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Abstract—This paper reports the detailed design, fabrication, cause 4H-SiC has an order of magnitude higher breakdown elec-
and characterization of two sets of high-power 4H-Silicon Carbide tric field (2—4x10° V/cm) than Si and GaAs and an electron
(4H-SIC) Junction Barrier Schottky (JBS) diodes—one with a  qpijity only ~ 20% lower than Si. A high breakdown electric

1500-V, 4-A capability and another with 1410-V, 20-A capability. . . . . . .
Two-dimensional (2-D) device simulations show that a grid spacing field allows the design of SiC power devices with thinner and

of 4 pm results in the most optimum trade-off between the higher doped voltage-blocking layers. 4H-SiC unipolar devices
on-state and off-state characteristics for these device ratings. are expected to replace Si bipolar switches and rectifiers in the

‘;.B% diOdej .Wi”} ”';egr and gpr&eyc?mbbgd tﬁ’ dgrilds’ S_ghonﬁy 6003000 V range in the future. Generally speaking, there are
l00es ana implantea p-1-n diodes tapbricated alongside show three classes of pOWGr rectifiers:

that while 4H-SiC JBS diodes behave similar to Schottky diodes ' ) ) o
in the on-state and switching characteristics, they show reverse 1) Schottky diodes, which offer extremely high switching

characteristics similar to p-i-n diodes. Measurements on 4H-SiC speed but suffer from lower blocking voltage and high
JBS diodes indicate that the reverse-recovery time(..) and leakage current;

associated losses are near-zero even at a high reverse dl/dt of . . . . .
75 Alus. A dc/dc converter efficiency improvement of 3-6%  2) P-i-ndiodes, which offer high-voltage operation and low-

was obtained over the fastest, lower blocking voltage silicon (Si) leakage current, but show reverse-recovery charge during
diode when operated in the 100-200 kHz range. The 1410-V/20-A switching;
JBS diodes were evaluated for both hard- and soft-switching 3) Junction Barrier Schottky (JBS) diodes, which offer

applications. Experimental results indicate that their conduction i ) e .
characteristics are comparable with the Si diode counterpart, but Schottky-like on-state and switching characteristics and

the switching characteristics are far superior. When applied to p-i-n-like off-state characteristics.
hard-switching choppers, it reduces not only the reverse-recovery In conventional high-voltagex( 600 V) circuits using Si p-i-n
loss, but also the main switch turn-on loss. Using the MOSFET as gjgdes, the primary source of power loss is the dissipation

the main switching device, the combination of switch turn-on loss . .
and diode reverse-recovery loss shows more than a 60% reduction. of reverse-recovery charge during the turn-off of the rectifier.

When applied to soft-switching choppers, the SiC JBS diode is used The switches used in these i_nverter and converter_circuits
as the auxiliary diode to avoid the voltage spike during auxiliary have to be de-rated substantially to account for this large

branch turn-off. With the conventional ultrafast reverse-recovery heat dissipation. The 4H-SiC JBS diode offers nearly zero
Si diode, a voltage spike exceeds the switched-voltage transmonreverse-recovery charge. This allows the design of packages

by 100% and the auxiliary circuit requires additional voltage . L -
clamping or snubbing to avoid over-voltage failure. With the with much lower thermal dissipation requirements for both

SiC JBS diode, however, the voltage spike is reduced to less thanthe rectifier and the switch. The on-state performance of a
50% of the switched-voltage transition and the additional voltage 4H-SiC JBS diode is expected to be comparable to that of a
clamping circuit can be eliminated. Savings in soft-switching sj p.i-n diode. The on-state voltage drop at sufficiently high

choppers using SIC JBS diodes can be realized in size and. ..ony densities for a unipolar device (like Schottky/JBS diode)

weight reduction, energy loss reduction, and reduced packagin o . .
co”?mexity_ i packaging depends on the resistive voltage drop in the low-doped drift

Index Terms—Junction Barrier Schottky (JBS), merged p-i-n regi_on. To achieve a high blolcking. voltage, the drif_t region
Schottky, rectifier, reverse-recovery, Schottky, silicon carbide doplng must be rgduced and its thickness must b? increased.
(SiC), ultrafast diodes. This leads to a high on-state voltage drop for a high-voltage

unipolar device. In the case of a bipolar device (like p-i-n

diode), minority carrier injection into the low-doped drift region
|. INTRODUCTION during on-state operation results in very low voltage drop even

OWER devices made with silicon carbide (SiC) are exor very high breakdown voltage rated devices. However, in
pected to show great performance advantages as compdhgdcase of a bipolar device, the device does not turn ON
to those made with other semiconductors. This is primarily bentil a forward bias equivalent to the bandgap of the device
is applied. Therefore, the breakdown voltage rating for which
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higher temperature [4] operation. Paralleling many individual
chips formed these 140-A, 800-V modules. JBS diodes are at-
tractive in the higher voltage (1 kV-3 kV) range because many
demonstrations of Schottky diodes recently have shown accept-
able performance and ratings in thel kV range [5]. The fol-
lowing section describes the design and fabrication of diodes
with a > 1.4 kV ratings.

Ohmic Cathode A. JBS Parameter Optimization Using 2—-D Simulations

Fig. 1. On-state current flows through the Schottky anode while reverse-ljhe reCtmer$ reported here \_Nere made us'n@mka ep!-
leakage is limited by depletion from adjacerit grids in a JBS diode. taxial layers with a donor doping concentration of 2E15ém
on 4H-SiC nt substrates. There exists a fundamental trade-off
of interdigitated Schottky and'pimplanted areas. For on—stateb.e tween thd/  and leakage c.urrent of the JBS diode. The de-
. . sign parameters that affect this trade-off are
drops of< 3V, only the Schottky regions of the diode conduct. i ) i
The on-state voltage drof() of the device is determined by 1) the relative area of the‘pimplanted region;
the resistance of the drift region (which is the primary source of 2) the geometrical layout of thepimplanted region.
V  at operating current density), metal-SiC barrier height of tHe large p* implanted area is expected to result in a highigr
Schottky metal, and the relative area of the Schottky versus #pcause of the smaller conducting area, but may offer lower
pt implanted regions. It is important to achieve a good qualit¢akage due to a more effective pinchoff of the Schottky portion.
Schottky interface for a low on-state voltage drop JBS diodAs shown in Fig. 1, the portion of the Anode metal that contacts
Since the Schottky regions of the diode have to compensatetfa@ I epitaxial layer (Schottky diode portion of the device) is
the non-conducting b grid area of the JBS diode, the currengalledd,., andm,,+ is half the total metal-implantedpcontact
density in the Schottky regions of the diode exceeds the curr#¥iéith with Anode metal.
density of the entire device. The presence of themplanted ~ To optimize the design parametets;, andm,,+, detailed
regions give a high surge curredi//dt anddI /dt rating, since 2-D device simulations were performed at a nominal cell current
the heat produced by the voltage drop is relatively small whélgnsity of 200 A/crfiin the on-state and 2000 V in the off-state.
a high current density flows through the device. This is becauge three values fot..,, analyzed were 2m, 4m, and 1Qum.
minority carrier injection results at thetp~ junctions when For the on-state simulations, the localized peak current den-
very high current densities are flowing through the device. TIsdy at the Schottky region edges obtained #gs, = 2 um
Schottky contacts to the drift region provide an effective shuw@as 1200 A/crd; for dy, = 4 um was 670 A/cr; and for
for the extraction of minority carriers when the device recoverkcn = 10 pm was 570 A/cr. While the V- for the case of
from such high current density transients. dsen = 2 pm is significantly higher (2.75 V), the difference
The metal-SiC barrier height of the Schottky metal shouletween the/r at dscn = 4 pm (2.45 V) anddscn, = 10 pm
be low enough to give a low on-state voltage, but high enou§®42 V) is negligible. As expected, simulations show that the
to effectively block voltage during the off-state. As the reversér increases as,+ is increased from im to 3 um. Since
bias increases, the depletion regions from adjaceinplanted it is fairly straight forward to make a 2m (corresponding to
regions pinchoff the leakage current arising from the Schottkyg,+ = 1 um) p™ implanted region using standard photolithog-
contacts of the device. The leakage current in the Schottky f&phy techniques, this value was chosen for the fabrication of
gions occurs due to Schottky barrier lowering at the metal-n/BS diodes. To evaluate the effectivenesé.of on the reverse
junction. The presence of the pmplanted regions reduces thebias operation (at 2000 V) of the JBS diode, the ratio of elec-
electric field at the metal-SiC junction because of two-dimertic field at the Schottky interface to the peak electric field (at
sional (2-D) charge sharing. This property is especially usefifie bottom of the p region) was analyzed using device simu-
when the diode is operating at elevated temperatures sincelg#@ns. It was found that the peak electric field at the Schottky
effect of Schottky barrier lowering is enhanced with increasirigterface is only 62% of the peak electric field fak, = 4 um,
temperature. but increases significantly to 80% fdt., = 10 um. Fordy., =
Early work on SiC JBS diodes concentrated on the desigritm, this ratio is 57%. From these simulation results, it can be
and fabrication of relatively low voltage (i.e< 1 kV) de- concluded that aregion spacing of 4m is optimum for the
vices. The design parameters for the design of JBS diodegfafrication of these 2-kV SiC JBS diodes.
this voltage range have somewhat different values as compared
to higher voltage devices. He#tt al.[1] presented detailed de-
sign, simulations and experimental results on 700-V, 1-A JBS
diodes. Dahlquistt al. [2] have also shown JBS diodes in both
4H- and 6H-SIC. In addition to data on these two polytypes, aThe purpose of the first batch of devices reported here was
study on the variation of p spacing shows that the blockingto implement and evaluate various designs to determine which
voltage obtained depends on this parameter. On 1-kV deviceSBS diode design was the most suitable for the fabrication of
specific on-state resistance of 1®Mrem? were presented. Re- larger and better optimized devices using a given set of available
cent results have shown considerably higher currents [3] afadbrication techniques.

I1l. DESIGN AND FABRICATION OF FIRST BATCH
OF JBS DODES
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An important aspect of the design of the JBS diode is the geo On-State Voltage Drop (V)

metric layout of the grid for a given area of thé fmplanted _
Fig. 3. Measured on-statt—V comparison of 1.5 mnx 1.5 mm Schottky,

reglon' TWQ extreme examples of the ﬂHYOUt are Fhe linear linear JBS, honeycomb JBS, and p-i-n diodes fabricated on the same wafer.
grid [see Fig. 2(a)] and the honeycomb grid [see Fig. 2(b)]. The

shaded regions correspond to the unimplanted areas, while t* r T — T T T " T
clear regions are thetpimplanted regions. Since the honey- . 1600 | -
combed design offers a more effective pinchoff of the leakag 40, [ —
current, a wider unimplanted region can be expected to delivi g : = .
an identical leakage current as compared to the linear grid d © 1200 i : ]
sign. On the other hand, the larget pmplanted area inherent © 1000 |- : .
in the honeycomb design is wasted diagonally across Schottl — 8ol 35 :
areas (in the middle of the triangle of unimplanted regions) fo = : S

a given distance between adjacent Schottky regions. In order g **°[ ] T
compare the performance of JBS diodes, it is essential to fat 400 | § : : 3 SR
ricate Schottky and p-i-n diodes on the same wafer. Hence, fi & ., [ : : i
the first batch of devices, four kinds of devices were placed o® :

the same mask: 1) honeycomb JBS diode; 2) linear JBS diod  SCHOTTKY — PIN  LIN HONEYCOME
3) implanted p-i-n diode; and 4) pure Schottky diodes. All of
these diodes had an identical junction termination extensic..
(JTE) de5|_gn in order to re(_:Juce the e_lecmc field at the dev"l‘f?. 4. Blocking voltage comparison for Schottky, p-i-n, linear JBS, and
edges during the reverse bias operation. The length of the ycomb JBS diodes fabricated on the same wafer.

length was fixed at 5@m.

Diode Type

. L minimal increase in th& r due to the introduction of the™p
B. JBS Diode Fabrication implanted grid. The honeycomb diodes suffer from a slightly
The fabrication sequence of these diodes is as followsigher on-state voltage drop than linear grid diodes. At a
Aluminum was implanted at a high temperature to form th@rward current of 4 A (200 A/ci) on the linear JBS diode,
pt grid of JBS diodes and anode of the p-i-n diodes. Agn on-state voltage drof/(-) of 3.1 V was obtained on some
optimum dose of boron was used to implement the JTE edgfest few” devices. This corresponds to a specific on-resistance
termination resulting in a targeted active acceptor concentratign10.5 nf)-cm?. An ideality factor of 1.07 was measured on
of 7x 10'2 cm~2. These implants were annealed at 1625n  this diode. The slightly non-ideal on-state behavior of p-i-n
Si over-pressure followed by a thick LPCVD Si@eposition. diodes was probably caused by damage caused by a high-dose
Thereafter, Ni deposition and ohmic anneal were perform@guminum ion implantation used for the formation of the anode
to form the p-i-n anode and backside cathode contacts. A Pdigions. The reverse bias characteristics of the honeycomb JBS
evaporation step was used to form the Anodes of the JBSaf linear JBS diodes are much more similar to the p-i-n diodes
well as the Schottky diodes, followed by g2a Ti/Pt/Au de- than to the Schottky diodes. At a leakage current ofi3Q
pos_ition on top and bottom of the wafer to reduce the spreadipg blocking voltage of typical good Schottky, honeycomb
resistance. JBS, linear JBS, and p-i-n diodes were measured at 610 V,
1380V, 1480 V, and 1980 V, respectively, as shown in Fig. 4.
This leakage current corresponds to a current density of only
Fig. 3 shows the comparison of on-state-V character- 3x 10 * A/lcm?. The highest voltage 4-A JBS diode (linear
istics of typical Schottky, linear JBS, honeycomb JBS, argtid design) had a blocking voltage of 1500 Based on
p-i-n diodes fabricated in this batch of devices. The on-stateese experimental results, only a linear grid JBS diode was
characteristics of the linear JBS and Schottky diodes daraplemented in the second batch of higher agdt, higher
almost identical, indicating excellent current spreading ardirrent JBS diodes, reported later in this paper.

C. Static Characteristics
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D. Dynamic Characteristics of 4H-SiC JBS Diodes L P R

1200 V SIC JBS at 75 Alus ™
b ; |
| 1200 V SIC JBS at 16 Alps |
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600V Ultrafast Si PIN at 16 Alus |

Detailed switching measurements were conducted on son 04
1200-V blocking 4H-SiC JBS diodes from the same wafer tha
yielded the 1500-V device to test the reverse-recovery curren
and the impact of JBS diodes on a standard dc/dc converter [€< 0.0 ./j-wuﬁwwm
These small area (0.0045 épdiodes had a low current rating ¢ R R Vi VA N S R S
of 0.5 A (111 A/cn?). In addition, electromagnetic interference 3 02 | L \( {'-gf .
(EMI) signatures were recorded on the dc/dc converter for S 4 - 3 ‘ N} ‘

0.2

en

and SiC diodes. \ .

1) Reverse-Recovery Measuremerit$ie test circuit used 06— — — \V
for characterizing the diodes for reverse-recovery used th 4[| [ R O
diode under test (DUT) in a boost configuration [6]. A 5-cycle 0.0 50.0n 100.0n 150.0n
burst current built through an inductor and measurements wel Time (secs)

made during the last cycle of the burst. A 6LF6 vacuum tube _ o

was used as a switch in place of the usual MOSFET switch, %, Jerse ey waieoms compart 600y ulos o o and
achieve low parasitic capacitance at the anode of the DUT aﬁgbserved in the JBS diode even at a reveisglt of 75 Alus.

extremely fast switching speed. A resistor isolated the DUT

from the parasitic capacitance of the inductor and also was used
to quickly reset the inductor current to zero after each 5-cycle
test burst so that the DUT was not heated. Thgdt for the
square-wave drive burst to the tube could be adjusted to achieve
differentd/dt values for the DUT. Varying the value @¥'/dt¢
makes it easier to identify the portion of the diode recovery due
to charge storage and the portion due to device capacitance.
Adding values of capacitance to the output of the tube emulates
the conditions of using anti-parallel switching devices of dif-
ferent output capacitance in an application circuit. The turn-off
characteristics of the JBS diodes were measured for many
different dI/dt values. Data obtained thus showed that even
for the fastest turn-off, the recovery of the SiC diode is mostly
capacitive in nature. This capacitance was calculated to be Output Power (W)

3.3 pF when the reverse voltage was several hundred volts %@6. DC/DC converter made using 600-V CoolMOS™ shows a 6% increase
this value is consistent with the junction depletion capacitanteonversion efficiency with a 1200-V SiC JBS diode as compared to the fastest
value calculated using the blocking region doping concentrg0-V Si diode at an operating frequency of 186 kHz.

tion. In contrast, the bulk of the reverse-recovery current in

the Si diode occurs before the voltage rises. This indicates tdat/ices due to excessive heating, even when operated within
charge storage is far more important than junction capacitartbeir specified current levels. The final comparison can only
in the Si diode. Fig. 5 shows a reverse-recovery comparisba applied to the SiC JBS diode rated at 1200 V, 0.5 A and the
between an ultrafast 600-V Si p-i-n diode (BYV26V) andBYV26C Si diode, rated at 600 V, 1 A. Fig. 6 shows the results
this 1200-V SiC JBS diode. The reverse-recovery current @fthe efficiency model and measurements at 186 kHz switching
the Si diode is huge in comparison to that of the SiC diodfrequency. Both modeling and experimental results indicate
Furthermore, the nature of the charge storage-type recoveryttuat the system efficiency with the SiC JBS diode is between
the Si diode means that the anti-parallel switch (e.g., IGB87% and 89% for most load conditions. By comparison, the
MOSFET, or CoolIMOS™) in a hard-switched power convertesystem efficiency with the BYV26C Si diode varies between
experiences the full supply voltage at full current (load curreBtl% and 85% under the same load conditions. Fig. 7 compares
plus diode current) during the switch turn-on. In contrast, thbe loss distribution between the systems with SiC JBS and
anti-parallel switch experiences less voltage during turn-¢ne BYV26C Si diodes at 100 kHz switching. The loss model
with the SiC JBS diode because the voltage begins to rise at theludes five loss components: 1) diode conductién.);
beginning of the diode recovery. 2) device conduction(,,); 3) turn-on switching §W,);

2) Efficiency MeasurementsA 50-W buck converter power 4) turn-off switching §W.g); and 5) diode reverse-recovery
supply circuit was designed for a 500 V—100 V step-dow{D,..). TheI?R loss associated with the power supply inductor
application. This test circuit used a CoolMOS™ transistor fas included in the efficiency evaluation. With the Si diode, the
the switch. With conventional ultrafast reverse-recovery diodeapst dominant loss component is the turn-on switching loss in
the switching frequency is limited. In initial testing, severathe switch. With the same switching device, the turn-on loss
commercially available ultrafast Si diodes were destroyed @n be significantly reduced with a faster reverse-recovery
100 kHz switching because of excessive diode reverse-recoveiyde. In this example, the SiC JBS diode reduces the turn-on
associated losses. These losses lead to overheating of Itlss over the ultrafast Si p-i-n diode by more than 40%.

[ [
—+— SiC JBS Diode
~§~ BYV26C PiN Diode [

g 8 &8 8 8

Efficiency (%)

8
"]

0 10 20 30 40
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Fig. 7. Comparison of Si and SiC power loss components of a dc/dc conver{;c(eg3 mm 4H-SiC JBS diode.

diodes on the same wafer were omitted. As-deposited nickel was
used as the Schottky metal and annealed Nickel was used as the
backside ohmic contact.

10 dB/:

B. Static Characteristics

The measured temperature dependence of the on-state char-
acteristics for a 3 mnx 3 mm SiC JBS diode is shown in Fig. 9.
For this diode, the on-state voltage drop at 20 A (225 Rkm
was 3.1 V, which corresponds to a specific on-resistance of
« i , 8.5 n2-cn? . These characteristics were obtained on “best
START 30 MHz CGrop 150 Wiz few” devices from this lot. The increase in on-state voltage
with respect to temperature is indicative of the reduction in
Fig. 8. Comparison of EMI spectrum envelope for the switching power supplectron mobility with increasing temperature for a majority
with Siand SIC diodes. carrier device. Although this positive temperature coefficient
of resistance increases the on-state loss at high temperatures,
3) EMI MeasurementsThe diode reverse-recovery hast is beneficial for paralleling and large-area current sharing.
been considered as the major source of EMI. With nearly zeThese large-area diodes showed a blocking voltage of 1410 V,
reverse-recovery time, the SiC JBS diode is expected to em# seen from the reverde-V characteristics of Fig. 10. On
less EMI high-frequency noise. Experiments were conductethaller, 1.5 mmx 1.5 mm 4H-SiC diodes fabricated alongside
to compare the EMI performance of the above-mentionddlese large-area diodes, a blocking voltage of 1900 V was
converter using both BYV26C Si and SiC JBS diodes. Fig. @tained. The higher blocking voltage on smaller devices was
shows the experimental EMI spectrum for the frequendyrobably due to a lower probability of finding material and
range 30 MHz-150 MHz. For comparison purposes, the ENrocess defects. The on-state-V' characteristics of both of
spectrum of the Si diode is only shown with the envelopéhese diodes were nearly identical.
The major EMI reduction with the SiC diode appears in th
frequency range 70 MHz-150 MHz.

i ST T &3
0 ST SR JURNE TR DR |

8. Switching Characteristics in Hard-Switching Applications

Fig. 11 shows a hard-switching chopper test circuit. The
IV. OPTIMIZED HIGH-POWER JBS DODES circuit consists of two branches of switch-diode pairs. Both
) o . switchesS; and S, are turned ON and OFF simultaneously.
A. Design and Fabrication of Second Batch of JBS Diodes pigges D, and D, provide a freewheeling path when both
Based on the results obtained from the JBS diodes reportedwitches are turned OFF. Such a chopper has been widely
the previous sections, a new layout design of higher current JB§ed in magnetic levitation, magnetic bearing, and switched
diodes was implemented. The new mask set had 3xn8imm reluctance motor drives. The bottom devices served as the
diodes, which can be expected to carry four times higher cutevices under test (DUT) and the current measurement was
rent as compared to the largest diodes fabricated in the previomplemented with low-inductance current-sensing resistors
batch. These diodes had the same epitaxial design, i.e.n20 Rp and Rs. Major circuit components used in this circuit are
of 2E15 cn1 3 voltage-blocking layers. As reported earlier, théisted as:S;, S»: 600-V, 20-A MOSFET;D;, D,: 600-V, 20-A
most appropriate layout grid design for this voltage range wéesst recovery Si diode, or alternatively for comparison, the
found to be the linear design with a Schottky region width afbove-mentioned SiC JBS diode; ahd2 mH. The measured
4 pm and the implanted  region of 2m, which was im- switch voltage and current were§, drain-source voltage,
plemented in this batch of devices. The fabrication sequencevgf source currentjs; D; cathode-anode voltage,; and
these JBS diodes was similar to those reported for the previ@amde current;p. A 300-V bus voltage was used in this
batch of devices. The steps required for the fabrication of p-ifard-switching circuit.
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Fig. 12. Reverse-recovery energy of SiC JBS diode and a fast Si diode under
1) Diode Reverse-Recovery Characteristiddfith the Si different load conditions in a hard-switching chopper circuit.

diode, the reverse-recovery timg. was about 160 ns and the

peak reverse-recovery currefy-,.. was 30 A, or 1.5times the  2) Switch Turn-On and Turn-Off Characteristicgrom the
load current/,. With the SiC JBS diode, the reverse-recoveriurn-on current and voltage waveforms of the MOSFET at a
time (which was primarily capacitive) was about 80 ns an800-V bus voltage and 20-A load current condition, the losses
the peak reverse current was 10 A, or half the load curreim.the switch can be analyzed in this circuit in a realistic appli-
Once the switching device voltage reaches its on-state valaation. The switch current contains the load current and the
the diode current starts returning to zero and the switching ladi®de reverse-recovery current. With the Si diode, a 27-A cur-
due to this part of the diode reverse-recovery can be expresseut overshoot is observed, along with parasitic ringing associ-
as:Pp-yr = fsw - Ep-rr,, WhereEp-,, is the diode switching ated mainly with the sensing resistor for the measurement. With
energy associated with the diode reverse-recovery. Fig. th2 SiC diodejs contains negligible overshoot, but parasitic
shows the diode reverse-recovery eneigy-... of the SiC ringing similar to that with the Si diode remains. The turn-on en-
JBS diode and the Si diode under different load conditionstgiesE,,, of the main switche§; and.S; are influenced by the
With the Si diode as the DUT, thEp-,.. is 0.2 mJ at a 20-A reverse-recovery of the freewheeling diodesand D-. With a
load condition. With the SiC diode as the DUT, thi-.,. is nearly zero reverse-recovery characteristics, the SiC JBS diode
0.02 mJ at a 20-A load condition. The energy loss with the Significantly reduces the switch turn-on energy as compared to
diode is a function of the load current. However, the energy lod® Si diode counterpart. Fig. 13 compares the turn-on energy of
with the SiC diode during the reverse-recovery period tends $8. With the Si diode as the freewheeling dioBe, the turn-on

be constant over the entire load range. This indicates that #reergy is 1.5 mJ at the 20-A load condition; while with the SiC
small amount of energy loss or the intersection of voltage adtbde as the freewheeling diodB,,, is 0.4 mJ at the 20-A load
oscillating current is likely caused by the parasitic componentxndition. Thus, the use of SiC JBS diodes reduces the switch
but not the reverse-recovery. turn-on related losses by more than 70%.
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Fig. 13. Turn-on energy of a MOSFET with either a SiC JBS diode or afig. 14. Comparison of the total switching loss as a function of switching
ultrafast Si diode under different load currents. frequency for a 6-kVA chopper using Si and SiC JBS diodes.

The turn-off energy of the MOSFET is invariant whether the
freewheeling diode is Si or SiC JBS. At a 20-A load current,
the turn-off energy,« is 0.2 mJ using either diode. Based on
the switching energy obtained above, the total switching losse
using the SiC JBS diode and the fast Si diode can be compare
The total device switching loss for each switch pair can be ex- V.| Ca
pressed a¥g-su, = fsw(Fon + Eor) and the diode reverse-re- T T
covery loss can be expressedds.,., = fsw:Fp-rr, WhEref,,
is the switching frequency. Fig. 14 compares the total switching
losses € 2Py-sw + 2Pp-,,) for a chopper using the SiC JBS
diode and the fast Si diode under different switching frequen-
cies. The calculation here is for a 6-kVA chopper with a bus
voltage of 300 V and a load current of 20 A. It can be seen that
the use of a SiC JBS diode cuts switching losses more than 6Q9§, 15.  Auxiliary resonant snubber chopper test circuit for soft-switching.
thus dramatically reducing size and cooling requirements.

current drops to zero and is blocked by, the reverse-recovery
current creates an oscillation, which induces an over voltage
Fig. 15 shows the soft-switching test circuit using an auxiliargondition for the auxiliary diode. From the experimental results
resonant snubber chopper (ARSC). The basic circuit structurei@ng one of the best available ultrafast reverse-recovery Si
similar to that shown in Fig. 11 with two main switch8sand diodes, rated at 50 A and 600 V as the auxiliary diode, this circuit
S and two main freewheeling diodé%, andD-. The lossless was analyzed for total efficiency. Voltage and current waveforms
snubber capacitors are connected across the main switchessiimv that the diode turns off naturally as. goes to zero,
diodes. With soft-switching, the main diode can have a slow redth a small reverse-recovery current. The reverse-recovery
verse-recovery [10]. An auxiliary resonant circuit that consistaurrent follows a parasitic ringing that is caused by the junction
of an auxiliary switchS,., diode D,., and resonant inductdr, capacitance of the diode and the resonant inductance and this
is connected across the middle points of the two chopper leggroduces a large reverse voltage peak on the diode, which
With proper resonant circuit design and control timing, this type more than twice the dc bus voltage. In this case, the dc
of converter can achieve near-zero voltage turn-on and avbids voltage was 200 V and the voltage peaked at 420 V.
the loss due to diode reverse-recovery [9], [10]. In terms &br a 300-V dc bus voltage and with a 600-V device rating,
switching timing, the gating signals of the main devices witthis soft-switching circuit with this Si diode simply cannot
a fixed time period corresponding to the desired load currentiie operated without exceeding the diode rating.
the same as that used in the hard-switching test circuit. The gat&o reduce the ring excitation effect of the reverse-recovery
signal of the auxiliary switch is added before the main switaobf the auxiliary resonant branch diode, it is common to add an
is turned on to ensure zero voltage turn-orbef The basic op- RC snubber across the switch to reduce the voltage rise rate
erating principle of the zero voltage switching for this ARS@nd peak voltage or a saturable reactor (SR) in series with the
test circuit is described in detail in [10] and [11]. The majoinductor so that the diode current can be turned off with a greatly
advantage of this soft-switching operation over conventionaducedd’/dt slope. The SR causes the effective inductance
hard-switching operation is to provide a zero voltage conditimf 7,. to become large as the current nears zero at the point
before the MOSFET turns on. The MOSFET turn-off voltage isf diode recovery. This phenomenon can be seen fronithe
shubbed by the capacitors across the main devices. waveform. With the slow falling rate of the resonant current,
The main problem with this circuit operation is the reversdhe peak diode voltage is reduced to 350 V. This approach has
recovery of the auxiliary branch diode,.. When the resonant been widely used in many soft-switching circuits to resolve the

D. Switching Characteristics in Soft-Switching Applications
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diode reverse-recovery problem that has been hindering the use v A
of the zero voltage switching inverter. The result indicates that 70 7~
overshoot voltage is reduced to less than 20%. The use of the g 60 6{&0956 o S
SR is not without problems with a non-trivial switching energy = 50 : gg\\“l

of 0.5 mJ associated with the SR. If the switching frequency is 8 0L gggxo‘y

20 kHz, the SR consumes 10 W. This additional loss notonly & ol &0 1 ) L en
reduces the system efficiency, but also causes difficulties with  § | diode AN
cooling and packaging a small footprint magnetic core. With a - o

total switching loss of about 60 W, the SR loss represents more .

than 16% of the total loss.

To avoid the use of the SR, or other voltage clamping means,
the reverse-recovery of the auxiliary diode must be fully elim- Switching frequency (kHz)
inated. This prompts the use of the SiC JBS diode to elimi-
nate reverse-recovery and thus to reduce the voltage overshbi§t16. Turn-onloss comparison for three different cases in a soft-switching
From the experimental voltage and current waveforms using fheUt
high-current SiC JBS diode with the 300-V DC bus, the diode
reverse-recovery is reduced. However, the diode junction d¢a-p-i-n diodes. Measurements on 0.0045¢ii200-V, 0.5-A
pacitance tends to ring with the resonant inductor and resultd-SiC JBS diodes indicate that the reverse-recovery time
in a voltage spike about 45% higher than the dc bus voltagend associated losses are near zero even at a revefde
As compared to the circuit with the Si diode, the voltage oveof 75 A/us. Based on measured waveforms, detailed loss
shoot is largely reduced and a 600-V device can be comfontodels on diode switching were established for a high-fre-
ably used in a 300-V dc bus system with the SiC diode. Moguency switching power supply efficiency evaluation. A 600-V
importantly, the circuit does not need the SR, or other voltag@oolMOS™ was used to compare the conversion efficiency of
clamping means and additional associated losses and costsaadle/dc converter circuit with a 600-V ultrafast Si diode and a
eliminated. It should be noted that this 3 ma8 mm SiC JBS 1200-V SiC JBS diode. At about 200 kHz switching, the power
diode operates at 39 A peak resonant current quite comfortalglypply efficiency improvement was about 6%, over the fastest,
The diode turns ON and OFF under zero current conditions aledver blocking voltage Si diode. EMI measurements indicate
the only loss comes from the on-state voltage drop. Fortunatedynaller signatures as compared to those observed for Si diodes
the auxiliary diode conduction period is only .8 overa50xs in a dc/dc converter.
period. The diode conduction loss is less than 1 W for the 6-kVVA Higher current SiC JBS diodes in both hard-switching and
system and its body temperature can be maintained near rogwft-switching circuits were also evaluated. Experimental re-
temperature without heat sinking. sults indicate that in hard-switching applications the use of the
To demonstrate the advantage of the SiC JBS diode in sd@#C JBS diode almost eliminates the reverse-recovery and the
switching applications, the turn-on loss comparison is made fassociated transistor turn-on current overshoot as compared to

the following three cases in Fig. 16. its Si diode counterpart, thus reducing the transistor turn-on
Case 1) hard-switching chopper with the Si diode; losses more than 70%. In soft-switching applications, the use of
Case 2) soft-switching chopper with the Si diode and the SRSIC JBS diode in the auxiliary branch reduces voltage ringing
in the auxiliary resonant circuit; by more than 50% compared to the ringing caused by the re-
Case 3) soft-switching chopper with the SiC JBS diode in tt@Very of an ultrafast Si diode. With the Si diode, the ringing
auxiliary resonant circuit. is too high to allow the auxiliary branch network to be used

For a 6-kKVA chopper operating at a 20-kHz switching frequenc ,ithout special suppression technique.s s_uch as shubbers or SRs.
the use of the SiC JBS diode, or Case 3, cuts the turn-on I§4§€n compared with the use of the Si diode and SR, the use of

of the soft-switching chopper by more than 50% as compargl? SiC diode reduces the power loss assc_)cia_ted with the auxil-
to the use of a ultrafast reverse-recovery Si diode and SR,y Pranch by 50%. Compared to hard-switching, the use of the

Case 2. As compared to the hard-switching chopper, or CasdBS SiC diode in the soft-switching circuit can reduce transistor
the use of the SiC JBS diode cuts the turn-on loss fr(;m 52 Wtfgh-on losses more than 86%. These rectifiers are expected to
8 W, about an 86% percent loss reduction. result in the advent of a new generation power hardware with

dramatically increased capabilities.
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