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Space Enabled Advanced Devices and Semiconductors
(SEADS)

NASA initiatives
* NASA On Demand Manufacturing of Electronics (ODME)

 @Goal

* develop and demonstrate the feasibility of a low-gravity, on-demand manufacturing system for
advanced semiconductor electronic devices on the ISS

 ODME is partnering with various groups (Intel/ASU/TEL/ISU/WISC)

Current phase
* Advance testing on parabolic flights prior to deployment to the ISS.

 Semiconductor device manufacturing in ISS
* Creation of both printed electronics and metals/semiconductor materials with advanced functional
device manufacturing
 Manufacturing technique
e Electrohydrodynamic inkjet printing (EHD printing) and post-sintering
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Technology Description (EHD printing)

*  University of Wisconsin team: lab-developed EHD printer
 Completed parabolic flights demonstration successfully (11/2021, 05/2022, 03/2024)
* Scheduled parabolic flights demonstration (08/2024, 11/2024)

* In-situ monitoring of flexible sensors, semiconductors, batteries, 3D metal patterns at micro-scale.

Dec-2021 flight test May-2022 flight test

15U-Silver-36s1 (S35s1) Resistivity (u02-cm)
mlv:;tc;:;mm 2 sm?:nc;r:mn 5042 — Bulk Silver = 1.59 u-cm
Awﬁa[s;ma A— MEE,;T{ E:.;ida — ?él;}tial:;); 35% Ink 50% Ink
Wiacasity {cF) 300 - 500 Viscosity (cF) 300 - 500 50°C 4.2TE+8 19795
Solvant DMSO Solvent DMSO 100 "C 1.068E+7 2213
Surfactant {wi. %) 1% Surfactant (wt%)  0.6-1% 150°C 123.3 15.27
Aged (months) Fresh fged (months) Fresh 200 °C 19.68 2.98

35% particle loading 46% particle loading 57% particle loading
(2 layers) (2 layers) {2 layers)
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Technology Description (Ink & Device)

 |owa State team Semiconductor oxide (ZnO) and Arizona State device team
* Reactive inks shows feasible modulation (material & EHD printer parameters)
* The performance meet expectation, and more innovation solutions in place.

Pros Cons
endrianeeRtlicies = Ullrasmall panide = Cateonl a) Testing Structure (c) Table 1. Comparison of Inkjet Printed Memor
(a) g P y y
ink size contamination ~ “°° <% -~ ° 0.0030 || Forming-free RRAM _ -
* Smoothprinting  + Challenge in . Ag  |FTTEMAqg.0 ] ' . SETCCL:3mA . o .
i Oritarm s stability a. Cross-section b, Top View — 0.0025 [ RESET Device stacks Deposition  Switching SET RESET On/off
confinuous film ~ + Zzziﬁ:; nozzle Vlew %o.oozo (TE/AL/BE) method polarity Ratio
| ZnOreactiveink  » !\Io nozzle clogging + Impurities due to E 0.0015 AI/ZIIO/ZHOI_ PVD Bipolar 1.4V 1.5V 4.8 @IV
issue low temperature O 0.0010 X
. Smpoth printing sinlterir]g . 0.0005 /ZnOAl
. Var‘lous solvent . Thlckfllmls hard 0.0000 i Y ; [Ceram. Int. 2017]
options . :_Ela“h'e".e . (b) OM |mage .0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 - :
ilm continuity Voltage (V) Ag/WO, _ /Au Inkjet Bipolar 1V 05V <10?
(d) Space-charge-limited conduction (SCLC) [AFM 2023] printing
RESET SET ) . .
6 Slope: 2.2 6§ siope: 236777 A/Ti02/Carbon/  Inkjet Bipolar 2V 4V 10~102
S Ll S Ll / Paper Printing
£ = J;" [VLSI 2014]
A0 f & 0 A
h topes 247 Sf: o2ss| AZ/ZNO/Ag EHD Bipolar 0.6V  -027V ~50@0.1V
R o s 2 a4 o (This Work) printing (Forming-
In([V]) In(|VI) free)

Zn0 nanoparticle ink Zn0O reactive ink
» Particle size < 10 nm » Particle free

« Organic solvent based + Ultra-stable (b)

(a)
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Results of most recent 0-g flight test in 03/2024

Electrohydrodynamic (EHD) printing is

a specialized printing that involves WMMHHHI

the use of electric fields to dispense

and control the behavior of liquid
droplets.

It relies on the principle of
electrostatic forces where the electric
field is applied to a conductive fluid
causing it to form a jet.

It is affected by the interaction
between the electric field, surface
tension, and the liquid’s properties.
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Results of most recent 0-g flight test — material and inks

. Reactive ZnO Ink

A HO—\ —— 0.5:1 NH40OH:Zn 300 C 30 minutes
N EtOH Zn-+NH —— 2 mol% Sn 300 C 30 minutes
, , FHRERTHG + oq\ H/EH ot 1) —— 0.5:1 NH40H:Zn 2 mol% Sn 300 C 30 minutes
* Zinc acetate dihydrate HOEA il —— X200 Control 300 C 30 minutes
. . . . Synthesis of Zn(OAc),(H,DEA) -> miffion w minutes
* Tin (Il) chloride dihydrate (tin source for .
doplng) ACO\ HO,& AcO »«U/f" ’>\O\ [ o/( g
. ZnNH ca. 140°C ——\Zn---:NH't) ca. 270 °C E"i e E
* ethanolamine el o w R e FET |
2Zn(OAc),(H,DEA) intermediate 1 4-0X0Zine conpo@nus ‘.G_'J -
e ammonium hydroxide (0.5:1 molar NH4OH : =
Zn2+) K 0,00” e
“Tade s
* Methanol or ethanol as solvent g
* Heat at 70 °C for 20 minutes | B S At A A AL A
20

* Forms a zinc-amine complex

Able to consistently produce
ZnO even when changing the
composition of out inks.

* Degrades into ZnO when heated

Base ZnO 0.5:1 NH40OH:Zn

Hayami, R.; Endo, N.; Abe, T.; Miyase, Y.; Sagawa, T.; Yamamoto, K.; Tsukada, S.; Gunji, T. Zinc—
Diethanolamine Complex: Synthesis, Characterization, and Formation Mechanism of Zinc Oxide via

Thermal Decomposition. J. Solgel Sci. Technol. 2018, 87 (3), 743-748. ‘5;:-‘
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Results of most recent 0-g flight test — printing results

e PDMS results & selected ZnO results

Zoom in:

YYz-1
Length = 22.75 pm
Center PDMS line on

. — S S e S s i e — = — S

—. A

Result:
6 PDMS patterns printed with good
centering.

Parabola #

Parabola 11 (A)

Parabola 11 (B)

Parabola 12 (A)

Parabola 12 (B)

Parabola 13 (A)

Parabola 13 (B)

Camera Shots
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L1 2

o
k4

)
e

o .! - “ “
Voltage (Pulse) 1300V 1300V 1300-1400 V 1300-1400 V 1400V 1400V
Frequency (Hz) 200 Hz 200 Hz 200 Hz 200 Hz 200 Hz 200 Hz
Duty Ratio (%) 60% 60% 60% 60% 60% 60%
Nozzle size

28 um 28 um 28 um 28 um 28 uym 28 um
Printing Speed
(x-stage movement) 1 1 1 1 1 1
Standoff distance x3.75 x3.75 x3.75 x3.75 x3.75 x3.75
(with respect to nozzle size in
the screen)
Quality Thin Line Thin Line Thin Line Good Good Good
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Results of most recent 0-g flight tczt - Performancs

Ground 2 Ground 1 \ applied

¢ ¢ &

o] Wiy % Semiconductor
MW”WWMWMWWWWW Industrial standard 1
Probe S200
000007 Wy "'\"/‘{‘»"W.N\‘("Wﬂ\ﬁ'\\‘v‘{'W‘J " >F o
MM”\'“‘"“fwj;\’J}‘\Q\:\‘.’3\“‘,"}\“::}

0.0000 T T T
2 -1 0 _|2 .I1 (I)
v 5
S

e Identical conductivity on Ground 1 and 2, Reach CCL in mV
region, not affect by parasitic resistance 2 Good conductive Ag

* Low initial current of ZnO (1E-10 @0.1 V)
- Good switching layer
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Optimized RRAM Programming Algorithms for
Semlconductor Storage Technology

Comparable low switching voltage to current on-ground cleanroom fabricated memory with simple
fabrication and cost

 Good switching yield (Writing “1”: 60% yield; Writing “0”: 50% yield; Writing “1”: 40% yield)

« After optimized algorithms, improved switching reliabilities to multicycle operations = For both Al
computing and semiconductor memory storage.

] Reset 1 10m
10° ] |/j/ m 3 Set 1 § g
] Reset 10 1m A
104 ] 100u 5 Set 10 3
3 Reset 21 ] Cycle 1
1 4 100y ycle
0% 1oy Set 21 s Cycle 2
< f = 1 3 Reset30] < ] Cycle 3
= 10 = s = 10y 4
= 10° o e E Set 30 = 8 Cycle 4
g ] M\ g 100 ] g Cycle 5
3 1974 a "3 3 tps Cycle 6
b - 1 3 Cycle 7
10 4 Forming 10n ] Cycle 8
] 1st Reser ] 100n 5 Cycle 9
107 3 1st Set n+ ] Cycle 10
] ] 10n 4
1070 100p 4 E
] ] 1n ] . . T | . .
10-11 - . . - . - . . . 10p . . . . H . T 1
25 -23 20 -18 15 13 -10 -8 -5 -3 0 3 5 -2 -1 0 1 2 3 3 2 1 0 ! 2
Voltage (V) Voltage (V) Voltage (V)f | |
. . 3. Increase SET CCL to 10 mA, successful 10 cycles (good
1.Initial forming, 15t RESET, 1tSET (1 mA) 2. Cycling at SET CCL of 1 mA (30 seasoning cycles) ’ v (8

repeatability, reasonable range of variation)
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SEADS Performance Target (%)

Objectives: SEADS Process Design Kit (PDK) Roadmap

Phase Il

intel.

Phase Il

PDK 0.5 — PDK 1.0: Initial integrated data
S EADS P D K Road map done (wafer/package); Reliability data begin
100 to run, high confidence path to technology
certification.
80 Phase |
PDK 0.1 - PDK 0.25: Material Tracking Standard (MTS)
spec and yield/Rel define at ground; Initial integrated data
ready (wafer/package).
60 Qecurlty PUF
(Physical Unclonable Functlon)
18t ISS package ready (NLRA-6 & N \P\ . PUF Array
Definition: PDK 0.005 - 0.01 \(\\\) \,C\,\o E
IS e i
40 T
Prelimina Proof-of-Concept: Pathfinding Process Kit (PPK)
SEADS2 (Nov’'24).
Successful criteria: First 3D stack yielding.
20 Proof-of-Concept: 2" Parabolic flight (August'24).
Successful criteria: Advanced tool plate integration (RRAM on Si). *Customers (e.g., DOD, NSF partners
NRA: Execution beginning etc...) can design in early PDK stage (e.g.,
Proof-of-Concept: 15t Parabolic flight (March’24). PDK 0.5), or intercept X-chip Tl timeline
0 v Successful criteria: Process alignment, ZnO inks demonstration, preliminary RRAM devices. Jwith NRA or their X-chip in Phase Il.

Q124 Q4'24

Q2’24

Q3’24 Q1/Q2'25 Q3/Q4°25

Inkjet Printing Technology in p-g/0-g

Risk Production/Volume
Production (RP/VP):

Reliability goal met, HVYM
quality systems ready; 1st
Product TI.

€——38.1mm (poly direction}—>

Advanced Next Generation Strategic
Radiation hardened Memory (ANGSTRM)

Operations 0,003 Operations

0.003 As-dep OReser  0.0028 Post 5M Rad, O RESET
00036 © SET 00028 ® SET
0.002: 0.0022

g i o g
£ 00018 00016
£ 0.0016 £ 0.0014 ®
= 0.0014 =
£ osol4 £ 00012
o o s
00008 g0006
gigg‘ﬁé oiooué
(a) 12108 05 02002040608 112 (d) 2 a5 1 05 0 05 1 15 2
Voltage (V) Voltage (V)
.
Memristor-
. .
Based Artificial
.
Chips

Q1/Q2'26 Q3/Q4'26 2027
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https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8662393

Current effort on Al-aided In-space Manufacturing

1. Autonomous EHD printing — development of Al and machine learning algorithms for image
processing, control and decision-making

2. Materials development — a thorough material database to be used for various applications
3. Device design, fabrication, and testing

4. Commercialization and contribution to Low Earth Orbit Economy
. Intel, Chips Act, SBIR, STTR, etc.

5. Education and workforce development

nnnnnnnnnnnnnnnnnnnnnn

Current
Achievements

Video-1 videoo| | e

Working towards ' ' v V '
real-time in-situ .

monitoring and .

decision-making Stable Printing VS. Unstable Printing Machine vision and machine- Iearnlng
(data are out of pre-set quality boundaries) algorithms for printing conditions
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