~EIN

¥® Los Alamos l R D
“., NATIONAL LABORATORY
LABORATORY DIRECTED
RESEARCH & DEVELOPMENT

Field emission assisted heating of Cs2Te
photocathode: Implication toward mesoscale
surface breakdown

Ryo Shinohara

LANL Mentors: Danny Perez, Soumendu Bagchi
MSU Advisor: Sergey Baryshev
CARIE Project team: Evgenya Simakov, Chengkun Huang, etc.

"M‘g% Managed by Triad National Security, LLC, for the U.S. Department of Energy’s NNSA. 3/6/2024 1



Overview

« CARIE Project
— Theory effort

» Mesoscale Surface Diffusion Model
» Field Emission Modeling

* Result

» Conclusion / Future Work

i@ Los Alamos

AAAAAAAAAAAAAAAA



CARIE: Cathodes And Rf Interactions in Extremes

A new three-year project was funded at LANL to
demonstrate operation of high-quantum-efficiency
cathodes in a high-gradient RF injector.

Diffusion barrier +
{ smoothing layer

* Project builds upon LANL's expertise in high- I
gradient C-band and high-QE photocathodes.

» The proposed heterostructured cathode will include
multiple layers to ensure atomic flatness of the Cu
surface, high QE, and the ability to withstand high substrate

electric fields with no breakdown.

« Target beam parameters: 250 pC, 0.1 ym*rad,
Bsp = 1016 A/m?2,

» The project started in October of 2022.
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Theory efforts: thrusts and the team

* New photoemission model for thin-film semiconductor cathodes (D. Dimitrov)

« DFT modeling of cathode materials (Cs,Te and Cs/alkaline antimonides) (G. Wang)
— Bulk properties (structure, optical, electronic, photon, and atomic potential)
— Surface properties (work function, electronic properties)

» Monte-Carlo (MC) high-field transport modeling (C. Huang, D. Dimitrov)

* Molecular Dynamics (MD) models for cathode materials (S. Bagchi, D. Perez)
— Beyond standard charge equilibration approach for high-field operation
— Data-driven parametrization of interatomic potentials

 Meso-scale surface breakdown modeling (S. Bagchi, R. Shinohara - MSU)
* Integration of the nano/meso-scale models
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Overview of our models and the integrated modeling
approach for semiconductor cathodes
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Breakdown Under High Field Environment

* Triggered from primary emission site

Wang JW, Loew GA (1997)
Mlcrodrop

Primary Emission New

<
N W M

Explosive Emission
Electrons

Dense

Plasma Pressure O | N +* * +
Melting Poc i
o~
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Mesoscale Surface Diffusion Model

Finite Element Method

(0:6 A

Create the

mesh for Evlecz;;;ailco Field Elnergzy Density
1.Local field distribution is solved on the vacuum mesh vacuum and . = Up = ;eoE
material E=-V¢

2.Linear Thermoelasticity is solved on the copper mesh

@0

Solve the
thermal stress
and strain

Solve the local
field distribution

—V-o(u) =0 tensor
(u) = Atr(e(u)1 + 2ue(u) — _—Yzl/ATll <

w) = 3 (Vu+ (Va)")

Strain- Energy Densny

P G 011511 + 022622 )
T U i +012€12 + 02162

Calculate
strain-energy
density

Calculate the
Electric field
energy density

Y/
<

€

Surface Diffusion

D,Qug 9*p.
ka 0s?

Ly 2—(uc)]

e =Q(yk — U + wr)

‘/n =

= Oh UAY) c?

Bt_kg

Solve for new
surface profile
and update the
mesh

Chemical potential = surface tension +
(lectrostatic energy + strain energy density j
i\
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Mesoscale surface diffusion model
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— - initial
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https://arxiv.org/pdf/2311.06624.pdf
https://arxiv.org/abs/2311.02519
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Mesoscale surface diffusion model

0:51 _
— - initial 0.6
04{Eapp B - 0.0187
03 = 775 MV /m — 0.0361 0.4-
~ 0.21 — ]
g £ 0.2
=~ 0.11 2
N 0.0
0.01
02
-0.11
_.0_2- -0.4
0 1 7 3 4 . . . . . . . . .
(um) 00 25 50 7.5 100 125 15.0 17.5 20.0
https://arxiv.org/pdf/2311.06624.pdf X (um)

https://arxiv.org/abs/2311.02519

‘5 Los Alamos 3/6/2024 11

AAAAAAAAAAAAAAAAAA


https://arxiv.org/pdf/2311.06624.pdf
https://arxiv.org/abs/2311.02519

Overview

« CARIE Project
— Theory effort

» Mesoscale Surface Diffusion Model
* Field Emission Modeling

* Result

» Conclusion / Future Work

i@ Los Alamos

AAAAAAAAAAAAAAAA



Semiconductor Breakdown: Field Emission

 Field Emission
— Source — Current Density
= Joule Heating 1)
= Nottingham Effect |

Create the
mesh for
vacuum and
material

1.Local field distribution is solved on the vacuum mesh
2.Linear Thermoelasticity is solved on the copper mesh

@0

Solve the

thermal stress Solve the local
Linear Thermoelasticity —> and strain field distribution
—V-o(u) = f tensor
o(u) = Mr(e(w)1 + 2pe(u) - ;5 AT1 < e—
_1 T A \4
= (Vv \%
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ﬁ o ZZ agey = zrneu + 022622 ) strain energy Electric ﬁeg

+‘T12512 +021€21

density energy density
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surface profile
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Electrostatic Field Energy Density
V-(V$) =0 Up = 2¢,E?
E=-V¢ 2

O

(6]

Surface Diffusion

D,Qus 8p.
Va=
k,,T ds?
oh D0 9 m
B = kaT 8zl HHe) T g ol

Mo =Qk — “1 +wr)

Chemical potential = surface tension +
electrostatic energy + strain energy density
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Field Emission Current & Heating

 Field Emission Calculated through Fowler-Nordheim equation
—-6.53%10%%¢p 1>

= Jow = 1545 10° 5 10453977 [Fjp g |2 Exp (222100
* Joule heating;:
- o= o) btk / s
. Nottlngham Heating:
_ VT. _ JrnAUe
deK
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Deviation from FN equation for -

. 1 -5
semiconductor -
10 Max. applied field:
< 107 —0O— 14.1V/ium
. . . = 10 —0O— 15.7V/um
« Current-density Saturation in - A 17.3Vhm
semiconductor 10™ el
- Strong Deviation from classical FN 10" 148 b Bl i
equation in high-field regime 0" 4 8 12 46 20 20 2%
— 1.54 %10 * 10*53¢™"°[E,, ../ |2Exp(— —6'53;109*‘#1'5 APPIISSRISIGINM
local
— FN equation predicts that current increases 25
exponentially with surface field
2.0
E1s]
<
10
0.51
0.04
.@ Los Alamos 025 050 075 1.00 125 150 1.75 2.00

Journal of Applied Physics 125, 205303 (2019); https://doi.org/10.1063/1.5085679 E (GV/m)



https://doi.org/10.1063/1.5085679

Un-physical results with FN equation

« Temperature Rise per Applied Field for Joule Heating:
- 100MV/m: ~0°K
- 125MV/m ~0 °K
- 150MV/m: ~12 °K

- 175MV/m: ~14000 °K e
« Temperature Rise per Applied Field for Notting Unrealistic

- 50MV/m: ~0°K Temperature Spike
- 55MV/m ~1 °K

- 60MV/m: ~180 °K

~ 65MV/m: ~16000 °K
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Stratton-Baskin-Lvov-Fursey Formalism, Oksana Chubenko

Semiconductor 7 Vacuum

N E Ey=Ec—-Ep
Ea = EC - EA (fOI'p-typG,
not shown here)
E,=E:.—Ey
U(.X) = Evac - EC
I(x) = Eg— E;

:Evac_EF
x=U;
®» ZC;:X—SS
0 X

Journal of Applied Physics 125, 205303 (2019); https://doi.org/10.1063/1.5085679
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Stratton-Baskin-Lvov-Fursey Formalism, Oksana Chubenko

®

* Low-field Regime
— Limited by tunneling probability
— — Act metal like (follows FN)
« High-field Regime (saturation)
— Limited by electron supply in the
space-charge (band-bending) region
» Formalism takes into account the
band-bending

Los Alamos

AAAAAAAAAAAAAAAAAA

Semiconductor

Vacuum

77777 E Ed=
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Stratton-Baskin-Lvov-Fursey Formalism

®

* Low-field Regime
— Limited by tunneling probability
— — Act metal like (follows FN)
« High-field Regime (saturation)
— Limited by electron supply in the
space-charge (band-bending) region
» Formalism takes into account the
band-bending
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Stratton-Baskin-Lvov-Fursey Formalism

» Low-field Regime

. - - ags 10-5
— Limited by tupnellng probability 10° T
- — Act metal like (follows FN) < 107 =C=TETVIE
- High-field Regime (saturation) = s B s
— Limited by electron supply in the 1109,0 —v— 23.6V/um
space-charge (band-bending) region 10" ] ATRECHOES Tt ﬁiﬁiﬁiﬁ

 Formalism takes into account the : S—
) 1] 4 8 12 16 20 24 28
band-bending Applied Field (V/um)

Journal of Applied Physics 125, 205303 (2019); https://doi.org/10.1063/1.5085679
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Stratton-Baskin-Lvov-Fursey Formalism

* Low-field Regime Semiconductor Vacuum
_ . . . age - o E :E *E
Limited by tupnellng probability B B E (for petype,
— — Act metal like (follows FN) not shown here)
- High-field Regime (saturation) Be = P By
— Limited by electron supply in the 9(x) = Ey - E¢
y pply : ) = Eype — Ex
- Formalism takes into account the P e 13 b =G0,
band-bending :

Ux) = E,.— E¢
space-charge (band-bending) region Y—U

Journal of Applied Physics 125, 205303 (2019); https://doi.org/10.1063/1.5085679
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Stratton-Baskin-Lvov-Fursey Formalism

* Find the simultaneous solution of the

Poisson equation and Stratton’s equation

* Oksana Chubenko studied (N)UNCD

— Stratton's
Equation

— Poisson's

10°

Equation _#4

jsim = 10_6+ 07 Alem?

-80 -60 -40 -20 O

Vs

0.5

1.0
Fe, x10% V/iem

1.5

2.0

107t M= Ho
10°
103
10’ § s
- g
10 W _10
1073 Ng
10—5 2 -15
107 f.l_J: -20
-9 =4 e
10 B Y. 0.3 0.4
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Poisson Equation

« Solve 4
_&V_ P — - _N? Hx) Ex—E
dxz_ KEO"D_ q(n p'l'Na Nd) y(x)Ekl(a’lzz FkBTC.
\_

n = NcFy[(Er — Ec)/ksT],

(y) = NcF, ,(»),
p = NvF, ,[(Ey — Eg)/ks T, my) = Nekipply

p(y) = NyFy/2(—Eg/ksT — y),

Concentration N- — N, N
Densite P2 BB/ NO) = e
Ny
N = , Ny
4 71+ 2exp [(Er — Ep)/ksT] Ny (y) =

1+ 2exp(Eq/ksT +y)"
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Stratton’s Equation

Jem (Fs> ¥s) = Ay exp [—Bl 7 V(Yl)] exp (ys)
* Ay 4mmoq(kpT)?/h3
;(1/2 -1
° X |:1 — Cl t(Yl)kBT] 5
F B, 81,/Zmo/(3qh)
A2 F2 903/2()/3)
-+ _ s .
1/2
X {l — exp [—Bz L4 F(yS)yst(Yz)] A, q*/(8mh)
<p1/2()’s) B 4r[2mokyT/(qh
X [1 + B, P }’st(Yz)] }’ 2 Ty 2mokpT /(qh)
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Current vs Field: Current Saturation
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Current vs Field: Current Saturation
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Simple heating test with the solved current [ Semicogg”rfg‘;rrvacuum J
undary

* 50nm thin coat e
* SOIVIng for Stat|0nary Heat Eq uat|0n1e_8 Joule Heating, currgfit = 1e6, resistivity = 31 300.28
- kV-(VT) =f
— Joule Heating: 4]
" = plhu
— Nottingham Heating: £
s YT .7 = JbuikAUe 2

dek

= f=V-(kAT) 1

0.0 0.2 0.4 0.6 0.8 1.0
x (m) le-7

Copper semiconductor
boundary: T = 300 Kon a2,

1% Los Alamos
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Heating: max AT

» Joule Heating AT: 0.32 K
* Nottingham Effect AT: 0.47 K

300.32
300.475
le—g Nottingham Heating, current = 1e6, resistivity = 31 le-8 Joule Heating, current = 1e6, resistivity = 31 300.28
57 300.415 3

300.355 4 300:24
300.295 & 300.20 ¥
= g
E g2 £ 2
= 300235 £ = 300.16 ©
a N 8
5 £
300.175 — 300.12 ¢

300.115 300.08

. 300.055 300.04

x (m) le=7 599995 x (m) le=7
' 300.00

Qﬁ Los Alamos 3/6/2024 30
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K

300.295

300.235

* Current Saturation

* Insufficient current for meaningful heating to take
place
- Max AT of 0.8 K

* Thermal Runaway will (likely) to not take place

Temperature

300.175
300.115
300.055

316/2024 300.475
1e—g Nottingham Heating, current = 1e6, resistivity = 31

> | 300.415

Conclusion

299.995

14x10°F | | .
1.2x10%F .
1.0x10°} .

5— 800000} E

= 600000/ .
400000} .
200000} .

% 200 400 600 800
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Moving Forward
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Pulsed Heating

« Without proper cooling temperature rise of ~100 K is expected

David Pritzkau https://www.slac.stanford.edu/grp/arb/tn/arbvol3/ARDB271.pdf

120

: | — Variablep
100F - R /é.\ ...... | — - Constant p
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o
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[*2]
o

~. - o ; ) 15
' LUD RIUINuvD i
Li“sg.éﬂi’éh‘t‘ffffb??//iournaIs.aps.org/prab/abstract/lO.1103/thsRevSTAB.14.041001 Time (us)
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Field Emission

-

Pulsed Heating
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Assuming Double Triangle Energy Barrier

Vacuum

s

'y

Y D i i
X
« Conduction-band near in the thin film follows -
the slope —eF,cuum A e
- fermi level follows the slope —eF g, = l
 linear relationship between Ec(x) and Ef(x) in -
the thin film E
.é.’
0 d

i@ Los Alamos o

AAAAAAAAAAAAAAAAAA



Simulation setup
with copper layer

()

-

* 50 nm layer width

* Electrical Resistivity =

- Cs2Te:31Q0-m

— Copper: 1.68e-8 Q-m
« Thermal Conductivity =

- Cs2Te: 0.12 =7
Copper: 386 W—Km

« 1e6 A/m”2 current density flowing

through Cs2Te
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With Cs2te on top of copper layer

le-7
5:08 300.8
* Result is (basically) equivalent to boundary 4.75 5669
condition case |
4.50 300.6
300.8
_ Nottingham Heating, current = 1e6, resistivity = 31
5 le—8 g g y - 4.25 300.53:)
= 2
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Charge Density near surface

Er(x)—Ec(x)
BIOEE
 Linear relation with x vs y
e Can calculate charge density near surface

n(y) = NcFy ), )
ply) = NVFI/Z(_Eg/kBT — ),

N,
N-(y) = ,
2 1+2exp(—E,/kgT — y)
Ny
Ni(y) = .
) 1+ 2exp(Ea/ksT + y)

p=—qn—p+N, —Ny).
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Result

* Each colored line represents a 5x107 , | | !
different current. | ,
 Surface field/current can be 1107} |
determined by the assumed y £ 5x10°] ]
(surface) S ’ ]
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Current vs Field Preliminary Result
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