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Introduction

 Ultrafast laser-driven electron emission from metal
nanostructures is able to produce ultrashort coherent

electron bunches

* ltis critical to many areas
— Free electron lasers (FELSs)
— Compact laser dielectric acceleration
— Picosecond cathodoluminescence
— Femtosecond electron diffraction

It would enable exciting technological development
— Four-dimensional (4D) time-resolved electron microscopy

spectroscopy, and holography
— Single-electron sources
— Carrier envelope phase detection

G\ MICHIGAN STATE UNIVERSITY



Ultrafast and Nanoscale Diodes

APPLIED PHYSICS REVIEWS 4, 011304 (2017)

APPLIED PHYSICS REVIEWS

100 years of the physics of diodes
Peng Zhang,'® Agust Valfells,? L. K. Ang,® J. W. Luginsland,* and Y. Y. Lau’

IDc’parrmfnr of Nuclear Engineering and Radiological Sciences, University of Michigan, Ann Arbor,
Michigan 48109-2104, USA

*School of Science and Engineering, Reykjavik University, Menntavegi 1, 101 Reykjavk, Iceland
3Engfueer:'ug Product Development, Singapore University of Technology and Design, Singapore,
Singapore 487372

*Air Force Office of Scientific Research, Arlington, Virginia 22203, USA

(Received 29 September 2016; accepted 29 November 2016; published online 17 March 2017)

J. Plasma Phys. (2016), vol. 82, 595820505 (© Cambridge University Press 2016
doi:10.1017/S002237781600091X

Ultrafast and nanoscale diodes

Peng Zhang'{ and Y. Y. Lau'

1Dz-:l:mar’m'lemg of Nuclear Engineering and Radiological Sciences,
University of Michigan, Ann Arbor, MI 48109-2104, USA

(Received 29 June 2016; revised 25 September 2016; accepted 26 September 2016)

3 ﬁ MICHIGAN STATE UNIVERSITY



Laser Induced Electron Emission

Photoemission Optical field emission

Weak laser field Strong laser field

H. Yanagisawa, et. al. PRL 103, 257603 (2009) 4 ﬁ MICHIGAN STATE UNIVERSITY



Existing Analytical Models for Electron
Emission due to Laser Field Only

* Perturbative theory, usually done with strong
field approximation

H. R. Reiss, Phys. Rev. A 22, 1786 (1980).

D. M. Volkov, Z. Phys. 94, 250 (1935).

Bormann, R., Gulde, M., Weismann, A., Yalunin, S. V. & Ropers, C. Phys. Rev. Lett.
105, 147601 (2010).

* Floquet method, with zero dc bias

Yalunin, S. V., Gulde, M. & Ropers, C., Phys. Rev. B 84, 195426 (2011).

G. Ferrini, F. Banfi, C. Giannetti, and F. Parmigiani, Nucl. Instrum. Methods
Phys. Res., Sect. A601, 123 (2009).
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We have discovered an exact solution™ to the time-
dependent Schrodinger equation, for arbitrary
values of dc bias, laser field and frequency, and
metal work function and Fermi level.

Laser
Tip o
5 - Anode
V) DC bias

= — Metal Vacuum

*Peng Zhang and Y. Y. Lau, Sci. Rep., 6, 19894 (2016).
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Vacuum level

Exact Solution to Time-Dependent
Schrodinger Equation

----------------- Static bias F, + Laser field F,
w
ST Time varying potential barrier
0, x <0
’ r . D(x,t) =4V, —eF,x —eF,xcos at,
Metal | | Vacuum *, k x>0
x=0 X
2 2
p ) W OWID) |y ty(x,t)
ot 2m  0OXx
w(x,t) : complex electron wave function
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x 2 0 (Vacuum Region)

Using Truscott's coordinates transformation™

v, (x,t)= D] TG, (x,t)exp(—ict/ h—inawt) —F —+3hw
. ) i02F E . 22 . L
Xexp{/elz1 sin a)tx_ e°r 31 Sinwf + ie“F, S|n32a)tj \ +2ho
ho hmao 8imw
X +hw
G, (x,t) = Ai(E,, x, coswt) — iBi(E,, x, coswt) 178
—)p
- o— 9—c
« Periodic function with period of 2 /w (Fourier Series)
« Superposition of plane waves with energies of ladder
states with space of Aw coupled to € . ——2ho
* The transfer to sub-bands is made possible by x=10 X

multiphoton absorption (n > 0) or multiphoton
emission (n <0).

*Truscott, W. S. Phys. Rev. Lett. 70, 1900 (1993). 8 G MICHIGAN STATE UNIVERSITY



Total Time Averaged Emission Current
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Y\Yalunin, et al, 1019

Normalized emission current
o
5

PRB 84,

195426 (2011)
1012 |10 T
' F,[Vinm]  1© 1 FolVInm] 10

« Dominant emission n-photon process changes with F,

« Recovers Laser only case (Yalunin et al) for F; =0 and FN law for F, =0
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Time averaged emission current spectrum

[Fp Fi1=1[1,1]1 V/nm
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Laser wavelength
A =800nm

Work function
W=51eV

Fermi energy
E-=5.53eV

More channels open up as either dc bias F, or laser strength F, increases
n for maximum emission increases (decreases) as F,(F,) increases



Time-Dependent Emission Current

Laser intensity / = 1.33 X 10" W/cm? (F, = 1VInm)
-1 0 1 2 3

EE . v)/<w>

28 | - ' B | | Laser wavelength
I ] * ] A =800 nm

12
2 100 . | : Work function
§ 100' | - | W =5.1eV
(D 1 ) r -
'f | \ | Fermi energy
| | | | B | "
0 10 10 1

Time wt/2n
F,=1Vinm F, =5 Vinm Fo =10 V/nm

Intense current modulation may be possible even with a
low intensity laser, by merely increasing the dc bias.
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Comparison with Experiments
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Piglosiewicz, B. et al. Nat.
Photonics 8, 37-42 (2014).

Our Theory

[For F;1=[1, 1] V/nm
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Phys. Rev. Lett.
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Two-Color Laser Induced Ultrafast Electron Emission

Fundamental Delay ,  _ _ _ _ _ __ _ _ ____
femtosecond Jy S—— IT r

L

laser (w)
OAF%
Second

harmonic

femtosecond
laser (2w)

I OAP
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Two-Color Coherent Control of Femtosecond Above-Threshold

Photoemission from a Tungsten Nanotip
Forster, M. et al., Phys. Rev. Lett. 117, 217601 (2016)
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Two-Color Laser Induced Ultrafast Electron Emission

e+ 3hw - 1

e+ 2hw o
w

e+ hw

Electron
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Vacuum level
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L

2 Ili_.. [
=“?”
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0

d(x,t) = {

Uow N PhD student: Yi Luo
O%%? ~
C .
) O%’Q,Z@ Er: Fermi energy
. W work function
F;: fundamental laser field
F,: harmonic laser field
Vacuum :
R f: harmonic order
x 6: phase difference
) x <0
Er + W — eFyx — eFyxcos(wt) — eF,xcos(fwt + 6), x=0
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Two-Color Laser Induced Ultrafast Electron Emission

Time-dependent Schrodinger equation:

a0 2 92,
A G N L CTR) Y YRR WY

Ot 2m  Ox’
Electron wave functions:

_ 2me < £+ nhw |2m(e + nhw)
Y,(x,t) =exp| —iet/h+i |—x |+ E R,exp| —i t—1i x|, x<0
h? A 72
n=—oo

lpZ(xoét)
= 2 exp(—iet/h — inwt) T, [Ai(—n,)

n=-—oo

— iBi(—ny,)] exp [— i;jio <F1 Si(:g(wt) & S;;ff”) + % <F1 Siz(wt) + i Si;ff wt)) X

ie? (Flz sin(Qwt) F,? sin(2,8wt)> ie’FF, (sin(f —Dwt sin(f + 1wt
* 8hm * B ( ) ’

w3 B3w3 2hmBw?\ (B —1Dw a B+ x=0

Time-average emission current density: _1/3

66, 0) = Eh/2m)V — 7y W W= Y @), o) = L,

n=—oo
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Two-Color Laser Induced Ultrafast Electron Emission

Emission current density
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W=>5.1eV,
E,.=5.3 ¢V,

l Fundamental laser
wavelength

A= 800nm.

Two-color laser electric fields:

F, (at frequency w) + F, (at frequency 2w).
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Two-Color Laser Induced Ultrafast Electron Emission
F, (at frequency w) + F, (at frequency 2w)
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Phase de|ay 9/7-[ Forster, M. et al., Phys. Rev. Lett. 117, 217601 (2016).
Total time-averaged emission Our Calculation: 93.9% 1D model!
current density oscillates as Experiment: 94%

a sinusoidal function of 4.
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Conclusion

Analytical solution is found for highly nonlinear laser induced
electron emission, by solving time-dependent Schrodinger
equation exactly.

A single formulation covers various emission mechanisms
(multiphoton, optical strong field, and dc field emission.

Intense current modulation may be possible even with a low
iIntensity laser, by merely increasing the applied dc bias.

Our two-color laser model demonstrates great tunability on
the photoelectron spectrum and current modulation depth, via
the control of the phase delay and relative intensity.
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