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Background and Motivation

* Electron emission is important to fundamental research and various applications.
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Background and Motivation

* Electron emission is important to fundamental research and various applications.
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Background and Motivation

* Electron emission is important to fundamental research and various applications.

Photocathode for accelerator
Ultrafast electron microscope : |
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Transmission Electron Microscope

https://en.wikipedia.org/wiki/Electron_microscop Grinolds, M.S., et al. Proceedings of the National
ett/media/File:Electron_Microscope.png Academy of Sciences, 103(49), pp.18427-18431 (2006).

https://web.physics.ucsb.edu/~smcbride/photocathodes/

High quantum efficiency, low emittance, long lifetime, and short response time



Background and Motivation

« Laser-matter interaction is primarily affected by the laser wavelength

« a wide range of laser wavelength (~250 nm, ~800 nm, mid-infrared, THz)
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Background and Motivation

e Laser acts as a heat source
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Background and Motivation

« Two-color laser coherent control of photoemission
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Background and Motivation

 Cathode surface status influences the fundamental mechanisms of photoemission
- Metals and semiconductors

« Atrtificial coatings (graphene, nano-diamond, silicon dioxide, and zinc dioxide)
« Natural coatings: oxide
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Research Overview

« Effects of laser wavelength and
accompanying heating
« Two-color laser coherent control

Laser effects

_ Y, o
\_ of photoemission Y
[ Photoemission
2N | | )
Status of - Dielectric coatings effects
metallic « Plasmon resonance enhancement
(_Photocathode |+ Quantum well effects )

10



Effects of laser wavelength & heating

vacuuim

« Potential profile

« Schrddinger equation

 Electron waves

X

px,t) = {EF + W

E, .. Vacuum level

W,: work function of metal
Er: Fermi energy

€. electron initial energy
F,: dc field

F,: laser field

w: laser frequency

W=Wj-Wg oy €ffective work function

0, x<0

—elgx —eFjxcoswt,x >0

2 2
ip D R FWED 4, ) (x, 1)

ot 2m

Y. Zhou, and P. Zhang, J. Appl. Phys. 127, 164903 (2020).
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Effects of laser wavelength & heating

n=w . . . 2 2 .
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withT = e
Boundary conditions: 1 and dy/dx continuous at the interface> R,, & T,

Electron transmission probability at electron initial energy ¢ is defined as w(e, x, t) = ’—t
with j = 2= (7Y* - 7ip) f

\/8 + nhw —V,
Im IT,|2|,Fy =0
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Time-averaged electron transmission probability wn(e) = 113 /3

,Fo # 0
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Y. Zhou, and P. Zhang, J. Appl. Phys. 127, 164903 (2020). 12



Effects of laser wavelength & heating

E
4 E, ... vacuum level
Eype Ec: Fermi energy
€. electron longitudinal energy
E: electron energy, including both traverse
E, and longitudinal energy
y7 f(B) =—F—F
f(E): Fermi-Dirac distribution exp( T TF> + 1
B
_ _ kaT EF — &
< ) < Ne) N(e): supply function N(&) =-—-=In|1+ exp kT

« Emission current density

J = eJOOD(e)N(e)de
0

where N(g)de is the number density of electrons inside metal with longitudinal energy between ¢
and g+de impinging on the surface of metal per unit time.

« The quantum efficiency (QE)
_J/e

- I/hw

QE

Y. Zhou, and P. Zhang, J. Appl. Phys. 127, 164903 (2020). 13



Effects of laser wavelength & heating
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Effects of laser wavelength & heating

a Copper
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Effects of laser wavelength & heating
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 Dominant direct tunneling for F; = 5 V/Inm

Y. Zhou and P. Zhang, J. Appl. Phys. 130, 064902 (2021). 16



Effects of laser wavelength

& heating
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Effects of laser wavelength & heating
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« Laser heating results in more electron emission from initial energy above Fermi level.
» Laser heating has greater effects at step points and long laser wavelengths.

[1] Y. Zhou and P. Zhang, J. Appl. Phys. 130, 064902 (2021).



Effects of laser wavelength & heating
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e Good agreement with experimental results.
e |ag between emission current peak and laser intensity peak.
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Two-color laser coherent control of photoemission
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» Time-dependent Schrédinger equation
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Y. Zhou, and P. Zhang, Phys. Rev. B. 106, 085402 (2022).
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Two-color laser coherent control of photoemission
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Two-color laser coherent control of photoemission
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Two-color laser coherent control

of photoemission

Fl = 2.6 V/nm, FO =0
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Two-color laser coherent control of photoemission

(@) F,=2.6Vinm, F,=0.3V/inm F, (t:r)1 ) F,=2.6 V/nm
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 DC field enhances electron emission
» Two peaks on visibility vs DC field

24
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Two-color laser coherent control of photoemission
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* Interference is sequentially suppressed as DC field increases

[1] Y. Zhou, and P. Zhang, Phys. Rev. B. 106, 085402 (2022). [2] Y. Luo, and Peng Zhang, Phys. Rev. Applied 12, 044056 (2019). 25



Effects of cathode surface coating

Evac i
3
W :
&
Ep—-t
E
Metal ‘é Vacuum
Y |
0 d X
0, x <0,
Potential profile V(x) =<Ep + W —x — eFgerx, 0<x<d,
Er +W +e(F — Fy,;)d — eFx, x =>d.
h* 0%
Schrodinger equation  —o = 5 () + [V(x) — el (x) = 0

Complex wave

Y. Zhou and P. Zhang, Phys. Rev. Res., 2, 043439 (2020)
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Effects of cathode surface coating

a r1eV, F=5V/inm

b =2 eV, F=5V/inm c »r=1eV, F=10 V/inm

/N : : 2.09 A N 6.86 hm 1.25
EnrieE e - _ ¥ 2 s 2 & N g g e = A
: 1% : 1.35
A 2.3 5
2.4 10" 3 1.45
diel 1.55
1.65
10° = - Ediel
3 0 1 2 3
d(nm) d(nm)

enhanced field emission

Y. Zhou and P. Zhang, Phys. Rev. Res., 2, 043439 (2020)



Effects of cathode surface coating

« An empirical relation between thickness threshold and dielectric constant
threshold at room temperature
gth W
diel
eF

dp[nm] =

E vac

Vacuum

Y. Zhou and P. Zhang, Phys. Rev. Res., 2, 043439 (2020)
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Effects of cathode surface coating

« Electron transmission probability
A D(e) = explQ(e)]

Erac.... ] | — with Q(g) = —Zf Y (x) — eldx by WKBJ
X

Y.—eF, ie
W det approximation

» Electron emission current density

EF —: —eF 0
..................... ...
. ] = ejo D(e)N(e) de
with N (¢€) the supply function
Metal y Dielec. ~ Vacuum k EF —
0 g - N(e) = —r In|1+ exp kT

[1] Q.-A. Huang, J. Appl. Phys. 79(7), 3703-3707, (1996). [2] P. D. Keathley et al., Ann. Phys., 525(1-2), 144-150 (2013).
[3] K. L. Jensen, et al., J. Appl. Phys. 127(23), 235301, (2020). 29



Effects of cathode surface coating

(b)

F (V/inm)

« Good agreement in the scaling
* Resonance behavior in J vs. d cannot be revealed by the modified FN equation

Y. Zhou and P. Zhang, Phys. Rev. Res., 2, 043439 (2020) 30



Effects of cathode surface coating
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Schottky barrier lewering
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0 d X
« Potential profile
(0, x <0,
x.t) = +W — y — eF#elx — eF#*lx cos wt, <x<d,
Pp(x,t) ={Er + W Fgtelx — eFftet 0<x<d
\EF + W +e(Fy,— F&'')d + e(Fl — Fldiel)d cos wt — eFyx — eF;x cos wt, x = d.

W = W, — AW, AW is the Schottky barrier lowering.  F¢ = F, /egie1, F&*' = Fy/e4:¢; Tor a perfectly flat surface

Y. Zhou and P. Zhang, J. Appl. Phys. 131, 064903 (2022). o



Effects of cathode surface coating

(a) Il:1:6V/nm,;5:1 eV (b) Il:1=6IV;:nr:n,lg =|2-
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enhanced photoemission

Y. Zhou and P. Zhang, J. Appl. Phys. 131, 064903 (2022).



Au-nanopyramid emitter

Plasmon resonance enhancement
Bare
(a)
€ .
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potential profile

X. Xiong, Y. Zhou, Y. Luo, X. Li, M. Bosman, L. K. Ang, P. Zhang, and L. Wu, ACS Nano, 14, 8806 — 8815 (2020).
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Plasmon resonance enhancement

O O
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Effective barrier profile approximation

" | Ep + Wegs — eBegfFZcoswt, z > 0’

with Wege =W — x

X. Xiong, Y. Zhou, Y. Luo, X. Li, M. Bosman, L. K. Ang, P. Zhang, and L. Wu, ACS Nano, 14, 8806 — 8815 (2020).
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Plasmon resonance enhancement
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~2 orders of magnitude enhancement

X. Xiong, Y. Zhou, Y. Luo, X. Li, M. Bosman, L. K. Ang, P. Zhang, and L. Wu, ACS Nano, 14, 8806 — 8815 (2020).
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Metal Surfaces with a Quantum Well

« Nanostructures or adsorbates (ions, atoms, or molecules etc.) on cathodes

Resonant Tunneling Enhanced Field Emission
a b

Metal Vacuum ‘ . . %104 E
\ F=28V | T T |i
10 8 V/inm ol (l‘ | 190
—~ gl | > I 3
C d=3 nm 15} {15
g £ | e
5 < 1t AL
@ | =
& 5 &
| “05F 15 &
0 ' 0
4 4.5 6
3.07 A/Im?
105 A/m?

« Potential to produce highly intense and highly collimated electron beams
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Summary
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High-intensity and highly collimated

electron beam
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Q&A

Thank you!
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