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ABSTRACT

Co-60 gamma irradiation of SiC merged-PiN Schottky (MPS) diodes up to fluences of 1 Mrad (Si) produces increases in both forward and
reverse current, with less damage when the devices are biased during irradiation. Subsequent injection of minority carriers by forward
biasing at 300 K can partially produce some damage recovery, but at high forward biases also can lead to further degradation of the devices,
even in the absence of radiation damage. Recombination-enhanced annealing by carrier injection overall is not an effective technique for
recovering gamma-induced damage in SiC MPS diodes, especially when compared to other near athermal methods like electron wind force

annealing.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003819

I. INTRODUCTION

The radiation hardness of microelectronic and photonic
devices is always of practical interest when these are used in
extreme environments.”” In the specific case of 4H-SiC transistors
and radiation detectors, these have excellent stability against high
gamma-ray exposures, with only small changes up to ~23 MGy.’
The electrical and optical properties, such as carrier concentration,
absorption bands, and defect luminescence, are all resistant to
doses in the MGy range.””' While displacement damage in SiC
from ionizing particles such as protons are well-understood,”” the
effects of x rays and gamma rays is usually less clear-cut. To
remove a C or a Si from their lattice position, energy greater than

21 and 35V is required.2 In general, the carrier removal rates
due to irradiation of SiC are more than an order of magnitude
lower than for Si.'’”"** The performance of SiC detectors
can deteriorate under high radiation doses, such as those exceed-
ing 1 Mrad/s, primarily due to the presence of interface traps”
and traps generated within dielectrics use for isolation and
passivation.”” ™"

Gamma irradiations of up to 17 MGy [1700 Mrad (Si)] have
been studied in SiC junction field-effect transistors (JFETSs), resulting
in positive threshold voltage shift up to 0.5V and monotonic
decrease in transconductance.’’ At total ionizing doses of 100 Mrad
(Si), SiC JFETs manifest inherent resistance to ionizing radiation due
to the absence of a gate insulator, typically displaying only marginal
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deviations in pinch-off voltage and transconductance.’’~"* Device

designs incorporating substantial SiO, or other passivation layers
tend to be more susceptible to gamma radiation.'” SiC JFET devices
for Venus exploration demonstrate ionizing radiation tolerance
exceeding 7 Mrad (Si).'”"°

The effects of y-ray irradiation on 6H-SiC diodes have also
been investigated extensively. Various research groups utilized a
60Co y-ray source to expose the detectors to high doses. For doses
of 120kGy, a decrease in leakage current was observed, while at
1.080 MGy, the y-ray detection efficiency of SiC photodiodes
remained unchanged and at 2.5 MGy, a charge collection efficiency
of 100% was measured in p-n SiC diodes.""*' Some recovery of
the gamma-induced damage is observed after room temperature
storage over periods of at least a week.”

While thermal annealing of defects in 4H-SiC requires high
temperatures (often up to 800 °C), recombination-enhanced defect
reactions are almost athermal in this material.”*~*" The theoretical
framework for this type of carrier injection mechanism was eluci-
dated by Weeks et al.”’. The energy released during nonradiative
electron or hole capture is primarily transformed into vibrational
energy, which is initially confined to the area surrounding the

Anode contact

7 Schottky contacts

p" SiC tubs
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Heavily doped SiC I
substrate
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Cathode contact

FIG. 1. Schematic of the SiC MPS diode.
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defect. This localized vibrational energy can facilitate defect-related
processes, such as diffusion.”®

In this paper, we report an examination of forward-biased
(hole) injection effects in gamma-irradiated SiC MPS diodes.
There is only limited effectiveness of this approach for room
temperature annealing of the gamma-induced degradation of the
diodes.

Il. EXPERIMENT

The packaged 3.3kV, 5A SiC merged-PiN Schottky (MPS)
diodes were purchased from Gene SiC semiconductor. The diode
forward current was 5A at ~3'V forward bias. The packages were
TO-363-7 model. The main applications for these devices are in
switch mode power supplies, motor drives, and power factor cor-
rection systems. Merged-PiN Schottky (MPS) diodes effectively

10° 102
—a— Ref
(@) [ ——os5mRad \
[ --4--0.5 MRad (Biased) Y
F —— 1 MRad NG 410’
2 10'5 """" -
= <}
3 10° 5
5 4
O 109
10"
¥ B 08 v:mggz I 12
10-13 \//./n 1 1 ! 1 10-2
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)
40
(b) 35} ——Ref
—e— 0.5 MRad
30 --+- 0.5 MRad (Biased)
T 55| — 1 MRad
ET] ----- 1 MRad (Biased)
€ 20+
o
515}
O
10F
5F
0 - - . 1 1
0.5 0.6 0.7 0.8 0.9 1.0
Voltage (V)

FIG. 2. (a) Forward |-V characteristics and Roy values from SiC MPS diodes
as a function of Co-60 y-ray fluence. (b) Expanded view of forward |-V charac-
teristics from SiC MPS diodes as a function of Co-60 y-ray fluence.
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10° potential barrier for current conduction. In contrast, unipolar
diodes, like Schottky diodes, rely on a single type of charge carrier,
(a) either electrons or holes. As a result, their on-state resistance is typ-
ically higher for the same voltage rating compared to bipolar
diodes. However, they offer faster switching speeds and lower
—_ potential barriers for current conduction. The merged-PiN
< Schottky (MPS) diode combines elements of both unipolar and
k= bipolar devices, leveraging their respective advantages.
g Consequently, MPS diodes have improved surge resilience rel-
8 —s— Ref ative to traditional JBS diodes, while also maintaining low forward
10"t —e— 0.5 MRad voltage drop and reverse leakage current characteristics. Figure 1
--4- 0.5 MRad (Biased) shows a schematic of the MPS diode.
——1 MRad The current-voltage (I-V) characteristics were measured uti-
_____ 1 MRad (Biased) lizing a Tektronix 370-A and a 371-B curve tracer, while an Agilent
1 4156C parameter analyzer facilitated forward and reverse current
10 100 -810 ' -éO ' _4'_0 _2'0 0 as well as capacitance-voltage (C-V) measurements. Samples
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FIG. 3. (a) Reverse |-V characteristics from SiC MPS diodes at (a) low bias 0.4 [y
and (b) high bias and as a function of Co-60 y-ray fluence. &9 00 T e
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combine Schottky diode and a P-N diode connected in parallel and Q --4+---0.5 MRad (Biased) g
are predicated upon the junction barrier Schottky (JBS) diode Y 50 }——1 MRad lo2 ®
architecture, wherein p* regions are integrated into the active = |----- 1 MRad (Biased) ©
region. The p-n junctions engendered by these p* regions are acti-
vated under conditions of elevated current. This results in a sub- 40.1
stantial influx of minority carriers into the drift layer, thereby )

1 1
reducing resistivity and increasing current. Bipolar diodes utilize -40 -30 -20 -10 0
both electrons and holes as charge carriers to conduct current in
their on-state and this results in conductivity modulation, where
the presence of these carriers significantly reduces the resistance of
the drift region during operation. While bipolar devices decrease
on-state resistance, they have drawbacks, including increased power
loss during switching between on and off states, and a higher

Voltage

FIG. 4. C-V and C~2-V characteristics to extract doping in the drift layer. (a)
Before and after gamma irradiation. (b) Before and after forward bias in injection
in unirradiated reference rectifiers.

J. Vac. Sci. Technol. B 42(5) Sep/Oct 2024; doi: 10.1116/6.0003819 42, 052203-3
Published under an exclusive license by the AVS



JVSTB

Journal of Vacuum Science & Technology B

TABLE 1. Diode parameters as a function of gamma irradiation condition.
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As-irrad. Current@1 V (mA) Ron@1V (Q) Von (V) Current@-100V (nA)  Current@-3kV (nA)  Relative carrier conc.
Reference 20.3 9.1 0.79 0.12 1.3 1

0.5 Mrad 23.1 8.2 0.80 0.24 2.4 1.04

0.5 Mrad (biased) 21.2 9 0.80 0.22 2.1 1.02

1 Mrad 34.5 49 0.81 0.32 20.8 1.18

1 Mrad (biased) 26.6 6.6 0.81 0.21 1.7 1.02

underwent irradiation with Co-60 y-rays at the Penn State
Radiation Science and Engineering Center within a 1 MW training,
research, isotopes, and general atomics reactor core, utilizing a
dry-lead shield gamma testing facility. The dose rate, certified by
the National Institute of Standards and Technology, was approxi-
mately 180 krad/h (£~10%), with samples irradiated to a fluence
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FIG. 5. (a). Forward |-V characteristics and Roy values from reference SiC
MPS diodes. (b) Expanded view of forward |-V characteristics from reference
SiC MPS diodes as a function of forward bias injection conditions.

(®) of 1Mrad, surpassing the generic requirement for radiation-
hardened military electronics of 300krad (Si) and meeting the
“stretch” goal of 1 Mrad (Si). The irradiation setup comprised 60Co
sources surrounding the samples, ensuring a relatively uniform dose
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FIG. 6. (a) Reverse |-V characteristics and Roy values from reference SiC
MPS diodes. (b) Expanded view of reverse |-V characteristics from reference
SiC MPS diodes as a function of forward bias injection conditions.
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TABLE II. Diode parameters as a function of postirradiation forward bias injection
conditions.

Current Ron Current Current
Forward @1V @1V Von @-100V @-3kV
annealing (mA) (Q) V) (nA) (nA)
Reference 20.3 9.1 0.79 0.12 1.3
2V,1h 34.6 49 0.79 0.13 2.5
25V, 1h 54.4 2.9 0.78 0.19 3.6
3.5V, 30 min 79.7 2.1 0.78 0.32 16.2
1 Mrad (as-irrad) 344 5 0.81 0.24 20.8
2V, 1h 36.6 4.7 0.81 0.21 114
25V, 1h 374 4.6 0.81 0.17 6.9
3.5V, 30 min 58.1 2.7 0.80 0.29 24.6

rate within the irradiator, resulting in isotropic gamma dose distribution.
The primary ®Co-60 gamma-photon lines were 1.17 and 1.33 MeV.
Effective gamma-ray fluence was derived from the total ionizing dose
using the conversion factor 1rad (Si)=2.0x 10° photons/cm®. The
mean free path for the Co-60 gamma rays in SiC are ~6 cm,” so they
pass through the package and the entire SiC device structure. The total
linear attenuation coefficient is ~0.7 cm™" at these energies due to com-
bined photoelectric absorption, coherent and incoherent scattering, and
pair production. The MPS diodes were irradiated either with or without
a reverse bias of —100 V.

I1l. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the forward I-V characteristics
from the MPS rectifiers before and after gamma irradiation at the
two different fluences and either irradiated with or without bias
applied. The increase in current scales with fluence and is higher
for unbiased devices, likely because the presence of a depletion
region during irradiation can more effectively sweep charge from
the sensitive volume. There was not any significant change in the
ideality factor in the forward I-V, which would be most affected by
interface trapping.

The same trends were observed in the reverse I-V characteris-
tics of Fig. 3. Figure 3(a) shows the leakage at low biases, while
Fig. 3(b) shows the current at high bias. Both show the same
trends. Generation-recombination centers associated with deep-
level traps created by the gamma-ray absorption processes within
the bandgap are particularly effective at capturing and emitting car-
riers, significantly increasing the reverse leakage current. Since
gamma rays mainly interact with the SiC through secondary pro-
cesses, such as the production of secondary electrons (Compton
scattering and photoelectric effect) and positrons (pair production),
this leads to secondary electrons creating additional ionization and
displacement damage as they travel through the rectifier. The
reverse leakage current in a rectifier is strongly influenced by the
concentration of generation-recombination centers because these
centers facilitate the generation and recombination of charge carri-
ers within the semiconductor. A higher concentration of these
centers leads to more frequent generation of electron-hole pairs and,
consequently, a higher reverse leakage current. The changes observed

ARTICLE pubs.aip.org/avs/jvb

in forward and reverse current were not due to significant changes
in the drift layer carrier concentration, as determined by the C-V
characteristics of Fig. 4(a). The carrier density was slightly decreased
at an effective carrier removal rate of <1 cm™". Table I summarizes
the diode parameters as a function of irradiation condition.

We tried different forward bias injection condition on refer-
ence devices to determine the effects. Figures 5(a) and 5(b) show
the forward current improved. Rasel et al. reported that use of
current pulses can partially recover degradation due to forward bias
stressing of 4H-SiC Schottky diodes.”” In that work, the mechanism
was identified as momentum transfer from the injected electrons to
defects created by the electrical stressing, leading to motion and
annealing of these defects. In our case, the recombination-enhanced
annealing of defects is operative, as reported in previous work.” ™’
At too high a forward bias, the reverse current also increased, as
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FIG. 7. (a) Forward |-V characteristics and Roy values from irradiated (1 Mrad,
unbiased) SiC MPS diodes. (b) Expanded view of forward -V characteristics
from irradiated (1 Mrad, unbiased) SiC MPS diodes as a function of forward
bias injection conditions.

91:91:61 ¥Z0Z Joquisldes 10

J. Vac. Sci. Technol. B 42(5) Sep/Oct 2024; doi: 10.1116/6.0003819
Published under an exclusive license by the AVS

42, 052203-5



JVSTB

Journal of Vacuum Science & Technology B

10°°
(a)
<
€
[ ——1 MRad as-irrad.
5 ——2V/1hr
O 101L ——25V/1hr
—— 3.5V/30min
10-12 1 1 1 !
-100 -80 -60 -40 -20 0
Voltage (V)

——1 MRad as-irrad.

(b) f——2viinr
10—8 | ——2.5V/1hr
—— 3.5V/30mj

Current (A)

gAY

1000 1500 2000 2500 3000
Voltage (V)

0 500

FIG. 8. (a) Reverse |-V characteristics and Roy values from irradiated (1 Mrad,
unbiased) SiC MPS diodes. (b) Expanded view of reverse |-V characteristics
from irradiated (1 Mrad, unbiased) SiC MPS diodes as a function of forward
bias injection conditions.

shown in Figs. 6(a) and 6(b). This could be due to migration of dis-
locations or other extended defects into the drift regions.”” It was
not due to a change in carrier concentration in the drift regions, as
evidenced by the fact that the C-V characteristics did not change
[Fig. 4(b)]. Note that the magnitude of the reverse current at high
biases is of the same order as devices subject to the highest
gamma-ray fluence. In other words, use of an excessive forward bias
injection condition degrades the device as much as the exposure to
the gamma-ray irradiation. The minority carrier diffusion lengths in
SiC are reported to be in the range 1-10um,"""* more than suffi-
cient to produce recovery of the gamma-induced damage if
recombination-induced defect annealing is present in the diodes.
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FIG. 9. (a) Forward current at 1V bias and Roy values before and (b) reverse
current at 3kV bias and carrier density in the drift region after forward bias
injection at 2.5 V.

Table IT summarizes the effect of different forward bias injection
conditions on the diode parameters.

We chose the 2.5 V/1 h condition as the standard for examin-
ing its effect on damage recovery because it did not produce the
degradation of the reference and 1 Mrad-irradiated diodes seen for
the 3.5V injection. However, even at this optimum condition, the
2.5V/1h forward annealing slightly degraded all the SiC diodes,
except for the 1 Mrad (nonbiased) one, which showed significant
recovery. Figures 7(a) and 7(b) show the forward I-V characteris-
tics after carrier injection at 2.5V, with little recovery to the
reference values across the entire voltage range. Similar results
were obtained for the reverse I-V characteristics, as shown in
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TABLE Ill. Diode parameters as a function of postirradiation injection annealing at 2.5V for 1 h.

Forward annealing Current@1l V (mA) Ron@1V (Q) Voyn (V)  Current@-100 V (nA)  Current@-3 kV (nA) Relative carrier conc.
Reference 20.3 9.1 0.79 0.12 1.3 1

0.5 Mrad 29.3 6.0 0.82 0.19 3.5 1.05

0.5 Mrad (biased) 389 4.5 0.81 0.28 49 1.03

1 Mrad 37.4 4.6 0.81 0.17 5.8 1.06

1 Mrad (biased) 39.2 4.2 0.81 0.34 35 1.04

Figs. 8(a) and 8(b). The reverse currents are still larger than in the
unirradiated reference diodes. Certainly, the forward-biased carrier
injection is much less effective than electron wind force annealing
in improving the SiC diode characteristics. We want to emphasize
that there is a region where there is some recovery of the damage
after forward bias annealing, but if the forward bias is too large, the
devices, including the reference diode, are degraded. This shows
again the limitation of the carrier injection method for trying to
repair radiation damage in SiC.

Figure 9(a) summarizes the change in forward current mea-
sured at 1V for all the conditions examined, while Fig. 8(b) sum-
marizes the reverse current values at 3kV bias. The
gamma-induced damage is only obvious at a fluence of 1 Mrad and
biasing during radiation exposure reduces the increase in current.
Forward bias injection always produces further degradation of the
forward and reverse current, except in the case of the diode with
the greatest amount of radiation damage (1 Mrad, unbiased). This
shows the recombination-enhanced annealing mechanism is not
generally applicable to gamma-damage in SiC MPS diodes and is
not an effective technique for damage recovery at room tempera-
ture. Table IIT summarizes the effect of the forward bias injection
at 2.5V on the diode parameters.

IV. SUMMARY AND CONCLUSIONS

The forward and reverse current of 4H-SiC MPS rectifiers
increased after gamma-ray irradiation. The biasing of the diodes
during the irradiation does help reduce the irradiation-induced
degradation effect. Forward annealing at 2.5V for 1h was carried
out to determine if minority carrier injection could produce
recombination-enhanced point defect annealing at room tempera-
ture. After testing the reference and 1 Mrad-irradiated diodes up to
3.5V, the diode dramatically degraded. The 2.5V/lh forward
annealing condition slightly degraded all the SiC diodes, except for
the 1 Mrad (nonbiased) one, which showed significant recovery.
There is a small window of forward biasing conditions where there
is some recovery of the damage after forward bias annealing, but at
too large a forward bias, the MPS diodes are degraded, including
the reference diode. This shows again the limitation of the carrier
injection method for trying to repair radiation damage in SiC.
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