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Why Does VBD Occur?

Nano-Protrusions Plasmons Dislocations
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The Fingerprint

Image by Adaptix Ltd.
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The Fingerprint

Field transversal component — E,

T. Utsumi, Journal of Applied Physics 38, 1967
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The Fingerprint

Field transversal component — E,
Transverse energy — €,
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The Fingerprint

Field transversal component — E,
Transverse energy — &,

€t terminal — Er-r dr
trajectory

T. Utsumi, Journal of Applied Physics 38, 1967
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The Fingerprint

Field transversal component — E,
Transverse energy — &,

€t terminal — Er-r dr
trajectory

. St_terminal

B h- Emacro

r2

h=———
4-n-z

T. Utsumi, Journal of Applied Physics 38, 1967
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The Fingerprint of a Protrusion

Field transversal component — E,
Transverse energy — &,

€t terminal — j Er-r dr
trajectory

8 .
n = t_terminal = [0.25 _ 0.5]

B h- Emacro

rZ

h > 10 um

=4-n-z

T. Utsumi, Journal of Applied Physics 38, 1967
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Calculating n

/ Radius
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Height

Salvador Barranco Carceles




Calculating n

radius height macro field max field

beta
(hm)  (hm)  (V/m) (V/m)
pillar_1 0.221 30 5.00E+07 5.01E+09 100.20
pillar 2 0.71 100 5.00E+07 5.01E+09 100.12
pillar 3 1.08 150 5.00E+07 4.99E+09 99.84
pillar_4 2.18 300 5.00E+07 5.00E+09 99.98
pillar_5 3.65 500 5.00E+07 5.00E+09 100.02
pillar_6 7.3 1000 5.00E+07 5.02E+09 100.46
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Calculating n

radius height macro field max field

(nm)
pillar_1 0.221
pillar_.2 0.71
pillar_3 1.08
pillar_4 2.18
pillar_5 3.65
pillar_ 6 7.3

(nm)

30
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1000

(V/m)
5.00E+07
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5.00E+07
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5.00E+07

(V/m)
5.01E+09
5.01E+09
4.99E+09
5.00E+09
5.00E+09
5.02E+09

beta

100.20
100.12
99.84
99.98
100.02
100.46

Height
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Ex(h) for a B=100 pillar like protrusion
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------ Fit (slope=0.01, R=0.9961)
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Calculating n

Ex(h) for a f=[10,30,100,300] pillar like protrusions
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Calculating n

Ex(h) for a f=[10,30,100,300] pillar like protrusions
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." At Fit B=30
T Fit B=100
o e e Fit B=300
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Calculating n
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N(B) for pillar like protrusions

------ n=0.68
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Calculating n

1.0

0.81

0.6

0.4

0.2
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n(B)
—————— pillar average n=0.68
semispheroid average n=0.23
0 50 100 150 200 250 300
B
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Calculating n

2N: of EDINBURGH

------ pillar average n=0.68
—————— Utsumi pillar n=0.5
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Theory Validation

Protrusion in pre-breakdown site
Distance between electrodes — d = 380 um

Applied potential =V = 7000 V

Measured current —J ~10 nA
Spot radius in phosphor screen —r < 100 um

Protrusion height —h =2 pm

Protrusion base —b =0.2 um
(b}
R. P. Little and W. T. Whitney, Journal of Applied Physics 34, 1963
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Theory Validation — Height & Beam Radius
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Theory Validation — Height & Beam Radius
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Theory Validation — Height & Beam Radius
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Theory Validation — Height & Beam Radius

Electron beam trayectory

50
For a p = 100 semisheroidal emitter,
with a = 2 um [height] and b =0.178
40 um [base half lenght]
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Theory Validation — Emission Characteristics

Experimentally

h (um) b (um) h/b d (um) Work(:t\xlr)\ctlon potential (V) ma(c;;‘;)r:)eld m(a\;(/::‘e)ld B measured
current (nA)
2 0.1789 11.18 380 4.5 7000 1.84E+07 1.85E+09 100.39 10
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Theory Validation — Emission Characteristics

Experimentally

Work function macro field max field
h (um) b (um) h/b d (um) (eV) potential (V) (v/m) (v/m) B measured
current (nA)
2 0.1789 11.18 380 4.5 7000 1.84E+07 1.85E+09 100.39 10
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Theory Validation — Emission Characteristics

Work function

macro field

E i !
max field Xperimentally

h (um) b (um) h/b d (um) otential (V) measured
(ev) P (v/m) (v/m) P
current (nA)
2 0.1789 11.18 380 4.5 7000 1.84E+07 1.85E+09 100.39 ( 10)
1.00E-06
1.00E-07
1.00E-08
<
£
S 1.00E-09
g
5
o
1.00E-10
1.00E-11
1.00E-12
1.00E+09 1.50E+09 2.00E+09 2.50E+09 3.00E+09
Max field (V/m)
§- THE UNIVERSITY
g @fED[IlNB[\JfRGIS—I Salvador Barranco Carceles 24



Theory Fits Experiments

v'Protrusion dimensions and aspect ratio
v' Electron beam spread

v Field emitted current
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Where Are They?
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Where Are They?

Protrusion cross section = 2-1013 m?2
Cathode area = 6:10% m?

Size difference: 9 orders of magnitude!

Salvador Barranco Carceles
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Total area: 8,846,598.41 ft2 (821,875.89 m?) ) °
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Where Are They?

Protrusion cross section = 2-1013 m?2
Cathode area = 6:10% m?

Size difference: 9 orders of magnitude!
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Where Are They?

Protrusion cross section = 2-1013 m?2
Cathode area = 6:10% m?

Size difference: 9 orders of magnitude!
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Conclusions

* Theory and experimental observations in
agreement

* The n method can be applied to determine the size
of protrusions

« We can't generalise for modern VBD systems, but
this is a solid foundation

« If we want to see pre-breakdown protrusions:
Phosphor screen and shadow SEM experiments DALLE
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THANK YOU
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Conclusions

* Theory and experimental observations in
agreement

* The n method can be applied to determine the size
of protrusions

« We can't generalise for modern VBD systems, but
this is a solid foundation

« If we want to see pre-breakdown protrusions:
Phosphor screen and shadow SEM experiments DALLE
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