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IN THE DESIRED APPLICATION ENVIRONMENT, ALL LINKS MUST 
1. FUNCTION INTEGRATED TOGETHER
2. BE PROVEN LONG-TERM DURABLE/STABLE - WITH MARGIN!

IC Electronics Technology Chain
Chain that is taken for granted at conventional temperatures, 

but is far from trivial to expand to temperature extremes.

Any single weak link will prevent practical infusion and deployment of electronics.
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(Results from ICSCRM 2007 & ECSCRM 2008)

D. Spry et al, Mat. Sci. Forum vol. 600-603, p. 1079 (2008)
Ohmic Contacts from R. Okojie et al, J. Appl. Phys, vol. 91, p. 6553, (2002)
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< 10% changes during 10,000 hours of electrical operation in air at 500 °C!
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SiC JFET IC Interconnect Development1
(Simplified Cross-Sections of Multiple Generations of Prototype 2-Level Interconnect)

• 7 - Only 720 °C LPCVD TEOS,  M1 has Ti adhesion layer
Proximity sputtering of TaSi2 (21 mm target-substrate)

7 devices were not functional because of bond pad
• 8.1 Bond pads were only made by etching Via3 back to SiC and depositing 

Metal 3 during a single pump down of TaSi2/Pt/Ir/Pt
• 9.2 Added 63 nm of LPCVD stoichiometric Si3N4 above Metal 2
• 10.2 - Pulsed-DC TaSi2 and 1 Si3N4 layer above Metal 2
• 11.1 - HiPIMS TaSi2 and 1 Si3N4 layer above Metal 2
• 11.2 - Pulsed-DC TaSi2 & 2 Si3N4 layers

-above Metal 2 & 
between M1 & M2

1 D. Spry & P, Neudeck, 2021 Int. Conf. Compound Semiconductor Manufacturing Technology (CS-MANTECH)
29 June 2022 P. Neudeck, NASA Glenn, 2022 DRC 13



14

500 !C Stable Two Levels Interconnect1

IC processing and materials compatible with SiC power device tools & manufacturing
• Close-proximity sputtering of TaSi2 (21mm target to substrate spacing)
• LPCVD tetraethyl orthosilicate (TEOS) and Si3N4 layers deposited at 720 SC
• All interconnect completely buried/passivated beneath dielectric.

IC Gen. 10

1P. G. Neudeck, et al., 2018 IMAPS High Temperature Electronics Conf. pp. 71-78

29 June 2022 P. Neudeck, NASA Glenn, 2022 DRC
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500 !C Stable Bond Pads and Packaging1,2

1D. Spry & D. Lukco, J. Electronic Materials 41 p. 915 (2012)
2L. Chen, et al., Proc. 2016 IMAPS High Temperature Electronics Conf. pp. 66-72

• “IrIS” bond pad metal stack anchored directly to SiC1

• Pt thick-film traces, Au/Pt pads, Au die attach (600 CC), and Au ball bonding2.

29 June 2022 P. Neudeck, NASA Glenn, 2022 DRC
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The first clear structural temperature limit is just 
above 700 °C.

Image a after 500 °C anneal the IrIS stack has 
segregated into its planed layers of TaSi2 that 
contacts the underlying SiC, PtSiX, Ir, Pt.

Image b post 700 °C image of bond pad without Au
cap reveals a thickened PtSiX zone that comes closer 
to SiC interface, the contact remains a smooth and 
abrupt interface between TaSi2 and SiC.

However, image c of 700 °C anneal IrIS stack with Au 
cap shows evidence of oxygen accumulation at the 
Au/Pt interface which could become a bonding failure 
point if the Au ball bond attached during chip 
packaging is not thick enough to prevent oxygen 
penetration.

Image d at 900 °C, the Fig. 2d image shows Pt has 
reached the SiC interface along with evidence of 
voiding (white arrow).

Annealing Study of Thermal Limits of “IrIS” Bondpads1

1 D. Spry & P, Neudeck, 2021 Int. Conf. Compound Semiconductor Manufacturing Technology (CS-MANTECH)
29 June 2022 P. Neudeck, NASA Glenn, 2022 DRC 17



Serial Data
Ping Phase

A/D
Phase

Time (sec)

Si
gn

al
 (V

)

8-bit A/D with serial data ping for 6 sensor channels
4-layer HTCC circuit board 4.5 inches x 4.5 inches
9 packages of Gen. 11.1 chips (7 topside, 2 underside)
Awaiting GEER Venus chamber test (COVID-delayed)

Prototype Venus Lander Circuit Board

T = 25 °C

29 June 2022 P. Neudeck, NASA Glenn, 2022 DRC 18

Simple “state machine” to digitize and serial data ping signals from analog sensors

Ceramic packages and circuit boards commercially purchased. Designed and integrated by NASA.
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Sheet Conductance & Ring Oscillator Frequency vs. Temperature1

Circuit frequency & power track 4H-SiC n-layer conductivity change

Low Temperature (T < 0 °C):
Incomplete ionization “freezeout effect” 
dominates 4H- SiC n-layer conductivity

High Temperature (T > 0 °C):
Carrier mobility reduction due from thermal 
phonon scattering dominates 4H-SiC n-layer 
conductivity.

Circuit frequency and power are highest 
near 0 °C, decrease by roughly factor of 4-5 
as temperature increased to 500 °C.

"+'G:'8HC$%=(2C$1()54@5H&C$<(4H4=C$E9'/C$3)?'(&).5$%8&'/8'$L4(GMC$;4.U$XYgC$==U$a[gRa[W$*_Z[X0U
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Measured Output Voltages vs. Temperature

Larger resistors achieve 5-fold reduced power goal.
- At much less than 5-fold layout area penalty.
- Logic swing (above) and other metrics acceptable.

P. Neudeck, NASA Glenn, 2022 DRC29 June 2022



500 >C Durable NASA Glenn Gen. 10 SiC JFET-R RAM Chip1

1P. G. Neudeck, et al., 2018 IMAPS High Temperature 
Electronics Conf. pp. 71-78

3 mm
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• Some IC Gen. 10 chips last more than 1 year, but a few “infant fail” much sooner
• After initial burn-in, output characteristics change < 10%

500 !C Oven-Test Results1

1P. G. Neudeck, et al., 2018 IMAPS High Temperature Electronics Conf. pp. 71-78
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Primary Failure Mode: Cracks in Dielectric1

1P. G. Neudeck, et al., Proc. 2018 IMAPS High Temperature Electronics Conf., pp. 71-78

TaSi2 interconnects oxidize beneath cracks
leading to open-circuit failure

29 June 2022 P. Neudeck, NASA Glenn, 2022 DRC
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Cracks Observed After 727 °C Anneal in Earth Air1

• This IC Generation 9.2 sample was annealed at 727 °C.

• Same kind of behavior (to far lesser degree) is observed on some 500 °C annealed samples.

• At least some cracks linked to dicing, handling, design rules, and bonding.

1D. Spry et al., Proc. SPIE vol. 9836 (2016)

29 June 2022 P. Neudeck, NASA Glenn, 2022 DRC



1 mm

10-cycle “Accelerated Aging” 720 °C Anneal Test Results1

P. Neudeck, NASA Glenn, 2022 DRC 31

No Cracks, No Oxidation
NOT 25 °C Functional

Cracks & Oxidation
500 °C Durable IC

Cracks & Oxidation
NOT 500 °C durable

1D. Spry et al., Materials Science Forum, vol. 1004, pp. 1148-1155 (2020)

29 June 2022



IC Prototype Wafer 11.2 – IC-Killing Metal 2 Crack
(Present in all as-fabricated 11.2 chips)

As seen in the microscopic cross-sections, 
metal cracks opened in all Metal2 traces 
running over topology during final Si3N4 720 °C 
deposition, resulting in electrical failure of all 
the large integrated circuits.

P. Neudeck, NASA Glenn, 2022 DRC 32

Subsequent FEA modeling 
confirmed highest stress 
location

Ansys FEA by C. Chang
29 June 2022



“IC Gen. 11” (2018-19)
120-bit RAM, ~ 1000 JFETs

“IC Gen. 10” (2017)
16-bit RAM

“IC Gen. 12” (2022*)
248-bit RAM, ~ 2000 JFETs

Upscaling from MSI to LSI

* Fabrication delayed by prolonged     
COVID-19 NASA Glenn SiC lab closure.

29 June 2022 P. Neudeck, NASA Glenn, 2022 DRC 33

Shift from contact-aligner 
lithography to stepper lithography 
planned for IC Gen 13.



Gate length 
(WG)

SiC JFET-R Scaling Limitations

Vd = 20 V
Vs = -25 V

Present-day process & tolerances NOT sufficient for 
submicron gate length JFETs

Power density limitations (self-heating) also likely to 
limit JFET-R IC upscaling

Paths to further upscaling (submicron gate lengths):
- Tighter process control (including epilayers)
- Lower threshold voltage à lower supply voltage
- Alternative device topologies

- Implanted-channel SiC JFET, III-N HFETs? 
1Mehta, Neudeck, Lawson, Mat. Sci. Forum vol. 1062 p. 519 (2022)

10,000 JFETs/chip practical limit??

Simulated SiC JFET Turn-Off
I-V Characteristics1

29 June 2022 P. Neudeck, NASA Glenn, 2022 DRC 34
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• SPICE models for circuit design and mask layout rules (Gen. 12 and Gen. 13)
• External partner IC designs are in Gen. 12 fabrication run (Space Act Agreements)
• Commercial SiC JFET-R IC design services available (https://www.ozarkic.com)

29 June 2022 P. Neudeck, NASA Glenn, 2022 DRC 36

Gen. 12
NOT Gate Area
11021 µm2

Gen. 13
NOT Gate Area
3016 µm2

https://go.nasa.gov/jfetic
https://www.ozarkic.com/
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Revised interconnect process to be verified on SiC dummy wafers prior to implementing on IC Gen. 12 SiC epi-wafers.
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2022-23 Planned Prototype Chips and Systems

Highlight SiC JFET-R IC designs enabling to unprecedented “go anywhere” durable capability include:
- 8-bit microprocessor dual-chip (assembly language, transport-triggered architecture)
- 8-bit analog to digital (serial output), digital to analog
- 2-kbit ROM, 248-bit RAM, microseconds to hours clock/timer
- Variety of analog sensor-customized ASICs and amplifiers (including Venus lander sensors)

50 Application Specific Integrate Circuit (ASIC) designs are being fabricated in IC Gen. 12

Example: Microprocessor controlled motor-driven Venus imager prototype
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Venus (Radar Image)
Mass: 82% Earth
Orbit: 72% Earth

T (surface): +460 °C
Lander Missions: Hours of data

Mars
Mass: 10% Earth

Orbit: 150% Earth
T (surface): -143 °C to +35 °C

Lander Missions: Years of data
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Electronics Qualification for Long-Term 500 °C Operation
Aerospace & automotive electronics qualification 
processes practiced for decades need to be 
extended/adapted to cover much higher temperature

NASA Glenn expansion of parallel testing capacity using 
“small pizza oven” concept1

- Chip (+ package) on ceramic board inserted into oven slit.
- Goal is 50 parallel IC tests with rapid thermal cycling.

- Testing statistics (parallel testing)
- Chips, packages, and multi-chip circuit boards
- Temperature acceleration, voltage/current acceleration
- Repeated thermal cycling and shock testing
- Vibration testing at high temperature
- Failure mechanism documentation & understanding

1Izadnegahdar et al., 2021 IMAPS Int. High Temperature Electronics Conf., pp. 76-82
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500 °C Durable Electronics Technology Gaps

SiC JFET-R is confined to relatively low operating frequency (few MHz at most)
- Other technologies (e.g., SiC BJT) needed for ≥ 100 MHz (e.g., RF transmitter)

SiC JFET-R is “normally on” device poorly suited for power switching & management
- Other technologies (e.g., SiC BJT) needed for “normally off” high power switching
- High-voltage (kV) high-current (10-100A) 500 °C durable chip packaging not demonstrated

SiC JFET-R logic requires more than 10-fold higher power than complementary (CMOS) logic

500 °C durable memory is primitive compared to modern room-temperature memories
- Less than 1 kbit/chip, mW/bit RAM storage power, mask-programmed ROM
- Electronically burnable 500 °C durable non-volatile memory/FPGA yet to be demonstrated

500 °C durable “quartz crystal” like timing reference clock has yet to be demonstrated
- SiC JFET-R ring oscillators are non-precise, though stable to within 10%

(Priorities to be addressed)
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Juno Mission Electronics Vault
https://www.nasa.gov/mission_pages/juno/news/juno20100712.html

https://en.wikipedia.org/wiki/Juno_Radiation_Vault

- Anticipated mission total ionizing dose near 20 Mrad(Si).
- The vault weighs about 200 kg, comprised 1 cm thick titanium walls.

https://www.nasa.gov/mission_pages/juno/news/juno20100712.html
https://en.wikipedia.org/wiki/Juno_Radiation_Vault
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