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Motivation/State of the Art

NASA needs electronics that are:
* Miniaturized and lightweight
« ~$30K to send 1kg to
geosynchronous transfer
orbit*
» Hot/cold environment
compatible
« Up to 500C (Venus)
« Radiation tolerant (Jupiter)

Solid state technology issues, as Vacuum Electronics

compared to vacuum electronics: (cold cathodes):
» dark current * Spindt Type emitters
- failed ohmic contacts challenging and expensive to
* |ow signal to noise ratio fabricate

- diffusion at high temperature « Carbon nanotube (CNT) emitters

*https://ww.nasa.gov/centers/marshall/news/background/facts/astp.html
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Vacuum Electronics: CNT cold cathodes

At high currents and
voltages, the electrostatic
forces can cause the
CNTs to deform or
dislodge and short the
circuit.
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Field Emission: Fowler-Nordheim Eqgn

J - b o 7 (0% d

111( 2) = In(a) 7 where  a=1.54x10 (q)'dz),b_6.8><10 ( . )
Desired: 1V [1V]
» Close cathode/anode distance (d) 0.00 0.02 0.04 0.06
« Low work function material (¢) ° S
High enhancement factor (y)

« Aspect ratio

« Tip sharpness and spacing
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Enhancement Factor (y) is calculated by fitting the
linear portion of the F-N curve. Higher y are indicative of
lower threshold voltages and higher current densities.
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Inverse Opals as Field Emission Cathodes

Existing inverse opal applications: > > > >
« Photonic crystals |

* EleCtrOChemlcaI Stora‘ge Opal Template Electro_deposited Remove Elect.ropolish
« Thermophotovoltaics ... Ternlate Higks)

B Lisi Si B Ni Scaffold H. Zhang and P. V. Braun, Nano Lett., 2012, 12, 2778-2783

E. Armstrong and C. O’'Dwyer, J. Mater. Chem. C, 2015, 3, 6109

Regardless of sphere size, non-ideal area will always exist in multilayer structures either due
to stacking fault or regional non-uniform deposition rate.
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Inverse Opal Fabrication

(a) Formation of polystyrene (PS)
monolayer on Au coated conductive
Si

(b) Electroplate Ni (half sphere height,
base to h) and Au (to sphere top, h
to 2h) into PS monolayer crystal

(c) Dissolve PS using toluene

(d) Formation of sharp tips using
electropolishing
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Inverse Opal Fabrication

Very Uniform Sample Height

10.0kV 7.9mm x700 SE(U) 1.00um
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Inverse Opal Structures (lum and 600nm)

600nm inverse opal

. \ v F ,f"".

10.0kV 7.5mm x50.0k SE(U) 1.00um

lum inverse opal

10.0kV 7.8mm x60.1k SE(U) 500nm
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Inverse Opal Emitter Tips

4.25nm ROC
_> 4_

10.0kV 10.0mm x150k SE(U) 300nm

10.0kV 10.0mm x35.0k SE(U)

10.0kV 10.0mm x150k SE(U)
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Field Emission Test Set-up & Test Matrix

. Slvvetepsf.ccl)(;l?lst ogl?creasmg thefal||oplleilI Inverse Opal Anode-Cathode
electric field from O to maximum followe Sphere Size Spacing

by decreasing back to zero.

10um
Current Voltage Characteristic of
F d T 2 um Sample with Collector Anode Gap 50um 600nm 30um
b OrWar O Reverse
16
sweep 1a] f 50um
discarded asit _ 4 lum 30um
often shows £ 5 50um
g S 200um
effects of £ g 200uUm
surface ®
contamination. ’

"o 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Parallel Plate Field (V/nm) / Si coated in Au
Anode Lead

— Anode (Si coated in Au on both sides)

e é x Cathode Lead

Cu Tape Inverse Opal Cathode

Alumma

1 June 2018 11 jpl.nasa.gov



I-V Curves for Various Inverse Opal Geometries

lum Spheres
Un-Optimized

0.8 + lum Spheres
Optimized

~
@ 600 nm Spheres
Optimized

Current (uA)

0 2 B 6 8 10 12 14 16 18 20

0.2 Applied Electric Field (V/um)

1 um optimized inverse show ~30% decrease in the threshold field.

600 nm spheres give a higher density of emitters, but there is no appreciable difference in threshold voltage due
to the change in aspect ratio of the tips
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Field Enhancement

Enhancement Factor for Various Opal Sizes

J b 7 o2 d
In 73 = In(a) — - where a=154x10 6(¢-d2>;b: 6.8 x 107(7)
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Shielding observed as inter-tip distance

i Simulated Shielding Effect of Closely Spaced Field Emitters

decreases

3D COMSOL simulation of opal field emitters
— Assumptions: periodic boundary conditions, constani

cathode-anode gap of 20um

Explore electrostatic shielding between tips

due to
— Packing density (sphere size)

— Tip height (600nm, 1um, 2um) and sharpness
(constant 3nm radius of curvature)

a(2)=8E-7 m Surface: Electric field norm (V/m)
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Inverse Opal Triode GaPcanode/cae = 75UM

GapGate/Anode = 30um

Anode Spacer 15 2

Anode: 1.4kV constant
Gate: varied from 1.0 — 1.4kV
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Current [um]

Thermal Vacuum Testing

* TVAC Test Parameters
* Max T =300C for 3 hours
* Heating rate = 5C/min

* Cathode/Anode gap = 50um

-0.2
Voltage [kV]
W Pre-TVAC_07 H Pre-TVAC_08 ® Pre TVAC_09
Post-TVAC_04 X Post-TVAC_05 X Post-TVAC _06
1 June 2018

10.0kV 7.8mm x60.1k SE(U)

Before TVAC

After TVAC

500nm

50KV X30,000 100nm WD 19.8mm
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Photolithographic Gate Integration

* Integrated Cathode/Gate Fabrication:

* Designed photolithography mask for integrated
cathode/gate concept

* Initial processing done on un-optimized samples

Conductive
' = '€~ Gate Layer (Au)

Insulatin
I | || &« layer (Sigz)

Electroplated LEI  30kV X1000 10mm

o e Layer (Ni)

Conductive
Inverse Opal (Ni)

e Observations

* Process works with Si wafer, issues on Inverse
Opal thus far

* Inverse Opal chip surface is rough, delamination
seen. Newer lots appear to be improved

LEI 50kY  X1,000 10um WD 10.9mm
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Summary/Future Work

Optimized inverse opal geometry for field
emission application

Characterized field emission performance
using diodes and triodes

Proof of concept for high temperature
compatibility of inverse opal based field
emission devices

Future Work:

Integrate gate/cathode w/smaller
inverse opal cathode areas
Testing at elevated temperature (300-
600C) in diode configuration
ALD coating of inverse opals
*  Aluminum doped TiC (4.2-4.7eV)
 ZrNi, ZrO, ZrC (4.6 eV)
 Amorphous Carbon

1 June 2018
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COMSOL Model: Enhancement Factor as a
f(Inverse Opal Geometry)

Field Enhancement with Different Anode-Cathode Spacing
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