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Jean-Marie Lauenstein Abstract: Heavy-ion induced degradation and catastrophic failure in SIC power MOSFETs and diodes are examined to provide insight into the challenge of single-event effect hardening of SIC power devices.
: : : : :
Introduction Test Methods and Devices Results Discussion Cont'd
This work presents heavy-ion test data for several SiC Table I: Summary of SiC Power Devices Tested Tables Ill and IV summarize results of the discrete power diode and MOSFET responses to heavy-ion irradiation. Device hardness was evaluated principally In silicon power MOSFETs, SEB susceptibility during
power MOSFETs and diodes in order to increase the body of _ under Ag and Xe irradiation to reveal performance at typical robotic mission SEE hardness requirement conditions (LET > 40 MeV-cm?/mg in silicon, range to Bragg peak radiation testing is often reduced by elevated temperature and/or
knowledge that will enable single-event effect (SEE) hardening Device Type Technology | of Part Types/ | Voltage Rating > overlayer + epilayer thickness). Diode (“D”) and MOSFET (“M”) manufacturers are distinguished by numerical identification; different parts from the same by the addition of a drain resistor to dampen the drain voltage and
of this technology. Specifically, diode data and MOSFET current - Manutacturers (V) manufacturer are further distinguished by sequential lettering (“A”, “B”, etc.). See Test Methods section for definitions and criteria for the tabulated device responses. suppress second breakdown. In two of the SiC power MOSFETS
signatures under different bias, temperature, and beam FOWET _MOSFET VDMOTS /4 1200 — 3500 Importantly, the threshold bias condition necessary for catastrophic SEB or single-event gate rupture (SEGR) cannot be identified due to the rapid degradation and studied here, elevated temperature tests did not impact current
conditions are presented for devices from different Bfoge Sf_l[\l) gﬁ 1625000_ 13230000 damage to the device when irradiated at biases just below that resulting in immediate catastrophic failure upon beam exposure [6]. In Table 1V, V¢ levels falling between degradation or sudden SEB onset, suggesting different
manufacturers or different generations within a single ~VDMOS. V'fmfal e doubl;_diﬁused sower MOSFET — the maximum bias at which no damage was measured (column 4) and the onset bias for current degradation (column 5), resulted in latent degradation identified only fundamental mechanisms are involved in SiC power devices.
manufacturer, and the emerging patterns are discussed. tSBD: S{;hottky barrier diode after beam exposure during PIGS or BV4¢ testing. The degradation revealed by these tests was in part a function of ion fluence as opposed to a true single-event effect. Small sample sizes limit the conclusions that can be drawn
Table lll: Summary of Discrete Power Diode Test Results Table IV: Summary of Power MOSFET Test Results at 0 Vg from the studies conducted here. It is hoped that this work will
Both the performance benefits of SiC over Si power _ : : : : :
devices (Fig. 1) and the high tolerance of commercial SiC Part Preparation lon Device |Type| Rated Max Vg Min V, Sudden SEB lon Device| Rated Max Vg Onset Vg I, I Degradation Min Vg gce)?/}glsl#teesger?r?ler;gfgggl:i?]gt;hteo?Jrr?(\:;\g?sq[;r?(ljl?ﬁgrgillzrr]eo:nselc%apr?ivsvrenrs
ionizi _ = Decapsulation via acid-etching or manufacturer-supplied unlidded. Voltage| No Degradation Vv % Voltage| No Damage o= | I > | Sudden SEE _ . : .
components tq lcitz! |on|zmg_dose (I [ e enh_anced : P . < : PP : =2 2 = 2 — T In order to harden these devices against heavy ions and neutrons.
the allure of SiC technology in the aerospace community. To = 1-mil parylene-C deposited to prevent arcing. D1A | PiN| 1200 | 350=<V,<375 |425<VL,<500 35%-42% | (1110 MeVv| M1 1200 | 50 <Vps <75 |200 £V < 225 350 < Vs <400 | 500 < SEB =600 .
date, however, SIC power devices have not performed well " Typical sample size of each part type: 15 pieces *D1B | PiN | 3300 | 400<V,<450 |800<V,<1000 24% - 30% Ag M6 | 1200 | 25<Vps<50 | 50 < Vpg < 100 notfound  |SEE <600 (see Xe) Conclusions
””g/er heat“’y;'onr']frag'é‘gorl‘:’_ S“ge””%_'?e:j”}a”e”%dear%da?ﬁ” Beam Conditions 11123"9\/ D2 |SBD| 1200 | 100V, <200 |500<V.<550  42% - 46% M1 | 1200 |50 <Vgs <75 |200 < Vo < 300 400 < Vpg < 425 | 450 < SEB < 500 From the work presented here and performed by others, it
EIneion CREENERING S== (g 2, Meelied ieim |ig]) |2-el. Tz = Heavy-ion beam facility and properties given in Table II. D3 |SBD| 1200 | notfound (< 350) | 475 < V<500 = 40% - 42% M2A | 1200 | 40 < V. <50 <182 *400 < V. < 500| 600 < SEB < 700 is clear that serendipitously SEE-hard commercial SiC power
mechanisms of heavy-ion induced degradation and failure are R DS DS : : " -
_ y J _ A . under 10 em2s up to 5x103 cm-2s-1 devices are rare or non-existent. Most space applications will
an active area of research [6-9] uxrange. unaer cm=s=upio cm=s-. D4 |SBD| 650 150 = V; <175 | 250 <VL=<300 38% - 46% 996 MeVv | M2B 1200 | 50 <Vpg5<60 < 182 300 < Vpg <400 | notfound (> 500) ) _ _
' . : . require SIC power devices that have been hardened to SEE.
Diode Single-Event Effect Testing 1291 D2 |SBD| 1200 | 150=<V, <175 not found (see Ag) Xe M2C | 3300 | 50 <Vpg<75 n/a’ 325 < Vpg < 350 | 600 < SEB =800 - _ -
= Test conditions: MeV Xe | D4 [SBD| 650 | 150<Vj <175 not found (see Ag) M5 | 1200 | 40 < Vg <50 <182 200 < Vg < 400 | 400 < SEE < 600 | All commercial SIC power devices evaluated here exhibit
: — Reverse bias (V.) incremented before each run: eI - Immediate catastrophic SEE at biases below 60 % of their rated
High I?reakdown V)oltage _ DC peak everse vallens (Vo ) a6 19 euives measured after Xee DI1A | PiN | 1200 | 3255V, <350 |450<V,S475 38% - 40% we | LAl not found wetieune | westieniel (= S| 12 S 2500 (Ee Ag) breakdown voltage and experience permanent degradation down
~ 10x vs. Si RRM 566 MeV to much lower biases (< 10 % for MOSFETs). The catastrophic
each run. M5 | 1200 | 70 < Vpg <80 [200 < Ve € 400 not found (> 400) | 400 < SEB < 600 _ ofort - 1he S
: / \ = Failure criteria: 2/8MeV b3 |sBD| 1200 | 550 Vi < 600 600 50% = > > SEE safe operating area falls within the range of biases at which
Low On-State Resistance Mass Savings _ - e Ne *Onset > 400 V based on 4 samples irradiated to low, 1x103 cm2 fluence cumulative degradation occurs and at this time cannot be
(~ 1/100 vs. Si) - MaX|mum bias yielding no degradat_lon. e m?asurable change *Small sample size; older-quality wafer Latent gate damage only; during beam exposure, all events resulted in Iy > I established for space applications. This limitation is compounded
Power Savings In reverse current (l) pre- vs. post-irradiation; by the unknown impact of the non-catastrophic, cumulative heavy-
. . . = . = = 0.002 ————————r ——————r ———————————— M B A ‘ 10! —m—"mm——m—m—————————1———— E 1.5x10°° . L A ———7 77— . . . . ] .
High Temperature Operation Cost Savinas TAhlreshzo(I)d b'L\as Lor su(;j(;en_SEB. catabstrophlﬁ failure . B [ o) —— 275V, — | w0V, R | 3o iﬂvbs'soov — ] J— | ion damage on device life time. Much work remains to be done to
(~ 200 °C) 9 Bl > 20 T, STl Clevies)) Lo eI StUEEr elpeniing. S ekl g =1 E | 280 e S B e | reliably introduce SiC technology into space applications.
: — \_ - Power MOSFET Single-Event Effect Testing E | o Peam Ol & e | 2] g 200 s T T e |
High Thermal Conductivity . Test conditions: 5 § ooro 0 | F ooffilll 5 1.5x10 5 1 oxto®
= L. ol — Gate-source voltage (Vgs) held at 0 V (off-state); & ' & 0.0 o: £ o ‘l“m"r"”ﬂ LIS Bt L. ) ;::: _
- : : e — Drain-source voltage (Vp<) incremented before each run; | ———"" - . Fuc- 100 om?s’ | Flux~70cm?s"} - -1.0x10° M2A S - o .'
Fig. 1. Benefits of SiC power technology as compared to silicon. DS ’ T ————— 0,000 1 107 joeevxe — 1) 0.0 ] o0
g p gy p _ POSt-Irradlatlon gate StreSS (PIGS) teSt performed and -50 0 50 Ela;zzd T:::Z {5}200 250 300 0 :c:apse;:?me (51)50 200 ) } Elapsed Time (s) 1.5x10° L U_x 6 'cr? S r 5,0 — .160, — _1é0. r 50 — 6 e 5,0 e o c -40' — .-2;0. — 6 —— 2,0 — A AC k n OWI ed g m ent
breakdown voltage (BVpss) measured after each run. . . _ o . . Elapsed Time (s) B Elapsed Time (s) Flapsed Time () This work was supported in part by the NASA Electronic Parts and
« Eailure criteria: Fig. 3 D4 response tq Ag radlat.lon. Left: I d_egradatlon IS propo.rtl.o_nal _to fluence (¢); _ _ _ _ _ | packaging (NEPP) Program, NASA Solar Electric Propulsion Program
Modified from: Kubovama. et al. 16 Lo — Maximum bias yielding no degradation: no change in PIGS or damage [6] and functionality is gradually lost. dI,/d¢ decreases possibly due to lg = Id runtime events (A); Id > Ig runtime events (B); and sudden catastrophic SEB (C). the NAS_'A ngh?Temperature Boost Power ProceSSIng Unit Project, other
y , , [6] I i
Lo SEB BV<s pre- vs. post-irradiation; reduced mobility (thus impact ionization) from heat and/or collapsed drift fields from the NASA flight projects, and the Defense Threat RedUCtlon Agency (DTRA).
+ 1X Region 3 Onset hias for clnrent degradaton: lowest bias yielding distributed excessive |,. Right: Immediate SEB upon a pristine D4 sample exposure to We thank the different manufacturers who contributed to this work.
____________________________ o . B ) Sy _ Ag ions. . . : .
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&3 /4= Degradation (Alp > 20 mA and BVpss < 1V (shorted), or Alg > 1 mA) Several conclusions emerge from Tables 11l & IV:
e EEEE N SR E TP RS immediately upon beam exposure. R - e = PiN diodes exhibit higher onset V, for heavy-ion - |
gg Region 1 4_._: 'No permanent Table II: Heavy lon Facilities and lons Used :: 2;?3:05: ) : i 5?8“"4‘;“,“ ;nudsté(;e[ailigiﬁ?;?gimggi |§é|?3an do SBDs, but similar wl ::go T — References
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