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Abstract—This paper reports the design, fabrication and high Anods

temperature characteristics of 1 mn?, 4 mm? and 9 mn¥ 4H-SiC \
p-i-n rectifiers with 6 kV, 5 kV, and 10 kV blocking voltage, re- JTE ten11inatio;H\

spectively. These results were obtained from two lots in an effort /] pt-type ||

to increase the total power levels on such rectifiers. An innovative —_— /| =
design utilizing a highly doped p-type epitaxial Anode layer and p-t}gg;/ \p-type J
junction termination extension (JTE) were used in order to realize T

good on-state as well as stable blocking characteristics. For the 1 n- epitaxial layer

mm? and 4 mm? rectifier, a forward voltage drop of less than 5 V Low doped

was observed at 500 A/crh and the peak reverse recovery current

shows a modest 50% increase in the 25C to 225°C temperature n+-type 4H- SiCsubstrate
range. On the 10 kV, 9 mn¥ rectifier, a forward voltage drop of

less than 4.8 V was observed at 100 A/cin the entire 25 °C to Cathode

200 °C temperature range. For this device, the reverse recovery _ _ o y ‘ _
characteristics show a modest 110% increase in the peak reverseFig. 1. Cross section of a high voltage 4H-SiC p-i-n rectifier using a highly
recovery current from 25 °C to 200°C. A dramatically low Q,, of doped epitaxially grown Anode layer and etched and implanted JTE structure.
3.8 uC was obtained at a forward current density of 220 A/cn? at

200°C for this ultra high voltage rectifier. These devices show that

more than three orders of magnitude reduction in reverse recovery high power density, very high frequency and high temperature
charge is obtained in 4H-SiC rectifiers as compared to comparable devices like the 4H-SiC p-i-n rectifier.
Si rectifiers. The first successful attempt in the demonstration sfakV
Index Terms—P-i-n, rectifier, reverse recovery, SiC. 4H-SIC rectifier was done using a 4H-SiC repitaxial layer
with a thickness of 8:m and a doping of 1 to ¥ 10'* cm=3
[1]. Other demonstrations [2]—[4] of 3 kV 4H-SiC p-i-n recti-
|. INTRODUCTION fiers show that extremely high switching speeds and an on-state
OWER devices made with silicon carbide (SiC) ar®oltage drop comparable to Si p-i-n rectifiers are achieved when
expected to show great performance advantages agerated at sufficiently high current densities. The biggest chal-
compared to those made with other semiconductors. Thislésges facing the realization of such high voltage rectifiers is
primarily because 4H-SiC has an order of magnitude hightée design of the edge termination and the growth of high pu-
breakdown electric field (2—4 10° V/cm) than Si and GaAs rity, low defect density epitaxial layers with sufficiently high
and an electron mobility only 20% lower than silicon. A high minority carrier lifetimes. Recent advances in SiC epitaxy have
breakdown electric field allows the design of SiC power devic@siabled the growth of 50 um thick 4H-SiC epitaxial layers
with thinner and higher doped voltage-blocking layers. HigWith good carrier lifetimes. In the recent past, minority carrier
voltage p-i-n rectifiers made using conventional semiconductédetimes have been improved to a level that enables the realiza-
materials are restricted to 50 kHz and< 120°C, thereby se- tion of high voltage SiC rectifiers witk: 4.5 V on-state drop at
verely limiting the availability of advanced electronic hardwar&00 Alcnt.
used for energy storage, pulsed power, intelligent machinery
and solid state power conditioning. These components require Il. DEVICE DESIGN AND FABRICATION
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Fig. 2. Ideal blocking voltage as a function of epitaxial doping and thickness.

rings [7] have been used. Another promising edge termination
induced defects. A non-punchthrough drift region design corrgesign involves implanting the device edge with an optimum
sponds to the case where drift region thickness is equal totype charge (for the typically used n-type epitaxial layer) in
larger than the parallel plane avalanche breakdown width [5]. dnder to reduce the electric field gradually from the device edge
the case of a punchthrough drift layer design, the epitaxial layterthe outer periphery of the device structure. This technique is
thickness is smaller than the parallel plane avalanche breakdassiled junction termination extension (JTE) [5]. The optimally
width. In a typical ultra high voltage design, a punchthrough dectivated JTE charge depends upon the background doping con-
sign is used in order to keep the thickness of the epitaxial laygsntration of the low doped n-type region. A plot showing the
as small as possible. For such a case, the drift region thickngfsal total charge per unit area along a vertical cross-section of
can be derived from basic depletion equation the implanted JTE region is shown in Fig. 3. The design of high
voltage silicon devices made using JTE typically utilize a JTE
— Ec(Np) \/[5 -Ec (ND)]Z B {25 : VB} 0 charge 25% below the ideal predicted charge by theoretical anal-
- ¢-Np q-Np q-Np ysis. This is because JTE charge in excess of the ideal value
. . . _ .. results in a sharp reduction in the obtained breakdown voltage,
where V is the device blocking voltagd}’ is the epitaxial \yhjle a charge smaller than the optimum does not drastically af-
(drift) layer thicknessNp is the doping of the epitaxial layer, fect the breakdown voltage of the device. The JTE charge corre-
q is the electronic charge; is the dielectric constant of SiC, snonding to 75% is also plotted in this graph for silicon carbide.
and Ec«(Np) is the critical electric field as a function of the
drift region doping. One of the empirically derived relationshipg  Eftect of Lifetime on Diode On-State \oltage Drop
showing the dependence of critical electric field with drift re-
gion doping in 4H-SIC is given by [6]

Achieving a high level of carrier lifetimes in the thick, SiC
epitaxial layers is critical to obtaining acceptable on-state
2.49 x 106 voltage drop in 4H-SiC p-i-n rectifiers. Key lifetime limiting

1 — ilOg (113_106) factors in thick epitaxial layers are a) compensating dopant
species; b) unintentional metallic impurities; ¢) morphology

Using these formulas, the ideal blocking voltage is plotted @$ the epitaxial layers during and after the growth; and d)
a function of drift region doping and thickness in Fig. 2. Sincgickness and doping uniformity of thick epitaxial layers. For
the edge termination design as well as material defects infigre extremely thick epitaxial layers used in these diodes, hot
ences the blocking voltage of these ultra high voltage devicegall epitaxial reactors were used. Using these reactors, higher
very large blocking voltage margins (20% for 5 kV devices anghrrier lifetimes can be obtained.

33% for 10 kV devices) are adopted in the design of these de-The dominant components in the on-state voltage drop in a
vices. p-i-n diode are given by

Ec = 7))

B. Edge Termination Design Vi = Vpicont. + Var + Veyn— + VNin— + Visubs

From a device design standpoint, the biggest challenge in
achieving high voltage p-i-n rectifiers is the design and implevhereVr is the on-state voltage drop in a p-i-n diodl@, con:.
mentation of an effective edge termination. Such a techniquessthe p- contact resistanc#), is the “middle region” (i-re-
expected to make the electric field distribution uniform at thgion) voltage dropVpn andVyn_ are the junction drops
edge of the device, approaching the ideal breakdown voltagieP + N— and N + N— junctions, andVs,; is the resis-
capability of the epitaxial layer used. Traditionally, many tective voltage drop in the substrate. In the past, a high value of
nigues like guard rings, floating field rings and trench guardpc.n:., was obtained [1]V;, is determined by the extent of
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Fig.5. On-wafer yield of> 50% was obtained for 1 mfnrectifiers capable of
Fig. 4. Forward voltage drop on p-i-n diodes as a function of lifetime anfocking> 4.5 kV for a leakage current density threshold of 50~ A/cn?.
epitaxial thickness.

D. Device Parameters and Fabrication
carrier modulation in the i-region of the p-i-n diode and is de-

pendent on the carrier lifetime by the following relationship [SJ)IOFC‘E;gee; igja??:ygrrcv?jhrgcéig;fiﬁé ?) Egirgllhx—?ﬁ?:

grown on low micropipe density<{ 30 pP/cnt) 4H-SiC n*

Var _3kT ( w >2 for W < 2L, substrates. The 9 nthrectifiers were fabricated using a 150
q \2L, - pm thick voltage blocking epitaxial layer with a doping of 1

SekT to 3 x10™* cm 3. To achieve a high, activated;{concentra-
Vi ZS—qu/La for W > 2L, tion, the Anode region was also epitaxially grown. The fabri-

cation sequence of these rectifiers is as follows: an optimum

dose of Boron was implanted at a high temperature after reac-

wherek and 7" are Boltzmann's constant and operating teMyye ion etching through the 2m p+ Anode cap layer with
perature,L, is the ambipolar diffusion length, which is givenqqre than 5x 108 cm—3 doping. The JTE dimension of 100
by Lo = v/Da - Tar, D, is the ambipolar diffusion constant ,m as used for 5 kV devices, and 40 for 10 kV devices.

given by Dy =y - kT /q, and7p, is the high level injec- This implant was annealed at 160Q under Si overpressure
tion carrier lifetime. The ambipolar carrier mobility, is given condition, followed by a 2zm LPCVD SiO, deposition. There-
by pa = pnptp/(pin + pp). Here, p, andp, are the minority atier packside Ni ohmic metal, and titanium was deposited as
carrier electron and hole mobility in the voltage blocking driff,5de metal. These metals were annealed at a high temperature
layer. o ~ to form the p-i-n anode and backside cathode contacts. These
Vein— :_:md VNin— are dependgnt on the minority carrieiyetals were followed by a 2m Ti/Pt/Au deposition to reduce
concentrations at the two end-regions of the NIrift layer. e resistance and enable wire bonding. Rectifiers with active
A detailed analysis of these voltage drops requires an iteratiygode areas of 1 mm 1 mm (total die size 1.15 mm 1.15
solution [5], which is not very easily calculated. If a reasofymm) and 2 mmx 2 mm (total die size 2.15 mm 2.15 mm)
ably high injection level is assumed, the sum of these end-{gare fabricated alongside each other ory0 thick epitaxial
gion voltage drops can be estimated to be equal to the turn@g)er wafers. On wafers with 150m epitaxial layers, devices
voltage of the SiC BN+ junction. Resistive drops lik&s.ss  with active Anode areas of 3 mm3 mm (total die size 3.5 mm
andVp-.con:. are not trivial in bipolar device like p-i-n diodes , 3 5 ;m) were fabricated. These devices had rounded edges
because of extremely high current densities that typically floy minimize concentration of electric field during their reverse

through these devices, as compared to majority carrier deviggss gperation. Devices were diced, brazed and wire-bonded for
like Schottky diodes. The on-state voltage drop of a p-i-N @Syther characterization.

a function of carrier lifetime and epitaxial layer thickness is
plotted in Fig. 4. This figure shows that a higher carrier lifetime
results in better conductivity modulation, with on-state voltage
drop approaching the built-in voltage drop of #R+ junction. 1.
As expected, a thicker epitaxial layer requires a higher carri/gr
lifetime in order to achieve a lower on-state voltage drop p-i-n’
diode. However, it is encouraging to note that beyond a carrierAfter their fabrication, these rectifiers were extensively mea-
lifetime of 3 us, even a 15@:m epitaxial layer is well modu- sured for static and dynamic characteristics. The goal for this
lated. Hence, SiC is expected to offer extremely high switchirsjudy was to obtain a good yield of 4H-SiC rectifiers with a
speeds even for devices made using such large thicknesses> 4.5 kV blocking voltage and & 4 V on-state voltage drop

CHARACTERIZATION OF 1 mn? AND 4 mn? RECTIFIERS

Static Characteristics
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rectifier, as shown in Fig. 7. In standard commercial Si power
devices, a leakage current density<0f10~% A/cm? is con-
sidered acceptable for defining blocking voltage. These results
E show that the edge termination design adopted for these devices
is quite robust even at high temperatures.
The forward current—voltagd V") characteristics show ex-
cellent on- state voltage drop. At a high current density of 1250
4 Alcm? (50 Amperes on a 2 mnx 2 mm device), the on-state
voltage drop was only 6.9 V, which was significantly affected by
the wire bonding resistance. The measured temperature depen-
dence of the on-state characteristics for a5 kV SiC p-i-n rectifier
R T T R S T S S device with a typical current of 20 A (4 mi) is shown in Fig. 8.
50 75 100 125 150 175 200 225 The decrease in on-state voltage with temperature is indicative
Temperature (°C) of the increase in lifetime with increasing temperature for a con-
Fig. 7. Leakage current density was less thanl®~—> A/cn® at225°Cat2  ductivity modulated device and a decrease in bandgap of the PN
kV for a 0.04 cn rectifier, even after an exponential increase with temperaturﬁmction_ However, at a high temperature of 225 a reduction
in carrier mobility starts to increase the differential on-resistance

at 100 A/cn?. This would pave the path for a further increas@cross the drift layer. This leads to a crossover in/tHé char-

in their power handling capabilities, as reported later in th@Cteristics at a high current density of 500 Afcrin the entire

paper. The on-state voltage drop was found to be very unifosh °C to 225°C range, the change in on-state voltage drop re-

(i.e.,£0.2 V for good devices) across the wafer and was not3@ins in a somewhat insignificant 0.4 V range, as seen from

yield-limiting factor. The robust edge termination design oufsi9- 8. This shows that SiC p-i-n rectifiers are stable with tem-

lined above and its associated processing allowed us to obtaffature. In case of Si diodes, over 40% reduction in on-state

a vyield of > 50% for 1 mn? rectifiers capable of blocking Voltage drop was measured in the 25 to 125°C range [8].

> 4.5 kV when using a leakage current density threshold &his results in poor current sharing when such devices are oper-

5 x10~% A/cn?. The percentage distribution afl 1 mn? de- ated in parallel because of the generation of ‘hot spots’ that hog

vices obtained from the wafer versus blocking voltage rangesfidarge amount of current.

shown in Fig. 5. As seen from this figure, 27% of all devices

block less than 1500 V, primarily due to materials defects sufh Réverse Recovery Measurements

as micropipes. The reverse bias characteristics of a 2x1#m  Detailed switching measurements were conducted on some

mm rectifier are shown in Fig. 6. 5 kV blocking 4H-SiC p-i-n rectifiers. The most important
The measured leakage current density wa40~® A/cm?  dynamic characteristics for a rectifier are its reverse recovery

at 5 kV and thereafter it increases dramatically at about 5.3 lkdharacteristics and their variation with operating temperature.

The breakdown characteristics were not catastrophic, with thbe reverse recovery tests were performed for various values

device surviving after the applied voltage was reduced. Higff di/dt. Fig. 9 shows the current versus time waveforms of the

temperature (up to 225C) measurements were performed onl20 A, 5 kV SiC p-i-n rectifiers for three different revergé/dt

at 2 kV because of equipment limitations. The leakage currerglues. At the conventional 40 Ag, the peak reverse current

increases exponentially with temperature, but was still foundeas only 65% of the forward current. As the revedsgdt was

be less than 410™° A/cm? at 225°C at 2 kV for a 4 mm increased to 100 Ak and 1700 Ais, the peak reverse current

5 kV 4H-SiC PiN Diode
2mm X 2mm
Leakage current at 2 kV

—

S
o
T

Leakage Current (Ncmz)
3
-

107
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Fig. 10. High temperature reverse recovery characteristics show a modegt 12. Reverse recovery charge and on-state voltage drop as a function of
increase in the peak reverse current as the operating temperature is incretefggerature for a 5 kV p-i-n diode.
from 25°C to 225°C.

225°C. These rectifiers show repeatable switching character-
to forward current ratio increased to 90% and 150%, respastics as the operating temperature was increased frofC25
tively. As compared to high voltage Si p-i-n rectifiers, this is @ 225°C. The turn-off time increases from 0 to 0.65us
relatively insignificant change, considering that extremely higlhile switching 125 A/cr (5 A) and 2 kV with a reverséi /dt
reversedi/dt values were used. One hypothesis for this effeef 100 Ajus, as shown in Fig. 11. A level of 2 kV was chosen as
is that the amount of reverse recovery charge is at least thtee highest voltage possible for the pulse generator used in this
orders of magnitude smaller than Si diodes. measurement. These rectifiers do not show a “snappy” recovery
and have substantially smaller noise signatures when compared
to 600 V silicon p-i-n rectifiers.

The temperature dependence of the rectifier switching char- o
acteristics for a 2 mnx 2 mm 5 kV device is shown in Fig. 10, D- On-State and Switching Trade-Off
These measurements are taken at a relatively high reNétée Fig. 12 shows that the on-state voltage drop changes from
of 175 A/us, when the rectifier is switching near zero voltage &.9 V to 3.4 V at 150 A/crh as the operating temperature is in-
6.2 A. Usually, the reverse bias applied does not affect the reased from 28C to 225°C. Under the same conditions, the
verse recovery characteristics. As seen from this figure, the pea&asured reverse recovery charge increases from005° C
reverse currentincreases by a modest 50% when the temperaimifie3x 10 ¢ C. This is a10® x reduction inQ,, as compared to
was increased from 25C to 225°C. The total reverse recoverycomparably rated Si (in terms of blocking voltage) rectifiers. It
charge, which is the area under the curve when the recti- is worthwhile to note that reverse recovery charge shows & 4—6
fier is undergoing reverse recovery, increases by approximateigrease with temperature from 28 to 125°C, even for ultra-
100%, as the operating temperature is increased froARC2e fast Si rectifiers [8]. Two factors contribute to the dramatically

C. High Temperature Switching Measurements
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tracer.

ol | |
50.04 , : . 10 KV PiN diode 200°C
200 A (pulsed); 3mmX3mm 3mm X 3mm .
40.0u || 4H-SIC PiN Diode 40 | V, Vs Temperature 150°C
10 kV Rev. Blocking I-V ) f
] 0
—— a 30 100 C\
< 3000 g
S <
£ = o z/ ]
3 2000 5 | % 50°C
o 5 /
% O 10 7 o
e / 25°C
o 10.0p L &
-
. 0
00 7 Y/\ V. =N .. U AYI' . . . ‘ . . " .
I hd 0 1 2 3 4 5 6 7 8
0 2000 4000 6000 8000 10000 Forward Bias (Volts)
Reverse Voltage (V)

Fig. 16. Forward/-V" characteristics of a packaged 8 kV p-i-n rectifier

. . . n . fabricated alongside the 10 kV blocking rectifier.
Fig. 14. Blocking characteristics of a 10 kV rectifier capable of carrying

>200 A (pulsed).

current density was: 10~* A/lem? at 10 kV and increases dra-
matically thereafter. The device survived after the voltage was
reduced and then reapplied. High temperature (up to°Z)0
measurements on 8 kV capable packaged devices fabricated

voltage blocking layers with 20 higher doping dramatically . .
reduce the total volume of excess charge in the drift layer aﬁl? ngside the 10 KV rectifier show that t.he !eakage qurrent
ncreases with voltage beyond 18Q, resulting in a blocking

b) the carrier lifetime required for these thinner voltage blockin bltage of about 5.3 KV at the leakage current threshold of
| be- 10 ller than th ired for Si devi . . X
ayers can be» ~Ux smaller fhan Tose required for Si device 0 uA, as shown in Fig. 15. The choice of this leakage current

for a similar mid-region voltage drop. A much smaller carri€ . : - .
lifetime and thinner voltage blocking layer in 4H-SiC results it quite arbitrary and was limited by the highest leakage current

: capability of the measurement equipment. The measured tem-
avery stable on-state voltage drop with temperature. perature dependence of the on-state characteristics for a 10 kV,
9 mn? SiC p-i-n rectifier is shown in Fig. 16. The decrease in
IV. CHARACTERIZATION OF 9 mn¥ DEVICES on-state voltage with temperature is indicative of the increase
in lifetime with temperature for a conductivity modulated
device and a decrease in bandgap of the PN junction. However,
The on-state voltage drop was found to be very uniforiat a high temperature of 20, a reduction in carrier mobility
across the wafer on which these diodes were fabricated. Astarts to increase the differential on-resistance across the drift
kAlcm?, the differential on-resistance was only 3yen?, as layer. In the entire 23C to 200°C range, the change in the
shown in Fig. 13. The reverse bias characteristics of a 3 nmon-state voltage drop remains in a somewhat insignificant 0.4 V
x 3 mm rectifier are shown in Fig. 14. The measured leakagange.

smaller reverse recovery charg@,f) in 4H-SiC rectifiers as
compared to similarly rated Si rectifiers: a) the 20x2hinner

A. Static Characteristics
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) . o Fig. 18. Theoretical and experimentally obtained yields on Zphmn¥ and
Fig. 17. High temperature reverse recovery characteristics show a modggin? devices at 4.5 kV, 4.5 kV, and 7 kV.

increase in the peak reverse current as the operating temperature is increased
from 25°C to 200°C.

of edges. Design related effects on yield are edge diameter of
diodes and the choice of dose for JTE implant. As mentioned
earlier, it is very difficult to separate the influence of all these
Detailed switching measurements were conducted on sopaameters on device yields. Assuming a random distribution of
8 kV blocking 4H-SiC p-i-n rectifiers fabricated alongside thelefects, device yield is given by
10 kV rectifiers. The temperature dependence of the rectifier Y = oA
switching characteristics for a 3 mm3 mm 10 kV device is
shown in Fig. 17. These measurements are taken at a relativsliereY” is the yield, A is the area of the device antlis the
high reverseli/dt of 142 Alus, when the rectifier is switching defect density in per cfn Many researchers propose that the
600 V at 20 A. As seen from this figure, the peak reverse cupiggest yield-limiting factor in modern high voltage devices
rent increases by a modest 110% when the temperature wadSnmicropipes. A plot of yield as a function of device size
creased from 25C to 200°C. The total reverse recovery chargeand micropipe defect density is shown in Fig. 18. As shown
which is the area under tHet curve when the rectifier is under- €arlier, the yield on 1 midiodes was 52% at 4.5 kV. For
going reverse recovery, increases by approximately 100%, as4n@n? devices, the obtained yield was approximately 20% at
operating temperature is increased fronf@530 200°C. These > 4.5 kV; and for 9 mm it was 22% at> 7 kV. All these
rectifiers show fairly stable switching characteristics as the oflevices show quite abrupt breakdown characteristics at room
erating temperature was increased fromP25to 200°C. The temperature. All these devices were fabricated using similar
turn-off time increases from 0.2s to 0.7 s while switching Processing techniques. However, the 9 indevices were
220 Alcn? (20 A). It is very encouraging to note that the totafabricated roughly 18 months after the 1 fhrand 4 mmi
reverse recovery charge increases from an insignificantyiC17 devices and might have benefited from the better micropipe
to 3.8,.C as the temperature was increased from room tempefig@nsities obtained in more recent wafers.
ture to 200°C. These rectifiers do not show a “snappy” recover S
and have substantially smaller noise signatures when compaéedVF Drift With Time
to silicon p-i-n rectifiers. Recently, a peculiar problem has been identified to challenge
the use of these high performance rectifiers in widespread use.
V. DISCUSSION This is the increase of forward voltage drogg( in bipolar
) , p-i-n diodes with time, as they are kept biased for a reasonably
A. Yields on 1 m 4 mnt, and 9 mrfi Diodes long time. Due to the very low stacking fault energy of SiC,
Usually, fairly uniform on-state characteristics are obtainestacking faults may nucleate from specific pre-existing defects
across the wafers since the advent of hot-wall epitaxial rean-SiC bipolar device structures and grow under typical forward
tors and good anode metal processing. However, the yield dimnduction conditions [10], [11]. Extensive growth of these de-
to blocking voltage on 4H-SiC devices is dependent on mafgcts can attenuate the electron-hole plasma presentin the device
material, processing and design related issues. Material relatieding forward operation and lead to an increase in the forward
issues include: micropipes on the wafers, epitaxial growth resltage of the overall device structure. Degradation of the for-
lated defects and crystal defects like dislocations and stackingrd voltage is a significant barrier to fully exploiting the ca-
faults. Itis difficult to quantize the effect of each of these factorgabilities of SiC bipolar devices, especially in applications that
on device yields, but great deal of data on these effects have bemploy several devices in parallel for current sharing.
studied in reference [9]. Processing related issues are related t®his phenomenon was observed in both these sets of devices.
ion implant activation of JTE termination species, uniformity ofor a 4 mm, the Vy increases from 4.11 V to 4.19 V over 130
the mesa etch and quality of the dielectric used in passivatibaurs as the on-state current was maintained at approximately

B. Reverse Recovery Measurements



SINGH et al: LARGE AREA, ULTRA-HIGH VOLTAGE 4H-SiC p-i-n RECTIFIERS

»
o
o

»

b

o
E
|
|

>
°
a

On-Current (A) / VF (V)

4.00

0.03

33.37

100.03

53

2 g

o
-

: 3
Temp (degree C)

B

2315

[8] A. R. Hefner, R. Singh, J. S. Lai, D. W. Berning, S. Bouche, and
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[11]

C. Chapuy, “SiC power diodes provide breakthrough performance
for a wide range of applications,” igxt. Abst. 1st Int. Workshop on
Ultra-Low-Loss Power Device Technolgdyara, Japan, June 2000, pp.
140-147.

H. Lendenmann, F. Dahlquist, J. P. Bergman, H. Bleichner, and C.
Hallin, “High power SiC diodes—Characteristics, reliability and
relation to material defects,” iMat. Sci. Forum vol. 389-393, 2002,
pp. 1259-1264.

H. Lendenmann, F. Dahlquist, N. Johansson, R. Soderholm, P. A.
Nilsson, J. P. Bergman, and P. Skytt, “,” Mat. Sci. Forum vol.
353-356, 2001, p. 727.

A. Galeckas, J. Linnros, and B. Breitholz, “Time-resolved imaging of
radiative recombination in 4H-SiC p-i-n diodeAppl. Phys. Lett.vol.

74, pp. 3398-3400, 1999.
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Fig. 19. V drift on 4 mn¥ devices shows an increase from 4.11V to 4.19 V
at 100 A/cn?, as the temperature was held relatively constant. Ranbir Singh recieved the B.Tech degree from In-
dian Institute of Technology, New Delhi, in 1990, and

the M.S. and Ph.D. degrees from North Carolina State
University, Raleigh, in 1992 and 1997, respectively,

all in electrical engineering. His graduate experience
included exposure to a wide variety of both bipolar
and MOS families of devices, with his specialty in
characterizing the cryogenic operation of Si power
devices.

Since August 1995, he has been with Cree, Inc.,
Durham, NC, where he conducts research on SiC
power devices. His interests include development of SiC power MOSFETS,
IGBTSs, field-controlled thyristors, JBS, and p-i-n and Schottky diodes. He has
co-authored over 60 publications in various refereed journals and conference
proceedings and is an inventor on 12 issued U.S. patents. He has made two
invited MRS presentations in 2000 and 2002. He served on the technical com-

At ; ; ; smittee of the International Symposium on Power Semiconductor Devices and
SWItChlng speed is the p”.mar.y SOleI’CE_ of IOS_SeS in most hl@g(ISPSD) in 2002 and 2003, and was part of a panel to develop a roadmap
voltage & 3 kV) power conditioning circuits. This paper Showsor the insertion of SiC-based power devices into commercial applications.

the design, fabrication and high temperature operation of ultta is the author of the bookryogenic Operation of Silicon Power Devices
high voltage 4H-SiC p-i-n rectifiers, which demonstrate ordef§owell. MA: Kluwer, 1998).

of magnitude faster switching operation than conventional

rectifiers. A much smaller carrier lifetime and thinner voltage

blocking layer in 4H-SiC results in a very stable on-state volta@
drop with temperature. The robust edge termination desi
shows low leakage and good high temperature performan
These characteristics are very significant for the realization
next generation, advanced military and utility hardware.

100 A/cn? and the temperature was held relatively constar
as shown in Fig. 19. This is an active part of our research nc
and our research has determined that the effect of any spec
process change must be evaluated in the context of a comp
device fabrication methodology. However, several critical are
will require additional scrutiny.

VI. CONCLUSION
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