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Abstract—The effects of proton irradiation on the static (dc)
and dynamic (switching) performance of high-voltage 4H-SiC
Junction Barrier Schottky (JBS) diodes are investigated for the
first time. In contrast to that observed on a high-voltage Sip – i
– n diode control device, these SiC JBS devices show an increase
(degradation) in series resistance ( ), a decrease (improvement)
of reverse leakage current, and increase (improvement) in blocking
voltage after high-fluence proton exposure. Measured breakdown
voltages of post-irradiated SiC diodes increase on average by
about 200 V after irradiation. Dynamic reverse recovery transient
measurements show good agreement between the variousdc
observations regarding differences between high-power SiC and
Si diodes, and show that SiC JBS diodes are very effective in
minimizing switching losses for high-power applications, even
under high levels of radiation exposure.

Index Terms—Diode, junction barrier Schottky (JBS), proton
radiation, Schottky barrier diodes (SBD), silicon carbide (SiC).

I. INTRODUCTION

SILICON carbide (SiC) is a promising candidate for high-
power and high-frequency applications because of its wide

bandgap ( ) and excellent thermal/electrical properties
[1]. Table I lists some important semiconductor material param-
eters for power device applications. Compared to Si, SiC enjoys
an order of magnitude improvement in critical field strength
( ), twice the saturation velocity ( ), and three times the
thermal conductivity (). Baliga’s figure-of-merit (BFOM) [2]
suggests that SiC should have more than an order of magnitude
theoretical advantage over Si for unipolar power devices. SiC-
based devices are very attractive for military and space-based
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TABLE I
POWER SEMICONDUCTORMATERIAL PARAMETERS

power electronics systems mainly due to their fast switching
speeds compared to Si, their low switching losses, and their
ability to operate in extreme environments such as high temper-
ature (e.g., to 500 ) and/or under high levels of radiation. The
radiation literature on SiC devices is very limited, and studies to
date have been centered on terrestrial detector systems. 4H-SiC
neutron detectors, for instance, have been demonstrated with
no significant degradation of detection efficiency after neutron
fluences up to 1 [3]. Devices based on 6H-SiC
have shown negligible degradation of device characteristics for
gamma radiation doses up to 100 Mrad, but showed significant
degradation with neutron irradiation for fluences in excess of
1 [4], [5].

In earlier studies, the effects of high-dose gamma irradia-
tion on unterminated 4H-SiC Schottky diodes and theSiC –

interface was examined [6], and no observable degrada-
tion in the diode forward and reverse characteristics up to a
total dose of 4 Mrad(Si) was observed. Measured breakdown
voltages of post-irradiated diodes increased, however, approxi-
mately 200 V after irradiation, an improvement attributed to a
radiation-induced increase in negative interface charge. In the
present work, we present for the first time the effects of proton
irradiation on both thedc andac characteristics of terminated
4H-SiC high-voltage JBS power switching diodes. JBS diodes
have been shown to have great promise for power switching sys-
tems, since they effectively balance the best properties of both
Schottky Barrier Diodes (SBD) (high speed) withpn junction
diodes (low leakage currents and hence losses). A comparison is
made to commercially-available high-voltage Sip – i – npower
diodes in order to better understand the results.
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Fig. 1. SiC JBS structure with floating guard ring edge termination.

II. EXPERIMENT

Circular SBD and JBS diodes with diameters ranging from
100 to 400 were fabricated at Auburn University on
4H-SiC n+ wafers having a 30 thick 1 n- epi-
taxial layer grown at Cree, Inc. The active JBS regions, together
with the floating guard ring structures needed for proper edge
termination, were formed using Al (i.e., p-type) implantation at
high temperatures. The guard rings as well asimplants used
in forming the JBS active region were 5 in width, while the
JBS ring-to-ring spacing ( ) varied from 3 to 5 . Al
implants were annealed at 1600, as has been described in the
literature [7]. The guard ring-to-guard ring spacing and number
for a given device design was chosen after extensive calibrated
quasi 3-D simulations to optimize the breakdown properties of
the device in question. A high quality thermal oxide followed by
a 1 poly-Si layer, which was then converted to oxide, was
used for surface passivation. Ni was deposited for the backside
ohmic contacts and annealed at 1100for 2 min in vacuum,
followed by evaporation of Ti and Au for decreased contact re-
sistance. Schottky contact openings were formed by selective
RIE followed by a BOE etch through the passivation and im-
mediate loading into the metallization chamber for Ni Schottky
contact evaporation. Schottky contacts were completed with Ti
and Au overlayers. The thickness of Ni, Ti, and Au were 120,
150, and 80 nm respectively. A schematic cross-section and
top-down photograph of the fabricated JBS diodes is shown in
Fig. 1. the SBD diodes have identical structures to JBS diodes
except that there is no p+ regions under the Schottky contact.

Proton irradiation of the SiC SBD, SiC JBS, and the pack-
aged commercial Sip – i – ncontrol diode (UF1007) was per-
formed at the Crocker Nuclear Laboratory Cyclotron Facility,
University of California at Davis, using 62.5 MeV protons, to
a total fluence of 5 , with terminals floating. We
tested over 50 samples on three different dies of 4H-SiC diodes

Fig. 2. Schematic of the test circuit used in the reverse recovery transient
measurements.

both before and after proton irradiation to ensure enough results
for analysis. Bothdc andac characteristics were measured and
compared. The low-voltage forward and reverse current-voltage
characteristics were measured using an Agilent 4155 Semicon-
ductor Parameter Analyzer. Reverse breakdown measurements
were performed using a Tektronix 371 high voltage curve tracer.
For reverse recovery measurements, the inductive switching test
circuit shown in Fig. 2 was used. In this test circuit, the de-
vice-under-test (DUT) is connected as a “freewheeling” diode
in parallel with an inductive load. This circuit is designed to pro-
vide a of .

III. RESULTS AND DISCUSSION

A. dc Characteristics

Fig. 3 shows typical forwarddccharacteristics of a JBS diode
with 3 JBS ring spacing and seven guard ring termination,
both before and after 5 irradiation. As is widely
known, adequate edge termination is critical in power devices
in order to minimize field crowding at the device edges and
hence maximize breakdown voltage [2]. The termination struc-
ture used here employs multiple floating guard ring structures
carefully optimized via calibrated simulations, and has proven
to be very effective at providing sufficient termination without
enhancing processing complexity [8].

The low-injection region of the – curve shows little
change after irradiation, suggesting that proton exposure does
not degrade the Schottky contact of the device (i.e., the barrier
remains unchanged at 0.94 eV). In addition, however, the for-
ward voltage drop clearly increases at higher currents due to
proton-induced series resistance. The series resistance () in-
creases dramatically in the case of the JBS diode shown, from
25 (pre-rad) to 12.1 (post-rad). Our Previous research
showed little or no degradation of after gamma irradiation,
even up to 100 Mrad total dose, which suggests that SiC device
behavior depends strongly on the radiation type. Our results are
repeatable, however, across many devices on separate samples,
indicating that the effect is real. The source of the added resis-
tance after irradiation is either due to: 1) added contact resis-
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Fig. 3. Forward current-voltage characteristics of the seven guard ring
terminated 4H-SiC JBS diode, before and after proton exposure. Inset: enlarged
J-V characteristics of the seven guard ring terminated 4H-SiC JBS and SBD
diodes (100�m diameter), before and after proton exposure.

tance from the metal itself; 2) a decrease in substrate doping
level due to carrier removal by proton-induced charge trapping
[9], [10]; or 3) a radiation-induced change in the carrier mo-
bility due to cattering of the carrier by the charged traps, or a
combination of the three. In order to eliminate potential contact
resistance changes, we remeasured the- characteristics of the
JBS diode using a Kelvin contact (i.e., force bias on one probe
and measure on the other probe) in order to eliminate contact
resistance, obtaining in this case . A measure-
ment of resistance of the metal itself shows an increase from
5–15 for pre-radiation samples to 1.2–2.2 for post-radi-
ation samples. The relative resistance change of the metal sug-
gests that proton exposure has changed the surface chemistry
of the metal, but clearly does not explain the total resistance
change. Displacement damage can also de-ionize dopant impu-
rities and/or introduce traps into the SiC epi, thereby leading
to an increase in series resistance from the bulk of the wafer
[11]–[13]. From the – measurements on the SBD, we ob-
tained 2–5 epi effective doping level, down from
a starting value of 1–2 in the active region of the
device (i.e., reverse bias can only probe a finite volume of the
wafer). The carrier removal rate is 10–16 /cm calculated from

- results. This suggests that proton-induced dopant de-ion-
ization also plays a role in the resistance increase after proton
exposure.

Fig. 4 is the enlarged portion of the– characteristics of
the same JBS diode from 1.5 to 2.5 V, comparing it to a stan-
dard terminated SBD diode. Both SBD and JBS diodes present
similar forward-bias performance, before and after radiation. To
show the influence of the p+ region on the radiation response,
the forward voltage drop at fixed current density ( )
for different spacings before and after irradiation is shown in
Fig. 5. The voltage drops after irradiation are much higher than
those before irradiation for different spacings of the JBS struc-
ture. Also of note is a more obvious increase of forward voltage
drop as the spacing decreases for the post-radiation diodes. This
is due to the decrease of effectiveness of JBS structure itself.
That is, the effective epi doping change leads to a decrease of
the active area and, thus, decreases the effectiveness of current

Fig. 4. Enlarged forward current-voltage characteristics of the terminated
4H-SiC JBS and SBD diodes, before and after proton exposure.

Fig. 5. Forward voltage drop as a function of guard ring numbers for SiC
diodes before and after proton exposure.

collection under forward current flow. This is not unexpected
because as the effective doping in the active region decreases,
the depletion region of the p-n structure expands. Thus, the ef-
fective area of the Schottky contact region is smaller, leading
to higher forward voltage drop and a severe series resistance
increase. MEDICI simulations were used to confirm this anal-
ysis. According to the simulations, the current at high injection
showed a decrease of almost two orders of magnitude with a
doping change from 1 to 2 for these JBS
structures. For an ideal Schottky diode, however, the decrease
is within one order of magnitude. However, all of the SBDs in
this study (only 100 diameter) also show a strong increase
of forward voltage after irradiation. This difference is actually
a result of the contribution from the p+ edge termination. That
is, if the SBD is a small diode with guard rings at the edge, the
influence of the p+ guard ring can also cause a dramatic de-
crease of high injection current. Thus, we can conclude that at
low doping, the JBS structure is not as effective at improving
forward current-voltage characteristics. For small diodes, the
influence of p+ edge termination to the- characteristics of
these diodes is more significant. For comparison to these SiC
results, Fig. 6 shows the– characteristics of the commer-
cial Si p–i–ndiode (area and type of termination structure are
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Fig. 6. Forward current-voltage characteristics of the Sip–i–n diode before
and after proton exposure.

unknown). The Sip–i–n diode shows much stronger degrada-
tion in the low-bias region, consistent with G/R center produc-
tion and lifetime changes in the device epi region. Interestingly,
we also see a significant series resistance increase after proton
exposure, presumably also due to dopant de-ionization.

A surprising result is that we consistently observe adecrease
in the reverse current of the SiC diodes after radiation (Fig. 7),
which is opposite to the (expected) degradation observed in the
Si diode (Fig. 8). The reverse current density of the SiC diodes
decreases from 1.6 to 7 at 10 V.
For the Si diodes, on the other hand, the current dramatically
increases from 6.8 to 1.4 at 10 V, consis-
tent with radiation-induced G/R center production and hence
lifetime reduction. For the SiC devices, this result is actually
consistent with an earlier report usingEBIC, which indicated
that electron irradiation can have a pronounced annealing ef-
fect on carrier lifetime in 6H-SiC epi [16], although this has
not been observed to our knowledge using protons. Low effec-
tive doping level due to carrier removal effect of proton irradia-
tion also could also influence the reverse current at low reverse
voltage, since the JBS diode has wider depletion area in the junc-
tion at the same voltage, resulting in a smaller Schottky contact
area. This is important especially at low reverse voltage, given
that the Schottky area could still contribute leakage current at
low reverse voltage.

We have observed that the breakdown voltage actually in-
creases in these SiC JBS diodes after proton exposure, which is
similar to what have been observed in Si detectors after neutron
irradiation [17]. This is one of a few instances when radiation
actually improves device characteristics. For the Si p-i-n diode,
however, the breakdown voltage has no obvious change and re-
mains around 1300 V. Fig. 9 shows the radiation-induced change
in breakdown voltage as a function of number of guard rings
used in the termination structure of the SiC diodes. The average
increase in breakdown voltage is 220 V, a significant improve-
ment. Clearly, the effect is not strongly dependent on the number
of rings, although a gradual saturating trend at high guard ring
count is apparent. A peak blocking voltage in this technology of
1780 V after 5 exposure is achieved.

We have previously observed a similar breakdown voltage
increase in unterminated SiC SBD diodes after gamma ra-
diation and attributed that to an increase of negative surface

Fig. 7. Reverse current-voltage characteristics of the terminated 4H-SiC JBS
diode before and after proton exposure.

Fig. 8. Reverse current-voltage characteristics of the Sip–i–ndiode before and
after proton exposure.

Fig. 9. Comparison of measured breakdown voltage of the JBS diode between
pre- and post-irradiation as a function of number of guard rings used in the edge
termination.

charge in the /SiC passivation layer [6], [18]. A negative
surface charge increases the depletion layer spreading, thus
reducing the effects of field crowding at the device edge, and
thereby increasing the breakdown voltage. Given the similar
observed trends in the blocking voltage, a similar explanation
is certainly plausible here, even though the radiation type
is different. In addition, however, we note that the dopant
de-ionization needed to explain the series resistance increase
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Fig. 10. Reverse recovery transient waveforms comparing the SiC JBS and Si
p–i–ndiodes.

would also improve the breakdown voltage, and thus it is likely
that a combination of both effects in operative here. Using
calibrated MEDICI simulations [19], the breakdown voltage
for the planar diode structure was calculated for both surface
charge changes as well as doping level changes. The simulation
results suggest that a doping change from 1 to
7 would cause a 200 V breakdown increase, while
a negative charge change increase from
to would cause a similar increase. Further
experiments involving proton exposure of MOS capacitors will
be needed to sort this out and is presently underway.

B. Switching Characteristics

SiC JBS diodes have a negligible reverse recovery current
compared to Sip–i–ndiodes, greatly improving their losses for
high-power switching circuits (Fig. 10). In the Sip–i–n struc-
ture, the observed reverse recovery current is primarily due to
minority carrier storage (set by the carrier lifetime). The JBS
diode, however, is a majority carrier device (like the SBD), and
hence has negligible carrier storage under high-injection cur-
rents. As shown in Fig. 10 for pre-radiation, the Sip–i–ndiode
has a reverse recovery current peak ( ) of 930 mA and re-
verse recovery time ( ) of 101 ns, while for the SiC JBS diode,

is only 62 mA and with a of 38 ns.
After radiation, the Sip–i–n diode yields a significantly

decreased reverse recovery current, as shown in Fig. 11. Both
and dramatically decrease from 930 mA and 101 ns

to 480 mA and 69 ns. This indicates that the minority lifetime
strongly decreases after proton exposure, consistent with our
reverse leakage current observations. Similarly, electron radia-
tion has been shown to strongly decrease the carrier lifetime in
Si power devices [20]. As expected, for the SiC diodes, there is
little change after irradiation, although we do still see a trend
of increased and with proton exposure. For the
particular terminated SiC JBS diode shown in Fig. 12,
remains the same at 62 mA while increased from 38 to
44 ns after proton exposure. These reverse recovery transient

Fig. 11. Reverse recovery transient waveforms comparing the pre- and
post-irradiated Sip–i–ndiode.

Fig. 12. Reverse recovery transient waveforms comparing the pre- and
post-irradiated SiC JBS diode.

measurements are obviously low-voltage measurements, and
more detailed characterization at higher , and at
full blocking voltage will need to be made, and is presently
underway.

IV. SUMMARY

The effects of proton irradiation on the static and dynamic
performance of high-voltage 4H-SiC JBS diodes have been
investigated for the first time. In contrast to that observed on
a high-voltage Sip–i–n diode control device, these SiC JBS
devices show an increase (degradation) in series resistance,
a decrease (improvement) of reverse leakage current, and
increase (improvement) in blocking voltage after high-flu-
ence proton exposure. Dynamic reverse recovery transient
measurements shows good agreement between the variousdc
observations regarding differences between high-power SiC
and Si diodes, and show that SiC JBS diodes are very effective
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in minimizing switching losses for high-power applications,
even under high levels of radiation exposure.
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