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General TF Current Density

History: TF EmissioNn FROM A TUNGSTEN Tip

Dyke, Barbour, Martin, Trolan. T-F Emission: Exp. Measurement of the
Average Electron Current Density from W." Phys Rev 99, 1192, 1955

12

log,({J7) / {J300))

7/1000 K

@ Dyke et al.: as F = ¢|&| decreased, average J(F, T) over surface
(left) compared to J(F, 300K), showed strong T-dependence

@ FE sources can run hot at high J; TE sources can have
protrusions. Breakdown sites are a combination of both.

W.P. Dyke, et al. JAP25, 106, 1954

@ 10'2 = 16x is a substantial increase in current!
@ Question: rapid way to predict J(F, T) from a complex geometry?
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History: TF EmissioNn FRoM A BArium DisPENSER CATHODE

Geittner, Gartner, and Raasch.

Current Vs. Voltage I(V): Low temperature properties of Ba-dispenser cathodes.”
J. Vac. Sci. Technol. B 18, 997 (2000)

@ RLD-Like:
® Sc/Re-l ‘ ‘ ‘
R=In V) ¢
1V,) W

~BVV - BV,

<
S
@ FN-Like (p = 2) h
R = 1n(m . Vo )
Ve I(V,)
B B
- 70 v V [kV]

. “The curves impressively demonstrate the superior emission properties
For a sharp W tip: of the “Sc”/Re-I cathodes (lower ¢ - ®). Compared to a pure W-I cathode,
an emission gain of nearly four orders of magnitude is obtained.
Moreover, superimposed to the thermionic emission both cathodes
clearly show remarkable contributions by field emission...”

p — 2—vwithv ~0.773
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a

UNiTs: “THOUGH THIS BE MADNESS, YET THERE IS A METHOD IN'T.

Image Charge Barrier: Defines F and Q 2
@ = zzt7- and [nefg] = nm, eV, fs, g = 1

2
Ux)=pu+®-ql&x - T [ Symbol | Definition [ Value ]
l6regx :
(1 ) q unit charge q
0 i Planck 0.658212 eVis
SEu+ O-Fx-—= ¢ speed of light 299.792 nm/fs
X m ¢~ rest mass 510999 eV/cZ
kp Boltzmann (1/11604.5) eV/K
Max of U(x) defines 10) ap Bohr Radius 0.052918 nm
Ry Rydberg Energy 13.6057 eV
@ Fine Structure 1/137.036
[ ahc/4 0.36 eV-nm
o Ux) =0 x, = yO/F  (2)
p=0— W (3) Quantity [ MKSA unit_] Relation
Length meter 107 nm
Time second 107 fs
Energy Joule 6.2415 x 1018 eV
@ Fis aforce; U is an energy. Charge Coulomb 6.2415 % 1018 ¢4
Current Amp 6241.5 glfs
@ Schottky barrier lowering factor: Power Watt 62415 eV/is
y(u) = VAQF|® Field GV/m 1 eV/(g-nm)
. . . . Force F = ¢& g GV/m 1eV/inm
@ Phrasing: ‘Field” and “field-like” used for Fot. Energy V = 7o 4 Vort TevV

quantities dependent upon F.

! William Shakespeare, The Tragedy of Hamlet, Prince of Denmark, Act Il Scene ii Lines 203-204
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THe CANONICAL EQuATIONS

Secondary : Baroody

Thermal : Richardson-Laue-Dushman 1 Baroocy, Phye. Few 76, 760 (1950)

C. Herring, M. Nichols, Rev. Mod. Phys. 21, 185 (1949)

- 2 exp (-2 ' )
Jrip (T) = ApepT exp( kBT) (4) S(E,) = BE,e~* f exp (ﬂr)(/s )

JO

Field : Fowler Nordheim . .
E.L. Murphy, R.H. Good, Phys Rev 102, 1464 (1956) Space Charge : Child-Langmuir

1. Langmuir, Phys. Rev. 2, 450 (1913)

()

Arn Bry @32
2 FN ,
Iy (F) = —=F-exp | =v(y) ———| (5) 4en (20\'2
t(y) _ a&o [ 2q
Jer (@a) = onz| o,
OD>\ m
Photo : Fowler-DuBridge
L.A. DuBridge, Phys. Rev. 43, 0727 (1933)
@ = Work Function; T = Temperature; F' = g&;
hw = Photon energy; 1, = laser intensity;
E, = Primary electron beam energy

hiw (J
QF = 7 (I_) o (fiw — ¢)2 (6) A = energy loss per unit length

D = anode-cathode gap; ¢, = anode potential
Equations follow from J evaluation
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General TF Current Density

GENERAL CURRENT DENsITY |

Supply function from FD Distribution
@ For eigenstates Yr(x): 1
Br=r1=
Jrx,0) = {lﬂk Ok = YOk’ } k‘;T
s 0
E= %(kx+k )=Ec+EL
@ Transmission probability: ratio of ji
. 2 © 2nky dky
(k = i
D(k) = M 9) Sk 271-2 j(: 1 + eBrE-p)
Jincidem(k)

T(u—Ex)
Rectangular barrier: D(k) = [¢(k)]? In[1+é |

ﬂﬁ hz
Tsu-Esaki-like (1D) Current Density Relation with E(k) = #2k*/2m
0

B (k hk r
J(F,T)=qp%=ﬂf D(k)f(/»)dk—ith(E)f(E)dE (11)
0
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Original GTFP Approach

GEeNERAL CurrenT Density Il

Barrier Height V,, = #2k2/2m, width L

v
) &R i & -
e N

i
=1+ 12 3
Drec e 2 a

@ Gamow Factor (aka “WKB”)

1
0(k) = 2L \Jk2 — k2
Xy 0.8 ]
—>2f k(x) dx (13) 1
X— —_ 0.6 E
2 1
@ Kemble form of D(k): < 041 1
1 1
Dk)y~ ———— 14 02f ]
() {1+ exp[0(k)]} (14)
% 05 i s 2

® D(k,) # 1/2; D(k > k,) oscillates.
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GEeNERAL CURRENT DensiTy Il

! ‘m"H“HH‘HH‘HH‘HH: *  Exact
] para
6 B FN
B --- H
] - u+to
= ]
53] 5 4 il
= f 1 ~
S r 1 oy 1
o 41 — —'
o0 r 1 ‘b —
° [ ]
3f 5 R
N k
7mm‘”m‘”m”m/(‘/S \‘\‘
-2 -1 0 1 2 3 4 X s
E-p(eV)
Measured Total E Distributions: Voltage increased _ o
from 500 V (1.1 GV/m) to 1600 V (3.5 GV/m) Exact 6(E,) compared to linear approximations
E,, moves from u + ¢ to p. using Br(u) and Br(u + ¢) used in oGTF equation.
@ J.W. Gadzuk, and E.W. Plummer. “Energy @ 7=850K,F=1eVnm
Distributions for Thermal Field Emission.” @ y=TeV,d=2eV

Phys. Rev. B, 3(7), 2125, 1971.

] 6 =0 (hori I); E= ical
@ See also: M.J. Fransen, T.H.L. Van Rooy, et al., Gray (horizontal); Hopu+ ¢ (vertical)

Electron Emission Physics: Advances in Imaging @ 0(E) is well approximated by a cubic polynomial
and Electron Physics Vol lll, ed. P. Hawkes 1999)
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General TF Current Density

GEeNERAL CurrenT Density [V

Insert f(E) + Kemble D(E) into Tsu-Esaki

)

_ gm In{l +explBru-E)1} . 2| BT
JED = 27r2ﬁT712 J 1+ CXP(@(E)) dE~ AwpT"N [ﬁl"(Em) ’ H(Em)] (1 5)

N(n,s) : 6(E) = O(E,) + Br(Ep) (Em — E), Br = 1/kgT & Br — E-slope factors

! ! Jo(E) ' ' ' fo(E) ' '
1 —— D(E) 1 —— D(E)
\ ) 1 \ — B ﬁ
o =& .o &
5 08| 08| [
g | I [
& J
°  06F [ 06| g
3 |
N L i L i
a /
E o4l | 04l .
o |
z L [ 1 L |
02f | 02f g
0 ) ‘ ! o ! :
6 7 8 9 0 6 7 8 9 10
E. (eV) E. (eV)

Factors: u=7eV,® =45eV, F=2.7eV/nm. (left) T = 700 K; (right) T = 1570 K
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ORIGINAL GENERAL THERMAL-FIELD-PHOTOEMISSION (0GTFP) |

N(n,s) Approximation

Gamow Factor 6(E) rewritten:

, 1 v V2m [+
N(n,s) =~ e"‘nzz(;) +e ™M (n) (16) 6(E)=2 a f VU(x) — E dx 19)
X—
= G(Em) +ﬂF(Em) (Em - E)
Special Cases for image charge U(x) using
N(l,5) = (s+ 1)e”* 17) Elliptical Integral Functions v(y) and #(y)
2 4
T~ T 0362201064 (18) 0() = —— V2m®3 v[y(w)]
1-x2 3hF
Ou+¢) =0
Define functions n(F, T) and s(F, T) by 5 | (20)
O (Flike): T < Ty En — s B = g N2m® iG] = 77
@ (T-like): T > Tyax: Ep + 1
(PIKCD: T2 Tt En =4t 6 Briu+ ) = - N 3G =
@ (TF-like): Otherwise: Br = Br(Ey) Bl max
Energy Slope and Barrier Reduction Extension to Photoemission:
@ Thermal — By = 1/kgT E,y) — O(Eyy + hiw)
@ Field - Sr(E) = —9;6(E) N(n.s) — N1, —s) (21)

@ y(u) = V4QF/®
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ORIGINAL GENERAL THERMAL-FIELD-PHOTOEMISSION (0GTFP) Il
General Thermal-Field current density Jrr(F, T)

l’l_z.][: +Jr (}’l< 1)

JGTF(F’T)Z{ Je+n2Jy (n>1)

The two current densities Jr and Jr are defined by
_ a5 [ BF
Jr = Agrp(kpPBr) 2 /3_ exp [-Br(E, —w)] (n— c0,Jr = Jpy)
T
Jr = Arep(kgBr)2Z (ﬁi) exp [-Br(E, —w)] (n—0,Jr = Jrp)
F
Generalized Photoemission current density Jp(F,T) < QF I,

2
Tp o (hw — ¢)” + ’% (B +B7) (P < 1.Jp = Jp)

1+n? n?+1
) = -

Remember: n = ﬁl ¢ =®— VAQF, Z(n) = ,
F 1-n? n
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— 107 |- b
N
£
S 5
< 10° J B
>
2 .
(%] °
C
& | o i
a o
€ o’ o GTF
g . RLD
S sl ||
=] S — PN
o e F(Ti)
—— F(Thnax)
o A
10 2 4 6 8 10

F (eV/nm)

Conventional:

Jorr(F,T) [AMem?] for T = 1173 Kand ® = 4.5 eV.
Also: RLD = Richardson, FN = Fowler-Nordheim,
and gray lines corresponding to F(T,,,) = 1.361
eV/nm and F(T ) = 2.273 eV/nm as per Eq. (20)
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Thermal-Field
Unit:

General TF Current Density

ORIGINAL GENERAL THERMAL-FIELD-PHOTOEMISSION (0GTFP) 1l

\

Current Density (A/cm2)

| I
10 0.5 1 1.5

F (eV/nm)

©

Low Work Function:

Jore(F,T) [Alem?] for T = 1173 K and @ = 2.1 eV.
Also: RLD = Richardson, FN = Fowler-Nordheim,
and gray lines corresponding to F(T,,) = 1.36
eV/nm and F(T ) = 1.617 eV/nm as per Eq. (20)

pg 13of 33



Reformulated GTFP Approach

Sections Outline

© Reformulated GTFP Approach
@ Shape Factor
@ Em Evaluation
@ Correction

DISTRIBUTION A, Approved for public release, distribution is unlimited. A Reformulated General Thermal-Field-Photoemission Theory pg 14of 33



NAVAL
ESEARC

Reformulated GTFP Approach

| ABORATORY

RerFormMuLATION METHODS

oGTF:2
@ Three regimes separated by Ty, Tnin in
Eq. (20); Br(E) evaluated only at Br (1)
and Br(u + ¢); v(y) and #(y) used;
@ 7> Tyu,n <1 o Tregime;
T < Tyin,n > 1 & F-regime
Toin <T <Tpysn=1TF

<
>

rGTF: b: ¢

@ Schottky v(y), t(y) no longer used:
Shape Factors o (E), u(E) are
always used to find 6(E), Br(E)

@ E, is always found exactly
0(E) always linearized about E,,

4K L. Jensen, M. McDonald, O. Chubenko, J.R. Harris, D.A. Shif
fler, N.A. Moody, J.J. Petillo, A.J. Jensen, Thermal-field and
photoemission from meso- and micro-scale features: Effects of
screening and roughness on characterization and simulation. J.
Appl. Phys. 125, 234303 (2019)
K.L. Jensen; A reformulated general thermal-field emission equa-
tion J. Appl. Phys. 126, 065302 (2019).

CK.L. Jensen, M. McDonald, J.R. Harris, D.A. Shiffler, M. Cahay,
J.J. Petillo; Analytic model of a compound thermal-field emitter
and its performance, J. Appl. Phys. 126, 245301 (2019)
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L] ° N(n.s)
F | — Using Z(x)
_s|- |— RLDlimit
[ |—— FNlimit
— [ TF Regime
ST
E L
o L
2 L
—lSj
20f ///
L nalf L
0

0.5
log,(F)

Redefined Regimes
@ 1 <0.95 & T-regime
@ n> 1.05 & F-regime
@ [n—1|<0.05 & TF-regime
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Shape Factor

Reformulated GTFP Approach

SHAPE FacTor METHOD |

o(E) and u(E) (related to d6) defined by

=red/blue;u=7eV,d=2eV, F=1eV/nm
T U(x)—E}l/zdx s =re
o(E) = -7 = = 26 ————————————
o- {5} T e 7 7
(U, — 2 gy
E) = - 27 - .
u(E) fL {U(x) } T (27) . 1
53]
Length/Height scales: ( — V4QF) 1
2
FL(E) = +/(u + ® — E)2 — 4QF S |
= +d — —
(28)
TK(E) = \2m(u + ¢ — E)
00 012 0.‘4 0.‘6 O‘.S
Gamow factor using Shape Function x (nm)

O0(E) = 20(E)x(E)L(E) (29)

Effect on Fowler-Nordheim Equation
e*Z(T(/J)K([l)L([l)

o (E) is factor accounting for shape

m
@ rectangular: 7o = 1 I (. D) = 2:52753 [2u()x()L()]?
@ triangular: o, =2/3 = 0.6667 #
. _ 2v(y) X _ 22y
@ parabolic: o, = /4 = 0.7854 o) = m u(p) = NET
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SHaPE FAcTor METHOD ||

oGTF relies on Schottky v(y) and t(y), therefore only for image charge barriers
This is a limitation both theoretically and computationally. Remove them

@ 0(E) — o[y(E)]

Recover known limits:

\/4FQ FN Limity - Omadeby Q —» 0
o y(E)= ———— (image charge vanishes):
u+o®-FE
@ U(x) between A and N: gn})ﬁp(E) = ZT?"(H#D—E)”Z

o (y) will depend on F or
2/3 <o(y) <n/4

rGTF Eq now uses

which for E = u reproduces
FN A result and is “F-like”.

O(E) = 2 o[y(E)] k(E) L(E) (30)

L RLD Limity = 1 (E = p+ ¢):
E) = =20 0 (kL) - —= y* 0,0 31 2m)204

Br(E) £ (kL) JOF Yo, (31) J»iL‘TﬁF(E) _ ’;373/4Q

m'2QV4 | (y + 3)o — 2y(1 =)o’

reproduces parabolic barrier:

DISTRIBUTION A, Approved for public release, distribution is unlimited.
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“T-like” because E,, ~ u + ¢
when T high and F — 0.
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0.8 T T T T T
—— T T T
n=2 Lot
03 n=4 L, s, i
- FD K .
— , .
® L / . ]
= — 02l )/ N i
w 8 /I \\ 4
. / \
g , |
< 0.1 H I/ \‘ -
(, \L
, [
l)'650 0.2 ' 0‘4 ' 0‘.6 ' O‘X ' 1 0 L L n T
0 02 04 0.6 0.8 1
x=(1=-y)/1+y) y

@ Error for quadratic & quartic fits.

@ Max error is 0.168% and 0.044%,
respectively. For comparison, o(y) using

N
aEN = ) Crx” (32)

n=1

T % T % [ o6 | Forbes-Deane (FD) approx for v(y) also
0 0 1 /4 shown, which is not exactaty = 1
; 12 ?g gggggg @ Schottky factors no longer needed in the
3 24/95 1/49 0.67303 more general Shape Factor approach, but
4 1 0 '2/3 more importantly, method provides means
- to correct errors of oGTF in TF-regime

DISTRIBUTION A, Approved for public release, distribution is unlimited.

A Reformulated General Thermal-Field-Photoemission Theory

pg 180f 33



U.S.NAVAL
ESEARC

| ABORATORY

Reformulated GTFP Approach

MaxiMum (Em) EvALuATION |

N(n, s) is approximation to “exact” N[O(E)]:

o In (1 + ebrtu=b)

o(E)

dE (33)
1+¢

NIO(E)] = Br j;

@ When 6(E) approximated by linearized
Gamow factor, then 6(E) — 6,,(E) and
N(n,s) = N[Oys(E)].

@ Let h(E) = N[O(E)]-integrand, so
Ep = deUl(E)J

@ InT regime, E, ~u+¢
In F regime E,, =~ i
In TF regime, Br = Br(Ex)
Iterative approach to find E,, (iteration
labeled by j) is now possible in steps such
that E,, ~ Es typically to 4" decimal place

@ j=1:LetE; = u+ (1 - €)p where
€e=0ifBr <Br(u+¢), e=1if
Br > Br(u), and otherwise:

20

T B+ VB 1dAC

A= 3(Br(n) + Briu + )] - ?
69(#)

B = =2 [Br(u) + 2Br(u + )| + ——
C=pr-Briu+¢)

@ Obtain (j + 1) estimate from j* by

hy —h_y
hy —2ho + h_y

In {1 + explBriu — Ej — pA)]}
1+ exp [6(E; + pAl)
where A ~ 0.01 eV

A
Ejs1 = Ej -

DISTRIBUTION A, Approved for public release, distribution is unlimited.
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MaxiMum (Em) EvaLuation |l

—— 300K !
e —— 700K
—— 1100K L5 | 7
[ u+o || |
104 o r | R
I
— L | I
= - evees, B
3 g D S
- 9t 4 = ! 7
5 = L 4
% L 1 |
I
8 - 0.5 / « Exant N
para
[ 1 | | — N 1
7777777777777777 NN ] I o
! | uro
. | . ! . ! . 0 T ST e e e Y ET I Y
-1 05 0 05 1 6.6 6.8 7 72 74 7.6 7.8 8
log,,(F) E (eV)

@ E, forvarious T withu =7eV, ® =4.5eV.

@ TF-regime is where E,, departs u + ¢ line
(thermal-like) and converges with u line
(field-like), where oGTF overestimates

AI(E) extent (Ieft) dJ(E) current integrand for the parameters:

T=80K F=1eVinmu=7eV,®=2
@ Observe low T (FN emission) is also eV. Gray lines mark 6 = 0 (horizontal) and
overestimated because Br(E,;) > Br(u) E=pandE = u + ¢ (vertical).
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Maximum (Em) EvaLuation I

05 o 0s
log(F [eV/nm])
f Difference: T = 800 K

Y)
dJ(E)/dJ(Ey): T =800 K

E [eV]
E [eV]

log(F [eV/nm])

05

70150g(F [E:V/nm])
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Reformulated GTFP Approach

MaxiMum (Em) EvaLuation IV

50K
100K
300K

BriBru+o)
- = Brifrw

DISTRIBUTION A, Approved for publ

release, distribution is unlimite

- — 600K

- —  1000K

- - —  1500K
BriBriu+s)

B . -~ Brlpren

P T :

1 L5 2 25
F (eV/nm)

Em Evaluation

Ey (eV)

dJ(E)/dJ(Ey)

A Reformulated Ger

log,o(F (eV/nm))




Reformulated GTFP Approach

LoreNnTzIAN RENORMALIzATION FACTOR |

N
Ratio Function: Ro(y) = 1+ 0,y = yw) Z GL(y;lj,6)  (37)
N(n,s) =1
Ro= — = 34
7 NIOE)] 69
LI B L
@ Lorentzian-like peaks. Enables fast I L e
method for finding Ry. Lorentzians 25k ¢ Fdaa
are L(x) = 1/(* + 1) o )
@ Image L(x) makes Ry(0) = 1; Small r ]
y region suppressed via ©(x) and 3 NN ]
P EelA N Ay < ]
L(y,l,d)_L( 5 ) L( 5 ) (35) : ]
1.5 -
1 yx L 1
0,00 =5 [1 +tanh(7)] (36) : ]
! i Il Il Il Il i
@ Fit based on Y of Lorentzians: 0o 02 oa 06 s
3N + 1 parameters to specify for ()

Eq. (37)2 C,’.[_/’,(S/',)’H,-. N =4.
T =900 K, ® =4.5eV.(o,0,0); red line is Eq. (37), gray is 1
“F data” used for high field Lorentzian; 7" data” identifies where
© imposed. TF is where [n - 1| < 0.05
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LorenTziaAN RENORMALIZATION FacToR |l

03 \’ \‘ —— 4.5/900

|\ —— 4.5/400

Cj,1;,0; for T =900 K and ® = 4.5 eV. Observe of || — 12200

size of 6, necessitates ®, window function | e
‘ -

| —— 3.5/600

J G lj o I
T | 1.6484 | 02793 | 0.0207 g |
2 | 05159 | 0.3451 | 0.0116 g
3 | 0.2659 | 0.3101 | 0.0240 |
4 | 00643 | 1.2752 | 0.8283 s
|

20 02 04 0.6 08 1

top Fitted Lorentzians as per Eq. (37) for pair of
parameters (®/T) shown in legend. Dotted )
uses table values

bottom Lorentzians shifted by /;, normalized by . .
max(Ry(ly)). Analogous underlying behavior s — j;zgg
(with small variation): suggests possibility of . —— 1.2/200
i NI - \ — 0.6/77
generic parameters Cj, [;, 6, y Toosp 1 e
= il —— 3.5/600
' g ol | ]
Ry(y) allows N(n, s) via rGTF to be g o “ |
. = N
rapidly calculated: useful for ' oal i U} k!
characterization, modeling J over single ;; | ‘
emitter, beam simulations codes, etc. = eap I N\ ]
(accommodates N(n, s) - Eq. (16)) , v/ ‘ —
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Sections Outline

e Compound Emitter IV Prediction
@ Dipole Model
@ Tip Current
@ FN and RLD Accuracy
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Dipole Model
U.S.NAVAL Tip Current
ESEARCI

LABORATORY Compound Emitter IV Prediction FN and RLD Acc

CompounD EMITTER |

Characterizing current as thermal-like (RLD) or field-like (FN) is precarious when
microscale features exist on mesocale emitters
@ For simplicity: on axis protrusion (but
methodology allows it anywhere on surface)

@ Form compound emitter by placing small
dipole atop larger. Dipole potential oriented at
polar 6, wrt z-axis is given by

P(zcosb, + psiné, —a)

Ugip =
o [z — acos6,)? + (p — asinb,]**

@ Pisdipole strength. For primary dipole
oriented normal to cathode plane, immersed
in background field F,, is
U(p,2) = =F,z + Uajp(p, z) with 6, — 0:
Ulasinf,asinf) =0 — P = F,a® and

2 VP
17(z2+/12)] (38)

= -Foz+ U,(p,2)

U(p,2) = —F,z

@ Compound emitter: smaller protrusion dipole 5 a4 w05 o
of strength 6P = p(r)F,a® and radius ra at pla

: e Effective emitter shape shown by white region; red lines are
x of primary + its im
apex ot p ary + ts age contours of bare single dipole (primary) with same dipole strength.

05 1 15
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Dipole Model

U.S.NAVAL
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LABORATORY Compound Emitter IV Prediction

Compounp EmiTTER Il

@ Resulting equipotential not contiguous
for U = 0 surface: made so with
inclusion of small background term U,

@ U(p,z) vanishes at apex z;, = (1 + ra:
sets p(r)

r+(L+r)32 -1 +r)72
2428+ )32 -2+ )2

p=
(39)
P

= 2r 2-3r)

@ Choice of U, satisfies U(ra,a) = 0:
U, 1 + 2p
Foa (1+72)32 ° (4+r2)32

4

32
Q2+r)

@ Exact forms for computation;
approximate forms suggest scaling?

4K L. Jensen, M. McDonald, J.R. Harris, D.A. Shiffler, M Cahay,
J.J. Petillo, Analytic model of a compound thermal-field emitter
and its performance, JAP126, 245301 (2019)
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Field Enhancement: Field F; along (and
normal) to surface

F@) = Flo.2@)P + Elo.a@F  (41)

Let: x = p/a, y = zs(p)/a, fx = Fplp,zs(p)]/Fo and
Sy = {Fzlp,25(0)] = Fo} [Fo, v = (0, £1):
fis 390 4 (xy+ Xy—)

Ro

Ry R-

V=

X% - 2)’% . - 2)% x2 - Zy% (42)
R P\ TRy R

Ry = [Xz +.V‘2/]5/2§ Yy =y+v

Schottky’s conjecture: By, = Fy/F, =

primary 3 x protrusion 8 (or 3 x3 =9)

Analytic (Padé form suggests behavior):
Fiip 1+ 2p 2 2p

F, R TS
9 — 11.56r +4.273r%
1+0.3783r — 1.02972

departure from g, = 9 as r increases faster
than anticipated were protrusions to exhibit
“self-similarity” (PCM)

(43)
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Tip Current
Compound Emitter IV Prediction FN and RLD Accura

TotaL CURRENT |

BB e e j e Exact
r=0.1 —— Padé
r=0.25

—— primary sl ]
! < |
& 3 ]
w =~ 1
6 i
1 S N N AN BV S N A 50””0‘.1‘“‘012””0.‘3””0.47
0 0.2 0.4 0.6 0.8 1 12 1.4 r
pla

Schottky’s conjecture: By, = Fs/F, = pri-
Blp) = Flp,z(p)l/F, along surface for mary j x protrusion 8 (or 3 x 3 = 9): De-
r = 0.1and r = 0.25; gray line is B(p) parture from S, = 9 as r increases faster

associated with a hemisphere. than for “self-similarity” PCM

I(v) = LJGTF(FS,T) N1+ (8pz5)? 27p dp (44)
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Compound Emitter IV Prediction

TotaL CURRENT I

Tip Current
FN and RLD A

Tip current [ is J integrated over surface Q

1) = f Jorr(Fy.T) dA (45)
Q

dA = |1+ (8,2,)? 27p dp (46)

e.g., primary emitter: z;(p) = a2 — p% and p = asiné),
then 1 + (U/“\)l sec2 0 and dAy,/dp = 2ratan 6

Discretize:
z5(0j+1) — 25(p))
Opzs ® —————
Pj+1 = Pj

Discrete surface element:

N
AA; = " 2mpi[(p; = pj1)? + (5 = 1) (47)

=

where pg = 0 and zo = (1 + r)a. /= termis dl;
of ribbon: Average J along ribbon is

()= %{Jlﬁ(p,n +IF 0l (48)
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r=01
r=02s
primary

I

D S e e e e R

(dA/dp)/a

o

pla

Numerical I(V) From Emitter: U(D, 0) = ¢V,

N
1Va) = () a4y (49)
j=1

Limiting cases

1
1,(Vy) = 2na* f Jrep(T,3Fox) dx (50)
o

1
1V = 2000 [ IpnBipFon ds 61)
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U.S.NAVAL
ESEARC

LABORATORY Compound Emitter IV Prediction FN and RLD Accuracy

CHARACTERIZATION |

GTF 0.1
o GTFO25
FNO.1
—— FNO25

@ Departures of J(F) from J; and J; reveal the S
onset of TF emission?

@ Departures of I(V) from I; and I; reveal how
compound emitter transitions from being a
thermal emitter at low fields to being a field
emitter at high fields

@ Intermediate field regime poorly characterized
by such a dichotomy: T-dominated processes

6
(on primary) co-exist with F-dominated 1/(F, [eV/nm])
processes (on protrusion) on same compound
structure e oo
o otrozs

@ Comparison for r = (0.1,0.25) = (o, )
Iy (dark / light) blue for (o, e)
I, (in red) due to primary

FNO.1

@ Factor of 5/4 associated with base for 7; brings
RLD agreement with GTF at low F.

log,o(iip [A])

KL Jensen, M. McDonald, J.R. Harris, D.A. Shiffler, M. Cahay, J.J. Petillo,
Analytic model of a compound thermal-field emitter and its performance
JAP126, 245301 (2019)
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LABORATORY Compound Emitter IV Prediction ind RLD Accuracy

CHARACTERIZATION ||

o fit*to In({/F?) =Y - S/F,
@ infer 8, A, -1

A= "3 <
_ 2
O AP g

@ Numerical: r = 0.10, L 1
B =7.68,8411 < A(F,) <9762 J T

YS:8=9.21 and A, = 907 nm? F, [eV/inm] »
@ Numerical: r = 0.25, Fowler-Nordheim
B =16.19,59383 < A(F,) < 50455 using Spindt v(y), #(y) (sp):

YS:3=8.13and A, = 1912 nm?

@ B over by 20% — 30%,

A, under by 10 — 30x 1Fo) = Aol (Fo)

2all units in (eV, nm, fs, q)
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LABORATORY Compound Emitter IV Prediction FN and RLD Accuracy

CHARACTERIzATION |1

@ Calibrate
gy = &P [ In(l,/1,) ] T
740 [ VE - VF, ol ]
e fitt to In(//T?) = Y — S/T <
< -l ]
(qu = kBS + ‘\,4ﬁeﬁFuQ é% [ ]
Y - -nf Thermal A
Aeﬂ" = [ 1
AgrLp 1), ]
600‘ - ‘8(‘]0‘ - ‘1.0‘00‘ - ‘1,2‘00‘ - ‘l,;tOO
@ Numerical: B =3,0=2.6¢V, T [K]
2 _ 2
Alma” =1+1r"+(9/4) Richardson Eq.
@ YS (0.10):
L=212,0 = 2.26,A/na® = 0.443
YS (0.25): Irip(Fy) = AcJrin(T)

B=1238,®=227,A/na* = 0.425

4all units in (eV, nm, fs, q)
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Compound Emitter IV Prediction FN and RLD Accuracy

CoNcLUDING REMARKs

Reformulated General Thermal Field Emission

@ Designed for rapid and repeated evaluation of emission from mesoscale structures
with microscale protrusions

@ ...to meet the needs of interpreting characterization measurements, prediction of
performance from compound emitters, and providing models that can profitably be
used in the simulation of electron beams

@ Lorentzian correction accounts for departures of 8(E) from its linear approximation

Impact On Usage and Characterization

@ Compound emitter is a combination of point dipoles describing the primary base and
the apex protrusion and is analytic

@ rGTF applied to compound emitter for conditions where T, F, TF emission
simultaneously exist and contribute

@ rGTF I(V) prediction contrasted to RLD and FN: current vastly underestimated and
affects characterization

@ Entails consequences on characterization of emitters, simulation in devices using
density modulated beams, and particle-in-cell (PIC) codes.
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