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Electrical characterizations of Neutron-irradiated SiC Schottky diodes
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Abstract—Neutrons with an average energy of 9.8+0.8 MeV were irradiated onto silicon carbide Schottky diodes.
After bombardment at a fluency of 2.75x 10" neutron/cn’, the Schottky barrier height, ideality factor, and the leakage
currents remained unchanged. The electrical properties began to deteriorate after bombardment at a fluency of 5.5%
10" neutron/cm’. In this study, we demonstrate that SiC SBD is robust under neutron irradiations and is well suited
for space operations up to bombardments at a fluency of 2.75x 10" neutron/cm’.
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INTRODUCTION

Silicon carbide is considered one of the most promising materi-
als in power electronics due to its wide bandgap (3.2 ¢V for 4H-
SiC), high electron mobility (~900 cm?/Vs), high thermal conduc-
tivity (3.7 W/ecm-K) and high breakdown field (0.6 MV/cm) [1-3].
It is known that the radiation hardness of semiconductor materials
is inversely proportional to the lattice constant, where the lattice
constant of 4H-SiC is a=3.0730 A and c=10.053 A, which is lower
than that of Si (5.43095 A) and GaAs (5.6533 A) [4]. In addition,
high quality SiO, with low surface states enabled SiC to be compat-
ible with silicon microelectronics because most compound semi-
conductors, such as InP, GaAs and GaN, suffer from a lack of native
oxide with low surface states and high breakdown field [1]. There-
fore, the demonstration of normally-off metal-oxide-semiconduc-
tor field effect transistor (MOSFET) is very difficult without a high
quality insulation layer. Also, the SiC Schottky barrier diodes (SBD)
have been shown to have an exceptionally high switching frequency
with almost zero reverse recovery current [S]. The effects of gamma-
ray and proton irradiations have been widely reported, compared
with those from neutron irradiation [6,7]. Since one of the future
applications will be military and space applications and electronic
devices in space are exposed to high energy protons and neutrons
during operations, it will be necessary to investigate the effects of
neutron irradiations on SiC devices under various fluencies. It is
known that the lifetime of a space aircraft such as artificial satel-
lites is determined by the lifetime of the electronic devices inside
[8]. Therefore, it is highly important to characterize the effects of
neutron irradiations on SiC SBDs, which have potential applications
in space operations.

EXPERIMENTAL

A 4H-SiC epilayer (10 um thick, n-type) was grown on a highly
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doped 4H-SiC substrate. The backside was deposited with Ni (1,000
A) by e-beam evaporation after being cleaned with a BOE (buff-
ered oxide etchant) solution. The sample was then annealed at 900 °C
for 1 min under nitrogen ambient conditions to form the ohmic con-
tact. Using photolithography and e-beam evaporation, circular pat-
terns of Ni (1,000 A) were deposited on the front face of the 4H-
SiC wafer, followed by annealing at 300 °C for 1 min. The diameter
of the circular patterns was 100 um. The neutron irradiations were
performed with an MC-50 cyclotron in KIRAMS (Korea Institute
of Radiological and Medical Sciences). Neutrons were generated
by 35 MeV protons irradiating on the beryllium target. One proton
generated 1.22x10™ neutrons when colliding with beryllium target.
This generated a high-energy neutron beam (E<30 MeV) that in-
cluded thermal neutrons (E<1 eV) and fast neutrons (E>10keV)
with an average energy of 9.8+0.8 MeV. To approximate realistic ir-
radiation conditions, neutrons that had a distribution of energy from
zero to 30 MeV were irradiated onto our samples. To compare the
effects from the fluencies, neutron irradiations were performed twice.
The first fluency was approximately 2.75% 10" neutron/cm’ at 1 atm.
This fluency was calculated in conditions where the proton current
was 20 WA and the time for irradiation was 120 min. The condition
of the second neutron irradiation was the same as the first experi-
ment. Current-voltage characteristics (I-V) were monitored with an
Agilent 4155C parameter analyzer before/after each irradiation.

RESULTS

Fig. 1 shows a schematic diagram of vertical SiC SBDs. To char-
acterize the effects of neutron irradiation, the Schottky barrier height,
leakage currents at —40 V and ideality factor were compared before
and after neutron irradiation. After the 1” neutron irradiation, there
was only a nominal change in the Schottky barrier height and ide-
ality factor. The Schottky barrier height (¢;) was calculated by the
equation J=A T?exp(—(q@y/kT))(exp(qV/nkT)—1), where J is the for-
ward current density, A is the Richardson constant, k is the Boltz-
mann constant (8.617x107° eV/K), q is the electronic charge (1.6
107" C) and T is the absolute temperature. The only difference was
a reduction in the currents in the forward bias, which was due to
the traps created by the incoming neutrons. After the 2" neutron
irradiation experiment, the Schottky barrier height was reduced from
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Fig. 1. (A) Schematic diagram of the SiC SBD. (B) Top view of the
100 yum diameter SiC SBD.

Table 1. Schottky barrier height before and after irradiations

Schottky barrier height (eV)
at room temperature
Reference 1.54
1* Neutron irradiation 1.53
2" Neutron irradiation 0.95

Table 2. Leakage current density at —40 V
Leakage current density (A/cm?)

at—-40 v
Reference (25 °C) 5.24x107
1" Neutron irradiation (25 °C) 1.36x107*
2" Neutron irradiation (25 °C) 1.32x107¢

1.53 eV to 0.95 eV at room temperature. The ideality factor, which
was calculated by using the equation (n=(q/kT)(dV/d(InJ))), was 1.1
before neutron irradiations and did not change after the 1" irradia-
tions at room temperature. However, after the 2 irradiation at room
temperature it increased to 1.9. Based on the electrical properties,
the threshold damage was reached after the 2" irradiation.

The leakage current density is summarized in Table 2. For an
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Fig. 2. Current-voltage characteristic at room temperature after
irradiated with neutrons.

ideal diode, the leakage currents should be independent of bias. How-
ever, due to the decreased Schottky barrier, the reverse leakage cur-
rent will increase along with the bias condition [9]. As calculated
from Fig. 2, the Schottky barrier height did not change after the 1*
neutron irradiation. Therefore, the observed decrease in the reverse
leakage current at —40 V can be explained by the change in the carrier
concentration through the irradiation process, which can cause elec-
trical traps. After the 2 neutron irradiation, the decrease in the Schot-
tky barrier height resulted in an increase in the reverse leakage cur-
rent [9]. The electrical properties did not change much after the 1*
neutron irradiation, which is critical to ensure the long term reliabil-
ity of SiC-based electronics under high energy irradiation environ-
ments. The outstanding radiation robustness of SiC makes it a pro-
mising material for space and military applications.

CONCLUSION

An SiC Schottky barrier diode was bombarded by neutrons (up
to 30 MeV energy) at various fluencies. After the 1* neutron irradia-
tions with a 2.75x10" neutron/cm” fluency, the ideality factor and
Schottky barrier height did not change. However, the SiC SBD began
to degrade after the 2" neutron irradiation with the same fluency.
In addition, the Schottky barrier height was lowered and both the
ideality factor and the leakage currents were increased after the 2™
neutron irradiation.

ACKNOWLEDGMENTS

This research was supported by the Korea Science and Engi-
neering Foundation (KOSEF) grant funded by the Korean govern-
ment (MEST). (Grant code: M2AB02) and BK21 program. Also,
it was carried out using the MC-50 cyclotron at the Korea Institute
of Radiological and Medical sciences (KIRAMS).

REFERENCES

1. B.J. Baliga, Silicon carbide power devices, World Scientific Pub-
lishing (2005).



Electrical characterizations of Neutron-irradiated SiC Schottky diodes 287

2.J. A. Cooper, Jr. and A. Agarwal, Proceedings of the IEEE, 90, 956
(2002).

3. R. Singh, J. A. Cooper, J., M. R. Melloch, T. P. Chow and W. Pal-
mour, [EEE. Trans. Electron Devices, 49, 665 (2002).

4. X. Hu, B. K. Choi, H. J. Baraby, D. M. Fleetwood, R. D. Schrimpf,
S. Lee, S. Shojah-Ardalan, R. Wilkins, U. M. Mishra and R. W.
Dettmer, /EEE Trans. Nucl. Sci., 51,293 (2004).

5. M. Bhatnagar, Peter K. McLarty, Member, IEEE and B. J. Baliga,

IEEE ELECTRON DEVICE LETTERS, 13, 501 (1992).

6. H.-Y.Kim, J. Kim, S. P. Yun, K. R. Kim, T. J. Anderson, F. Ren and
S. J. Pearton, J. of the Electrochemical Society, 155, H513 (2008).

7.J. Kim, S. Nigam, F. Ren, D. Schoenfeld, G. Y. Chung and S. J.
Pearton, Electrochem. Solid-state Lett., 6, G105 (2003).

8. S. M. Sze, Physics of semiconductor devices, 2", John Wiley & Sons
(1981).

Korean J. Chem. Eng.(Vol. 26, No. 1)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


