERAGE VALUES OF THE MAIN ELECTRICAL CHARACTERISTICS

ON D2 DIODES FOR THE THREE DIFFERENT METALLIZATION-
ANNEALING APPROACHES

Fig. 2. Reverse electrical characteristics of 1.2-kV fabricated diodes for
various design and active areas.

3.5-kV diodes confirm that the best anode metallization for JBS
diodes is nickel annealed at 700 ◦C during 2 min.

D. Packaging

A second metallization consisting of a 3-µm Al layer for the
anode and a Ni/Au bilayer for the cathode is also deposited.
The process ends up with a final polyimide passivation for high-
voltage capability. The diodes have been packaged on a direct
copper-bonded ceramic test package with similar dimensions
than a standard TO-247 package using a high-temperature
Au/Ge alloy as die attach to characterize them between 25 ◦C
and 300 ◦C (case temperature).

III. STATIC ELECTRICAL CHARACTERIZATIONS

A. Reverse Mode

The on-wafer reverse characterization of the diodes was done
at room temperature in a Galden bath to avoid arcing destruc-
tion. Figs. 2 and 3 report on the typical reverse characteristics
obtained from the measurement of several diodes measured on
different areas of the sample. The 1.2-kV diodes are charac-
terized using a 370A Tektronix curve tracer, whereas a 10-kV
voltage source coupled with a pico-ampermeter to measure the
current is used for the 3.5-kV devices. Let us mention that
leakage currents lower than 1 nA cannot be measured with
the curve tracer. D6-type (see Table I) diodes show a leakage
current higher than D5 over the whole sample area independent
of the epilayer thickness and doping level. This is due to the
higher Schottky component in D6 than in D5 due to the larger
LN . It results in a higher electric field at the interface for a
given reverse voltage bias. The small-area diode D2 shows a
much lower leakage current than the large-area diodes, in the
range of 1000 times lower at 1000 V. It does not reflect the area

Fig. 3. Reverse electrical characteristics of 3.5-kV fabricated diodes for
various design and active areas.

Fig. 4. Reverse electrical characteristics of 1.2-kV D5 diode from 25 ◦C to
300 ◦C.

ratio (16 times) between the diodes, so it can be also attributed
to the starting material quality.

On the contrary, for 3.5-kV diodes (Fig. 3), the leakage
current of D5 and D6 at 3500 V is only 20 times higher than
that of D2, according to the ratio of their respective areas.
This result evidences the impact of the quality of the starting
material (1.2 kV on selected micropipes density and 3.5 kV
on ultralow micropipes density). Both large and small diodes
show a breakdown voltage superior to 3.5 kV depending on
the breakdown criterion. In fact, one can distinguish various
regions in the JBS reverse I(V ) characteristic; initially, at low
reverse voltages (up to 1.8 kV), it exhibits a bipolar like reverse
I(V ) curve, and then there is an increment of the I(V ) slope
(like in a SBD). Therefore, our breakdown criterion for JBS
is based on the reverse current density level (40 µA.cm−2)
corresponding to 1 µA for the 2.56-mm2 diodes.

The packaged diodes have been characterized in reverse
mode up to 500 V by a Keithley K237 SMU in the 25 ◦C to
300 ◦C temperature range. Figs. 4 and 5 show the leakage cur-
rent behavior up to 500 V (42% of the Vbr) of 1.2-kV D5 and D6
diodes. This current is between 100 nA and 1 µA for D5, and
between 1 µA and 10 µA for D6. As already seen in the 1.2-kV
diodes, this shift of the leakage current is due to the larger
Schottky component of D6. Independent of the temperature,
the SiC JBS diodes exhibit a lower leakage current than the
1.2-kV Si p-i-n diodes (3 µA–25 ◦C, 10 mA–175 ◦C at 500 V)
[10]. Whatever the layout, the 1.2-kV JBS diodes are more
suitable for power applications than the 1.2-kV Si p-i-n diodes.
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Fig. 5. Reverse electrical characteristics of 1.2-kV D6 diode from 25 ◦C to
300 ◦C.

Fig. 6. Reverse electrical characteristics of 3.5-kV D5 diode from 25 ◦C to
300 ◦C.

Fig. 7. Reverse electrical characteristics of 3.5-kV D6 diode from 25 ◦C to
300 ◦C.

Figs. 6 and 7 present the reverse leakage current of 3.5-kV
JBS up to 500 V (14% of the Vbr). Below 100 ◦C, the leakage
current is lower than 1 nA, and at this current level, the
measurements are not fully reliable due to our measurement
setup limitations. At higher temperatures, the D5 and D6 leak-
age currents are almost equal. Indeed, the 3.5-kV diodes are
developed on a drift region having a lower doping level than
the 1.2-kV diodes. For this lower doping, the two designs we
selected do not clearly impact the leakage current, maintaining
a low electric field at the Schottky interface. For these 3.5-kV
diodes, leakage current differences could be seen with larger
LN values.

Fig. 8. Forward electrical characteristics of 1.2-kV D5 diode from 25 ◦C to
300 ◦C.

Fig. 9. Forward electrical characteristics of 1.2-kV D6 diode from 25 ◦C to
300 ◦C.

B. Forward Mode

The 1.2-kV packaged diodes have been characterized in
forward mode from 25 ◦C to 300 ◦C. As we can see, the forward
characteristics strongly depend on the diode design (Figs. 8
and 9). The D5 design exhibits a negative thermal coefficient,
i.e., the forward voltage drop decreases with temperature at a
current level higher than 5 A in the whole temperature range.
This diode has the larger bipolar component, and its behavior
is typically bipolar [11]. At 25 ◦C and 15 A, the differential
D5 diode resistance is 1.4 mΩ · cm2, whereas the estimated
value associated to the drift, substrate, and contact resistivities
is 1.8 mΩ · cm2. Under these conditions, the diode is in bipolar
conduction with a low conductivity modulation. At 300 ◦C–
15 A, the differential resistance is 1.1 mΩ · cm2, whereas the
estimated value associated to the drift, substrate, and contact
resistivities is 3.9 mΩ · cm2. At high temperature, the D5 diode
is in pure bipolar mode.

The thermal behavior of the D6 is different. At low temper-
ature (25 ◦C to 50 ◦C), the conduction is purely unipolar up
to 20 A due to a positive temperature coefficient and a lack of
conductivity modulation in the drift region. Indeed, at 25 ◦C
and 15 A, the differential resistance is 2.4 mΩ · cm2 compared
to the estimated epilayer, substrate, and contact resistivities of
1.8 mΩ · cm2. Let us note that the Schottky area of this diode
represents 50% of the total areas, which explains this high
differential resistance. At 300 ◦C, a slope shift observed at
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Fig. 10. Forward electrical characteristics of 3.5-kV D5 diode between 25 ◦C
and 300 ◦C.

Fig. 11. Forward electrical characteristics of 3.5-kV D6 diode between 25 ◦C
and 300 ◦C.

4 A clearly proves the activation of the bipolar mode. Let us
note that at 300 ◦C–15 A, the differential resistivity of D6 is
also 1.1 mΩ · cm2. For all layouts under these conditions, a high
conductivity modulation is always reached.

The 3.5-kV packaged diodes have also been characterized
in forward mode from 25 ◦C to 300 ◦C (Figs. 10 and 11). A
similar behavior is observed on the two designs (D5 and D6).
At 12 A–25 ◦C, a slope shift is observed, proving the activation
of the bipolar mode. When the temperature increases, the slope
shift is observed at a lower current level (2 A at 300 ◦C). At
25 ◦C–8 A, the differential resistance is 10 mΩ · cm2 compared
to the estimated epilayer resistivity of 18 mΩ · cm2. At this
current level, the JTE is responsible for this low conductivity
modulation since the JTE is in contact with the last P+ ring,
as illustrated in Fig. 1, and it will be justified in Section VII. At
300 ◦C–8 A, a differential resistance of 1 mΩ · cm2 is observed.
As shown for the 1.2-kV diodes, the substrate resistivity is the
main contributor at this temperature. So, we can conclude that
at 8 A, the P+ rings are activated, inducing a uniform conduc-
tion in the 3.5-kV diodes. The bipolar conduction associated to
the JTE is responsible for having similar I(V ) curves on the
two designs (D5 and D6).

IV. TURN-OFF BEHAVIOR

All diode types have been characterized in switching mode
at different temperatures ranging from 25 ◦C to 300 ◦C. The

Fig. 12. Turn-off current waveforms of the 1.2-kV JBS D5 diode. Tempera-
ture range: 25 ◦C to 300 ◦C.

Fig. 13. Turn-off current waveforms of the 1.2-kV JBS D6 diode. Tempera-
ture range: 25 ◦C to 300 ◦C.

diodes under test were implemented in a dc/dc test converter
in buck configuration [12] to characterize their switching mode
using an auxiliary 45 A–1200 V Si-IGBT (IRG4PH50KPBF
from International Rectifier). The turn-off current waveforms
were measured with a Rogowsky probe. The switching con-
ditions were 10 A, 300-V supply voltage, and a dI/dt of
220 A · µs−1 for the 1.2-kV diodes. In order to decrease the
self-heating effects in the 3.5-kV rectifiers, the test current was
limited to 4 A; a supply voltage of 500 V and a dI/dt of
160 A · µs−1 were used.

The 1.2-kV D5 and D6 diodes show an increment of the
recovery charge with temperature (Figs. 12 and 13). At 25 ◦C–
10 A, the similar reverse peak current is observed for the D5 and
D6 diodes and for a Schottky diode in [10], confirming the pure
Schottky behavior for the JBS diodes under these conditions.
At 300 ◦C–10 A, the transient behavior is similar for D5 and
D6, corroborating the full bipolar conduction. Whatever the
temperature and the layout, the reverse current peak and the
switch-off time of the SiC JBS diodes are much smaller than
that of ultrafast Si p-i-n diodes [10].

The 3.5-kV D5 and D6 diodes show a similar increase of
recovery charge with temperature (Figs. 14 and 15), as expected
in a bipolar diode. Due to a low bipolar conduction at 25 ◦C–
4 A, the reverse current peak is only 5% of the nominal current.
At 300 ◦C, the ratio between the reverse peak current and the
nominal current is the same for all 1.2-kV and 3.5-kV JBS
diodes, which means that the drift region is fully conductivity
modulated. So, the dynamic analysis confirms the conclusions
drawn in Section III-B.
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Fig. 14. Turn-off current waveforms of the 3.5-kV JBS D5 diode. Tempera-
ture range: 25 ◦C to 300 ◦C.

Fig. 15. Turn-off current waveforms of the 3.5-kV JBS D6 diode. Tempera-
ture range: 25 ◦C to 300 ◦C.

V. SURGE CURRENT ANALYSIS

The purpose of the surge current test is to analyze the SiC
rectifier diode under high current stress conditions to determine
the capability of the SiC diode to withstand high current peaks.
The surge current is applied with a short duty cycle in order
to permit the device temperature to return to its original value
after each pulse test as it is notified in the US Military Standard
MIL-STD-750E 4000 Series about the electrical characteristics
test for diodes.

A sinusoidal forward current pulse with a pulse length of
10 ms is used for this test. The starting device temperature is
25 ◦C. The current amplitude is increased up to the device de-
struction. Electrical measurements of the device are performed
after each individual pulse.

A principle schematic of the test bench is shown in Fig. 16.
An autotransformer T1 is used for varying the pulse amplitude.
A second transformer T2 provides the maximum current level
needed for the test.

The current pulse is manually enabled. Only one pulse is
selected from the power supply by a synchronizing block (syn-
chronous to the push button). A half-sinusoidal electric pulse is
generated each time one presses the button, which is applied to
the device under test (DUT). When the test button is ON, the
first zero crossing of the rising sinusoidal voltage enables
the power switch (thyristor) of the tester; this switches off at
the following zero crossing of the falling sinusoidal voltage
waveform. This way, only one test pulse for one push of the test
button is allowed. The voltage and current signals are acquired
by a digital oscilloscope. The final surge current value is taken
as 90% of the measured destructive current value.

Fig. 17 shows the 1.2-kV-diode VAK waveforms for a peak
current of 80 A (the applied current waveform is shown in the
insert). Below 25 A, the VAK forward voltage drop is lower
for D5 than for D6. On the other hand, at higher current, the
forward voltage drop is always higher for D5 than for D6.
The surge current capability is 84 and 95 A (diode destruction
occurs at 93 and 106 A) for D5 and D6, respectively. Similar
results were obtained on a second batch of tested diodes. These
results show that JBS diodes exhibit a significantly higher surge
current capability in comparison with the 48 A sustained by
pure Schottky diodes obtained under the same conditions. In
any case, the obtained values are partially influenced by the
package. With our test package, destruction is observed on the
top-side thick aluminum metallization (anode) of the diodes.

The same experiments are realized on 3.5-kV JBS diodes,
and Fig. 18 shows the evolution of VAK under the same con-
ditions than the 1.2-kV diodes. Unlike 1.2-kV diodes, 3.5-kV
rectifiers show a negative resistance behavior. This is due to
the activation of the bipolar component through the P+ rings.
As analyzed in Section VII, there are two regions in which the
bipolar conduction could be activated. The first one is the inner
JTE zone in contact with the outer P+ rings at relatively low
VAK(> 3 V), and the second one is the P+ rings activated at
higher VAK(> 7 V). The device surge current is 81 and 89 A
(destruction occurs at 90 and 99 A) for D5 and D6, respectively.
It is much higher that in the 3.5-kV Schottky diode (39 A)
measured with the same setup.

Fig. 19 shows the VAK forward voltage drop of 3.5-kV
D6 for 5 and 90 A (the diode destructive current is 99 A).
For the lower one, the conduction is bipolar (from the JTE),
with the maximum VAK value being around 6.5 V. A different
behavior is observed for a current peak of 90 A. First, one
can observe an important bipolar contribution from the diode
core, accounting for the negative resistance (Fig. 19); then, the
voltage drop increases due to bipolar degradations induced by
SF propagation.

For the first time, it is clearly shown that a nonrepetitive
current can generate bipolar degradation in SiC JBS diodes.
Other degradation techniques are presented in the next section.

VI. IMPACT OF ELECTRICAL STRESS

Diodes have been stressed in dc mode with a constant
forward bias current of 8 A in order to degrade the diodes.
For these tests, the packaged diodes were attached to a forced-
convection heat sink to limit the junction temperature to reason-
able values (around 100 ◦C). This is to avoid any degradation
linked to high-junction temperatures. Thus, the only degrada-
tion mechanism comes from the electrical stress.

The junction temperature reached by the analyzed devices
can be estimated through the dissipated power and the junction-
to-case thermal resistance (RTH(j−c)). This parameter has pre-
viously been measured by mounting the DUT over a heat sink.
A calibrated K-type thermocouple allows measuring the case
temperature (the package backside temperature). The diode is
forward biased, and it dissipates a power that is proportional
to its forward voltage drop and its forward current. First,
an infrared thermography camera is used to measure the die
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Fig. 16. Schematic of the surge current test bench.

Fig. 17. VAK waveforms at a current peak of 80 A for 1.2-kV JBS D5
and D6.

Fig. 18. VAK waveforms of 3.5-kV JBS D5 and D6 at a current peak of 80 A.

surface temperature, which is considered as the diode junction
temperature. In order to increase the temperature measurement
precision and stability, the die surface is covered with a special
paint of known emissivity. For different dissipated powers (ad-
justed with the forward bias current), the case and the junction
temperatures are acquired. This allows plotting the temperature
increment (between junction and case) versus the dissipated
power. The slope of the corresponding curve accounts for the
RTH(j−c) value.

From the described measurement procedure, the RTH(j−c)

values for 1.2-kV D5 and D6 are 1.8 and 1.3 K · W−1, respec-

Fig. 19. VAK waveforms of 3.5-kV JBS D6 at two current peaks (5
and 90 A).

Fig. 20. Evolution of the forward electrical characteristics of 1.2-kV D5 and
D6 JBS diodes during 50-h dc stress at 8 A.

tively. Taking into account that the reached case temperatures
are 39 ◦C for D5 and 31 ◦C for D6 for a current of 8 A,
the junction temperatures during dc stress at such current are
82 ◦C for D5 and 52 ◦C for D6. At this junction temperature
and current bias, D5 is working in a bipolar conduction mode,
and D6 is working in a Schottky conduction mode.

Fig. 20 shows the evolution of the forward characteristics of
both 1.2-kV D5 and D6 diodes after 50-h dc stress. For the
two different conduction modes (bipolar for D5 and Schottky
for D6), the I(V ) curves do not show any voltage drop shift.
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Fig. 21. Evolution of the forward electrical characteristics of 3.5-kV D5 and
D6 JBS diodes during 50-h dc stress at 8 A.

Fig. 22. Evolution of the reverse electrical characteristics up to 400 V of
3.5-kV JBS D5 and D6 diodes during 50-h stress at 8 A.

Therefore, it can be concluded that the 1.2-kV diodes do not
exhibit any degradation produced by the expansion of the SFs.
The 1.2-kV diodes have also been stressed at high current with
a 250-µs repetitive pulsed current with low duty cycle (2%)
during 1 h. In this case, both diodes enter in bipolar conduction
mode. Neither D5 nor D6 exhibits any bipolar degradation after
current stress up to 25 and 30 A, respectively. In addition, at
very high pulsed current density (4500 A · cm−2) stress, the
1.2-kV JBS diodes do not show any bipolar degradation.

With 1.7 K · W−1 as RTH(j−c) for D5 and D6 3.5-kV diodes,
the evaluated junction temperature reaches 111 ◦C when the
diode is under stress at 8 A and the case temperature reaches
30 ◦C. Fig. 21 reports the electrical characteristics of these
diodes before and after 50-h dc stress. The two diodes show
a voltage drop shift. As shown in Section VII, this is due to
a bipolar degradation generated by the expansion of the SFs.
Other diodes exhibit similar variation independently they are
D5 and D6 diodes. Therefore, it cannot be concluded that the
design has any impact on bipolar degradation for the 3.5 kV
diodes than the 1.2 kV diodes since the epilayer resistivity
has impact on the Schottky conduction. In addition, electrical
dc stress at 4 A has been performed to decrease the junction
temperature, reaching 57 ◦C. Under these conditions, a similar
voltage drop shift has been observed for the 3.5-kV D5 and D6
diodes. For example, at 15 A, VAK is 8 V before stress and
increases up to 10.2 V after stress.

Fig. 22 shows the reverse characteristics for JBS diodes
before and after stress. It is clear that if the device shows

Fig. 23. Electroluminescence of a 1.2-kV JBS diode in forward mode.
(a) and (b) Schottky mode activation at 2.7 and 3.6 V. (c) Beginning of the
bipolar mode from the edge at 4.4 V. (d) and (e) Schottky and bipolar modes
from bulk and only bipolar from the edge at 4.7 and 5 V. (f) High injection level
bipolar mode at 6 V.

degradation in forward mode, the leakage current increases
after the stress. Moreover, if the forward voltage shift increases,
the leakage current also increases, as illustrated in Fig. 22 for
the D6 diode. Physically, the expansion of the SFs generates
recombination centers. Accordingly, the carrier life time is de-
creased, and therefore, at a given current, the voltage increases
after the stress. In reverse mode, the leakage current induced
by the electrical field also increases due to these recombination
centers, which generate electron–hole pairs. In conclusion, the
3.5-kV JBS diodes show degradations that can be explained in
terms of the SF expansion.

VII. ELECTROLUMINESCENCE

To understand the electrical behavior of the stressed JBS
diodes, an electroluminescence microscopy technique through
the back-side polished diodes was used [13]. The diodes from
a polished back-side 1/4 wafer were mounted on a different
package than the one used for electrical tests. Since the n+

substrate is highly doped, and since the surface used to contact
the back side to the package covers half of the entire surface, we
assume that the contribution of the back-side resistance is not
the main contribution of the total resistance. However, because
the package used for electroluminescence measurement was
not optimized for high current density and temperature, it
was impossible to obtain the same I–V s than in the previous
electrical test. However, despite a globally higher resistance
of the diodes, the electroluminescence technique allowed us to
understand the behavior of the carriers in Schottky and bipolar
mode, and to link it with the previous electrical measurements.

For all the characterized 1.2-kV JBS diodes, an orange–red
luminescence corresponding to the 1.5-eV Schottky barrier
height Ni-SiC predominates below the bipolar mode activation.
This luminescence is located under each individual “Schottky
finger” in the center of the diode [Fig. 23(a) and (b)] [14].
At higher bias, the bipolar conduction starts at the structure
periphery [Fig. 23(c) and (d)] and then is activated in the
bulk thanks to an efficient conductivity modulation in the drift
region [Fig. 23(e)]. This low drift layer resistance leads to a
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Fig. 24. Electroluminescence of a 3.5-kV JBS diode in forward mode.
(a) Schottky mode activation at 2.4 V. (b)–(d) Schottky and bipolar modes at
2.5, 2.6, and 2.7 V. (e) and (f) Bipolar mode activation only from the edge at
3.3 and 4 V. (g) Zoom of (f) to illustrate the structural degradation of the bipolar
device.

uniform bipolar current across the whole active area at very
high injection level [Fig. 23(f)].

A different behavior is observed for 3.5-kV JBS diodes.
Indeed, at low bias, the carrier transport is similar to that on
the 1.2-kV diodes, the current from the bulk predominates
[Fig. 24(a) and (b)], and then a bipolar current is driven by the
edge of the diode added to the previous Schottky contribution
from the bulk [Fig. 24(c) and (d)]. However, the main difference
comes from the fact that the bipolar regime in the bulk is
not activated: at very high injection level, most of the current
(bipolar) is due to the diode edge contribution [Fig. 24(e) and
(f)]. This behavior is probably due to a higher carrier injection
efficiency through the thick low-doped p-type JTE-implanted
layer of 0.5 µm in comparison with 0.2 µm as the P+ junction
depth. Indeed, the damages at the interface between the P+

implanted region and the n- base epitaxial layer induced by the
Al implantation strongly depend on the dose. The higher the
dose, the higher the interface trap density that lowers the carrier
injection efficiency. Almost all the currents passing through
the edges of the diode, where the Al dose is lower, lead to
the formation/extension of SFs in the drift epilayer, locally
reducing the bipolar conductivity. This phenomenon explains
the current degradation occurring when applying a forward dc
stress [Fig. 24(f) and (g)].

Since the high-injection current density of the 1.2-kV JBS
diodes is much lower than the 3.5-kV JBS diodes, the SF for-
mation probability is much lower, as experimentally confirmed.
Indeed, almost no SFs on any 1.2-kV diode were revealed by
electroluminescence even under high thermal and dc stresses,
which confirms their very high reliability already underlined in
Section VI.

VIII. CONCLUSION

This paper has dealt with the electrical performance of
1.2- and 3.5-kV SiC JBS diodes. Two layouts have been con-
sidered with different P+ ring lengths and spacings between
adjacent P+ rings. Concerning the forward characteristics, the
1.2-kV diodes show similar electrical performance (forward
I–V curves at 300 ◦C, reverse characteristics, switch off, surge
current capability, and reliability issues), but the diode having

the larger Schottky component exhibits better performance in
forward mode at 25 ◦C. Therefore, this design is preferable
for 1.2-kV diodes. Regarding the 3.5-kV diodes, their forward
characteristics are similar independent of the layout. This be-
havior is due to the bipolar current associated to the structure
periphery, which has been evidenced by electroluminescence
measurements. In reverse mode at 500 V–300 ◦C, the 3.5- and
1.2-kV diodes exhibit a leakage current lower than 100 nA and
10 µA, respectively. This outstanding reverse behavior cannot
be found in Si-based devices. In switch mode, both diodes SiC
(1.2 and 3.5 kV) exhibit a reverse current peak lower than
50% of the nominal current at 300 ◦C and smaller turn-off
time than Si rectifiers despite that the bipolar conduction of
the SiC JBS diodes is activated. The surge current capability
of the 1.2- and 3.5-kV JBS diodes is higher than 80 A, which
is two times higher than that of equivalent 4H-SiC Schottky
diodes. Moreover, for the first time, we have detected bipo-
lar degradations in 3.5-kV JBS diodes under a nonrepetitive
electrical pulse. Diodes have been stressed in dc mode during
50 h, and no degradation is observed in 1.2-kV diodes. For
1.2-kV diodes, no bipolar degradation is observed after a very
high pulse current density (4500 A · cm−2) stress. Nevertheless,
the 3.5-kV diodes suffer some degradation confirmed by elec-
troluminescence measurements.

Due to their bipolar mode conduction, our JBS designs
outperform any SiC Schottky diode in terms of on-resistance,
reverse leakage current, and surge current capability. Further-
more, thanks to their Schottky behavior, they outperform the
SiC p-i-n diodes in term of reliability, low VAK, turn-off losses,
and switching speed. Depending on the current level and the
working temperature, the SiC JBS diode seems to be the best
compromise as a rectifier for power electronic applications.
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