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| l“l"|d0hoNofiono|LoborotorY : _. | s MOtivation

' NASA and DOE are deveIoplng a technology demonstratlon of a Lunar F|55|on
Surface Power (FSP) reactor Precursor to future nucIear reactor on Mars.

| Unlike typical nuclear power pIants and emerglng SmaII Modular Reactors :
- (SMRs), the Iunar FSP system |s more compact autonomous and a prescrlbed -
- 10- -year life. s ~

K -Sensors and mstrumentatlon must be compact (reduced form factor) |
integrated functlons rad- hard and hlgh temperature ("‘800 °C) durable.

. Failing Iunar FSP reactor sensors wouId not have the quury of repIacement )

* From reI|ab|I|ty and robustness standpomt sensor technologles currently don t
exist. ~ - : -

‘New, robust, and reI|abIe sensor technologles are needed for FSPs and SI\/IRs

Wwww.nasa.gov
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Pressure Sensor Key Performance Parameters NS

| On-Chip integrated SlC : e v (T P) ] _' + . P
P/T (RTD) sensors =~ A . |

, | N Stablllty of these parameters determme sensor-
PtRTD siC Pressure e | ' measurement reI|ab|I|ty and accuracy. .
- Sensor- B « Combined varlables make analysis more complex.
2, * De-Coupling _needed for effective analysis. |

ZPO/RTD Only (NSUF — RTE)(0SU)
V(T ny) = Vzpo(T,ny)

ZPO/RTD and S: P,Tn,vy (Super RTE at MIT)
V (T,P,n, )’) = VZPO(T n, )’) +S(T n, )’)P

Package-embedded TC

 P/T(RTD) |
Fully Packaged SiC P/T Transducer

www.nasa.ga
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Sample G: HG0767-04 06-06 Zero Offset vs Temperature
Calibration

400
Temp. (°C)
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| ZPO-Characteristics._' ;

ZPO and RTDOvéni Characterization ‘

'RTD Characteristics.

Each sensor has its unlque characterlstlcs, hence
| callbrated mdlwdually

Performance Parametrlcs
CRS Cumulatlve Relative Shift across aggregate cycles
w o we RS= Relatlve Shlft after each cycle ‘ '

Calibrated TC Temp [°C}

SampleG:HGO767-O406-06RTDTempraureCaIibration | ; ZPO(t)_ZPO Te—ifradiation .
- CRS =—— e x100 %
: ' ZPOpre'—irr_adiation o
e ZPO(t)-ZPOjpitial |
. RS= mitial 9 0 %,

ZPOjpitial

600 800
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l"l"_‘\ldohoNoﬁono| Laboratory | I T .T.eSt SEtUp L

Sample # Doping Conc. Total Fluence Total Minimum Gamma Cumulative Time
(cm3) (n-cm-?) (Mrad) (hrs)
1017 ~1.22x1016 88 12.1
1019 ~1.12x1016 80 11
1019 ~2.22x1016 22
~2.24x1016

Sa"mp‘les A, B,'a'nd D from same wafer

Reactor Power

Mixed fast and thermal
neutron flux of ~2.8x10*!
n.cm32.s (>100 keV)

assembled integrated pressure/temperature
ensors with facility reference TCs ready Typical reactor power profile used during
f sy | irradiation
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Idaho National Laboratory

Pressure Sensor ZPO Response -
| | B fsamplésA and .B).. |

Sample A: Zero Pressure Offset Voltage (Cycle 1) Sample A: Zero Pressure Offset Voltage (Cycle 2) Sample A: Zero Pressure Offset Voltage (Cycle 3)

n,y ny

Undulation due to
DAS gain off

Cycle time: 4 hours
Cycle time: 1.1 hours Cumulative time: 5.1 hours Cycle time=7 hours
Cumulative time: 1.1 hours Total fluence: ~5.14x10% n.cm? Cumulative time: 12.1 hours
Total fluence: 1.11x10' n.cm* Total gamma: ~37 Mrad Total fluence: 1.22x10%¢ n.cm2
Total gamma: ~8 Mrad Cumulative gamma: ~88 Mrad

5 1 1. 2.
9 Hours > Hrs 0 2

Sample B: Zero Pressure Offset Voltage (Cycle 1) Sample B: Zero Pressure Offset Voltage (Cycle 2)

Hours

" _ *ZPO trending toward pre-
e “irradiation‘values.

*Small and large driftS.

Cycle time: 4 hours Cycle time: 7 hours
Cumulative time: 4 hours . Cumulative time: 11 hours

Total fluence: 4.03x10%5 n.cm™2 Total fluence: 1.11x10%¢ n.cm?
Cumulative gamma: ~29 Mrad Cumulative gamma: ~80 Mrad

Www.nasa.gov
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HH@TE Mldoho National Laboratory “ On-Chlp IntegratEd RTD Response

(Samples A and B)

s

Sample-A
Sample A: RTD Voltage (Cycle 1) Sample A: RTD Voltage (Cycle 2) Sample A: RTD Voltage (Cycle 3)

ny ny

Cycle time: 4 hours

Cumulative time: 5.1 hours

Total fluence: ~5.14x10% n.cm?

Total gamma: ~37 Mrad X Cycle time: 7 hours
Cumulative time: 12.1 hours
Total fluence: 1.22x10% n.cm™
Cumulative gamma: ~88 Mrad

Cycle time: 1.1 hours
Cumulative time: 1.1 hours
Total fluence: ~¥1.11x10*S n.cm
Total gamma: ~“8 Mrad

0.5 1 1.5 2 2.5 Hours 4 6
Hours

Sample B: RTD Voltage (Cycle 1) Sample: RTD Voltage (Cycle 2)

«Sample A: Breakdown of non-
radhard pIastlc insulation.
Replaced on'subsequent samples

*Other than Cycle 2 of Sample A,

both samples trended toward pre- |

e i i ~ irradiation values.

. 6 -2
Cumulative time: 4 hours Total fluence: 1.11x10*¢ n.cm

Total fluenc: 4.0310%n.m Cunuiative gamr: 50 Mrad *Small drifts in B; large drifts in A.

Cumulative gamma: ~29 Mrad

2 3
www.nasa.gov
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JHSTAT ML doho Natondl oboraory ~ Pressure Sensors Input Current Response
P BTN ' g (SamplesA and B) - | -

Sample-£

Sample A: Input Current and Resistance (Cycle 1)

Sample A: Input Current and Resistance (Cycle 2) Sample A: Input Current and Resistance (Cycle 3)
12

900
nl Y

(=Y
[
w

Input Current (mA)
(v) @duessisay Induj
Input Current (mA)
(U) @2uessisay ndu|
Input Current (mA)
(U) @2ue3sisay ndu|

Cycle time: 1.1 hours . Cycle time: 4 hours
Cumulative time: 1.1 hours Cumulative time: 5.1 hours " Cycle time: 7 hours
Total fluence: ~1.11x10** n.cm? Total fluence: ~5.14x10%5 n.cm? Cumulative time: 12.1 hours
Total gamma: ~8 Mrad . 16 -2
Total gamma: ~37 Mrad Total fluf-!nce. 1.22x10%% n.cm
Cumulative gamma: ~88 Mrad

2 1 2 3

2 4 6 8
Hour Hour Hours

—Input Current —Input Resistance —Input Current —Input Resistance —Input Current —Input Resistance

Sample B: Input Current (Cycle 1) SampleB: Input Current (Cycle 2)

Sample-B o - -Parabollc rise and Ilnear decrease of

Cycle time: 7 hours | Cu rre nt

Cumulative time: 11 hrs
Total fluence: 1.11x10¢ n.cm™

Saanisihe s e o it °Current reduced after each cycle
*Spikes in B likely unstable contacts.

-Sample B: Large parabolic current |
"’ ] _ " drop. O/P instability recorded durlng ,
e g 23 ' oven calibration.

Input Current (A)

Input Current (A)

Cumulative gamma: ~29 Mrad

1 2

Www.nasa.gov
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Pressure Sen»so"rﬁ'ZPO vReSPO“ise .

Idaho National Laboratory % B |
Comparison: Samples C (unheated) anpl G (500 °C)

Sample C: Zero Pressure Offset Voltage (Cycle 1) Sample C: Zero Pressure Offset Voltage (Cycle 3)
-1.40 -1.795 -1.795 -1.795

Sample C: Zero Pressure Offset Voltage (Cycle 4)

ny nYy n,y
1.50
/ ZPO changed from calibrated value
_ -1.800 -1.800 -1.800
>
= -1.60 = — =
2 ] 2> 2
o Cycle time: 4 hours & o o
a SRl a a
N Cumulative time: 4 hours [ Ciclets = N ~N
-1.70 o 15 2 ycle time: ours )
Neutron.fluence. 4.03x10" n.cm Cumulative time: 11 hours | Cycle time: 7 hours -1.805 Cycle time: 4 hours
Cumulative gamma: 29 Mrad -1.805 -1.805 | S . i
i Neutron fluence: 1.11x10% n.cm-2 Cumulative time: 18 hours Cumulative time: 22 hours
Cumulative gamma: 80 Mrad Neutron fluence: 1.8x10¢ n.cm? Neutron fluence: 2.21x10'¢ cm?
-1.80 L | Cumulative Gamma: 131 Mrad Cumulative gamma: 160 Mrad
ZPO returns near calibrated value
-1.90 -1.810 -1.810 #1:810
0 1 2 3 4 5 6 0 2 4 6 8 0 2 4 6 8 10 0 4 2 3 A S 6
Hours Hours Hours Hours
Sample G: Zero Pressure Offset Voltage, 500 °C (Cycle 1) Sample G: Zero Pressure Offset Voltage, 500 °C (Cycle 2) Sample G: Zero Pressure Offset Voltage, 500 °C (Cycle 3) Sample G: Zero Pressure Offset Voltage, 500 °C (Cycle 4)
0.04 0.055 0.20 Q0
0.03
B
o]
g 002 0.10 Sveletimes &t
Cycle time: 7 hours yele '"T_le' e ours:
Cumulative time: 17.2 hours Cumulative time: 22.2 hrs
0.035 tuda timo i e Neutron fluence: 1.73x10* n.cm2 Fluence: 2.24x10¢ n.cm?
s ycle time: 7 hours Cumulati : 123.59 Mrad Cumulative gamma: 160 Mrad
0.01 Cycle tln"\e. 3.ho|.'|rs Cumulative time: 10.2 hours 0.05 sibltanb sl Ll ra 0.05 g
Cumulative time: 3 hours Neutron fluence: 1.03x10'¢ n.cm =
Neutron Fluence: 3.02x10*® n.cm? 0.030 Total gamma: 72.7 Mrad

Total gamma: 21.81 Mrad

Sample C ZPO trended toward pre-irradiation value by start of next cycle.

ZPO remained relatively stable in steady state range Large drifts seen in Sample G.
Large drift in Cycle 2 of Sample G (500 °C) yet to be understood. Contact metallization suspected
Sh|ft in pre- |rrad|at|on ZPO values likely due to wiring assembly.

Www.nasa.gov
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TE \h.“ll Idaho National Laboratory

Sample C: RTD Voltage (Cycle 1)

ny

40

On-Chip Integrated RTD Response

Comparlson Samples C (unheated) and G (500 °C)

Sample C: RTD Voltage (Cycle 2) Sample C: RTD Voltage (Cycle 3)

40

35 _35 _ 35
s > S B
E E E E
o o [=] [=]
E & & =
30 . 30 Cycle time: 7 hours 30 30 Cycle time: 4 hours
Cycle t'".‘e: 4.h0urs Cumulative time: 11 hours Cycle time: 7 hours Cumulative time: 22 hours
Cumulative time: 4 Neutron fluence: 1.11x10%* n.cm? Cumulative time: 18 Neutron fluence: 2.21x10'¢ cm?
Neutron fluence: 4.03x10% n.cm? Cumulative gamma: 80 Mrad Neutron fluence: 1.8x10* n.cm Cumulative gamma: 160 Mrad
Cumulative gamma: 29 Mrad Cumulative Gamma: 131 Mrad
25 23 25 25
0 1 2 3 a 0 2 4 6 8 0 2 4 6 1 2 3 4 5 6
Hours Hours Hours Hours
Sample G: RTD Voltage, 500 °C (Cycle 1 Sample G: RTD Voltage, 500 °C (Cycle 2) Sample G: RTD Voltage, 500 °C (Cycle 3) Sample G: RTD Voltage at 500 °C (Cycle 4
P ge, y
0.10 0.10 0.1 0.10
T,n,y T
bice 0.08 0.08 0.08 =N
: T I,n,y T L
m T,n, Y u
T T,n,y
< 006 g oo S 006 s 006
o = [=) o
e o« = =
b= -3 o
0.04 0.04 0.04 0.04
" i Cycle time: 5 hours
Cycle time: 3 hours Cycle time: 7 hours Cycle time: 7 hours Cumulative time: 22.2 hours
Cumulative time: 3 hours Cumulative time: 10.2 hours Cumulative time: 17.2 hours s
i N fl : 2.24x10% n.cm?
0.02 Neutron fluence: 3.02x10%* n.cm? 0.02 fl . 15 2 0.2 Neutron fluence: 1.73x10'¢ n.cm™? 0.02 eutron. uence: 2.24x10--n.cm
Neutron fluence: 1.03x10* n.cm Cumulative gamma: 160 Mrad
Total gamma: 21.81 Mrad Cumulative gamma: 21.81 Mrad Cumulative gamma: 123.59 Mrad
0.00 0.00 0 0.00

Www.nasa.gov
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2 4 6

Sample C: instability before and after |rrad|at|on pOSSIb|y y-induced oxide

charging increasing with higher gamma dose.

Phenomenon not seen in the sample G 500 C runs: In-situ annealing?
RTD.voltage trending toward pre-irradiation value by start of next cycle.
RTD voltage remained relatively steady in operational range, with some drifts.
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Idaho National Laboratory

-
>

Sample C: Input Current and Resistance (Cycle 1) Sample C: Input Current and Resistance (Cycle 2)

Sample C: Input Current and Resistance (Cycle 3) Sample C: Input Current and Resistance (Cycle 4)

19 550 18.4 590 18.4 ™ 630 18.5 655
-
ny
545 18.2 Cycle time: 7 hours 18 n,y
L 580 17.9 Cumulative time: 18 hours 620 —
3 1::! g 18 - — Neutron fluence: 1.8x10'¢n.cm™ 17.5 Cz:ni::t’i‘:; Ho::sr'szz 645
£ 540 ¢ - & < ™ Cummulative gamma: 131 Mrad =2 22 2 i B S
= ; & 570 c E_ 1_5 mA e _g £ L Neutron fluence: 2.23x10* n.cm g
< > - C lati : 160 Mrad -~
E g g 17.8 g E E = 17 2 55 mA umuiative gamma ra =
S 535 3 3 a 2 5 635 2
= 3 5 176 g 3 S £ 65 z
5 8 a 560 5 o 600 3 G g
2 530 & £ 8 3 g 5 2
- Cycle time: 4 hours 2 17.4 ) £ P CJL 16 2
Cumulative time: 4 hours = - £ 625 D
18.2 Neutron fluence: 4.03x10**n.cm? 525 17.2 gvc!e '"’:l‘e: 7“h°"':l i 550 590 2
. . A umulative time: ours
Cummilative gamma: 29 Mrad Neutron fluence: 1.11x10% n.cm 15:8
Cumulative gamma: 80 Mrad
18 520 17 540 156 &80 15 615
0 2 4 6 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6
Houts Hours Hours Hours
—Sample CInput —Input Resistance —Input Current —Input Resistance —Input Current —Input Resistance —Input Current —Input Resistance
Sample-G Input Current, 500 °C (Cycle 1) Sample-G: Input Current, 500 °C (Cycle 2) Sample-G: Input Current, 500 °C (Cycle 3) Sample-G: input Current, 500 °C (Cycle 4)
0.021 0.021 0.021 0.021
T Tny T T T Tny T
Tn T T T
0.02 0.02 T LA 0.02 L 0.02
__ 0019 __ 0019 < 0.019 < 0.019
< < - =
e - c
£ 0.018 £ 0.018 3 0018 é 0.018
= 5 : 5 ime:
‘; ; 3 Cycle time: 7 hours 3 Cycle time: 5 hours
a ’ a = Cumulative time: 17.2 hours £ Cumulative time: 22.2 hours
£ o0y £ 0.017 0.3 mA 0.017 0.6 mANeutron fluence: 1.73x10%* n.cm™2 0.017 1mA Neutron fluence: 2.24x10¢ n.cm?
Cycle time: 3 hours Cumulative gamma: 123.59 Mrad Cumulative gamma: 160 Mrad
0.016 IR Cycle time: 7 hours
E:T"::::‘F’:‘:::'_;z;:;so“n - 0.016 Cumulative time: 10.2 hours 0.016 0.016
sy ‘21-8iM d : Neutron fluence: 1.03x10%¢ n.cm™2
0.015 8 Samima: = ra Total gamma: 72.7 Mrad
i 0015 o 0.015
0 1 2 3 4 5 :
y 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6
olrs Hours Hours Hours
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doho Naorl Loborcory On-Chlp RTD/ Package Embedded Type-K Vs
Reactor Type-K Thermocouple at 500 °C

Sample G: RTD Voltage, 500 °C (Cycle 1) Sample G: RTD Voltage, 500 °C (Cycle 2) Sample G: RTD Voltage, 500 °C (Cycle 3) Sample G: RTD Voltage at 500 °C (Cycle 4)
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On-Chip RTD remained stable at steady state range.

 No apparent y-induced charging on the RTD

~* Shifts and some drifts at 500 C

Package embedded Type-K TC tracked reactor TC very well and showed no dr|ft or shlfts
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'iul doho Notonal Loborctory ‘- Summary of ZPO and RTD Parameters
i ( Unshlelded sensors state of the art)

RTD

' Cycles| Total Fluence |Min. Total| CRS(%)| RS (%) | Drift (mV) | CRS (%) (RS (%)|Drift (mV)|Current Loss
WI--- |
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. Comblned Iny resulted in very hlgh ZPO/RTD CRS and RS parameters |
« These worse case performance parameters to be used as baseline future development.
 * Results identify areas that require improvement, belng conscmus of radlatlon hardness
« Sensor contact metallization. L
. More robust packaglng.
~ » Reduce wafer-wafer variations.
* Integrated shielding concepts.
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'"l".|dohoNoliono|loborolory ‘ - e CO“CIUSlon

| Evaluated ZPO and RTD of unshlelded State of the Art mtegrated SiC pressure/temperature sensors underl
.combmed neutron/gamma |rrad|at|on and temperature up to 500 °C ,

Unheated _or heated, in most cases,.'ZPO and RTD voltages tre,nded-toward pre’-irradiation values.
Combmed High T, n, y resulted in very hlgh ZPO and RTD CRS and RS.

* The ZPO and RTD exhibited various degrees of drifts from sample to sample

« RTD instability was likely due to y-induced omde charglng ’

« Phenomenon not observed at 500 °C. : :

Parabolic rise in current seen in unheated samples also not observed at 500 °C.
Reductlon in current (increased resistance) likely due to carrier removal
Known to degrade performance of semlconductor electronics.

Results are base- I|ne worse case parameters, provndmg foundatlonal understandlng of the performance
characteristics of the mtegrated SiC pressure/temperature transducers to neutron and gamma irradiation.
. Knowledge gained will help improve sensors’ reliability and be viable for FSP and SMR appllcatlons
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\k"\QIdoho National Laboratory | . .NEXt Steps =

Super-RTE (Awarded) Conduct ”In Operando Performance Character/zat/on of On-
Chip Integrated SiC Pressure/Temperature Sensors under Irrad/at/on to understand
radlatlon effects on plezore5|stance (sen5|t|V|ty) | L

V(T,P) = Vgpo(T) + S(T)P
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| '"l Idaho National Laboratory | ACknOWIEdgement %

- 'Téchn‘ical Staff of the GRC SiC Microfabrication Lab.
. ;o Technlcal Staff of the OSU. Nuclear Reactor Laboratory.
Drs Tyler Stemer Dlanne EzeII Josh Daw, and Chris Petrle ‘Nuclear technical |n5|ghts
- Dr. Pattrlck Calderonl early programmatlc |n5|ght
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\E'I"\;, Idaho National Laboratory

www.nasa.goy
2025 NSUF Annug



https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Finlbox.app.box.com%2Ffolder%2F315525781240%3Ftc%3Dcollab-folder-invite-treatment-b&data=05%7C02%7Crobert.s.okojie%40nasa.gov%7Cffc19d82584742fae0b308dd75e6ce47%7C7005d45845be48ae8140d43da96dd17b%7C0%7C0%7C638796356367256671%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=9a6OE9acexWpwCE%2FdI%2FcYRejxUtdC74sxZmhpOtBDII%3D&reserved=0

	Default Section
	Slide 1
	Slide 2: Motivation
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17


