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Abstract
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We demonstrate photoassisted cold field emission (PFE) from a tungsten tip induced by tunable-wavelength low-power
femtosecond laser excitation. The emission current from the apex of the (310)-oriented single-crystalline emitter is shown
to linearly depend on the incident laser power, while the effective work function is reduced by the respective photon energy.
Our results promote the implementation of the linear regime in laser-triggered cold field emission for ultrafast transmission

electron microscopy.

1 Introduction

Ultrafast electron microscopy combines high spatial and
temporal resolution for the study of non-equilibrium phe-
nomena. In particular, ultrafast transmission electron
microscopy (UTEM) offers unique access to structural,
electronic and magnetic degrees-of-freedom in nanomate-
rials, probing ultrafast spin dynamics [1-3], the evolution
of strain waves [4—6], structural phase transitions [7-9] and
electromagnetic fields [10—15]. The achievable image con-
trast and resolution are governed by the spatial and tempo-
ral electron pulse properties, ultimately determined by the
electron source [16-18].

Time-resolved electron microscopy is pursued in various
modes, initially implemented using planar photocathodes.
Single-shot imaging of irreversible processes is possible
in dynamic TEM using high-charge nanosecond electron
pulses [19-21]. Stroboscopic imaging of reversible pro-
cesses facilitates ultrashort temporal resolution in the limit
of low bunch charges [16]. Sharp metallic [22-26] and
dielectric [27, 28] tips offer a higher spatial coherence of
photoelectrons, which has stimulated the development of
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laser-triggered field emitters for ultrafast scanning [29] and
transmission electron microscopy [18], either using nonlin-
ear photoemission from a cold emitter [11, 30], or linear
photoemission [18, 31, 32] based on laser-assisted Schottky
field emission [29, 33].

In conventional electron microscopy, the development of
high-brightness continuous electron sources has culminated
in cold field emitters [34—37]. For applications in UTEM,
photoassisted field emission (PFE) from such emitters prom-
ises narrow energy spread and freely-tunable electron pulses
with superior phase-space density [38]. Nonlinear and lin-
ear photocurrents supported by tunneling and the Schottky
effect at high static fields were investigated in numerous
studies (see, e.g., Refs. [22-26, 29, 30, 39-43]). For fem-
tosecond excitation, electron spectroscopy identified indi-
vidual single- and multi-photon tunneling emission chan-
nels [25]. Using continuous-wave lasers, a photon-energy
dependence of the single-photon channel was observed for
vacuum tunneling [39, 44] and across the junction of a scan-
ning tunneling microscope [45]. This suggests a wavelength-
tunability of the generation of femtosecond electron pulses
using PFE in the linear regime.

In this work, we experimentally investigate femtosecond-
laser triggered one-photon-assisted photoelectron emission
from the apex of W(310) cold field emitters. We study the
wavelength- and voltage-dependent photoemission current
and the transition between laser-induced and static tun-
neling, finding excellent agreement of the data with a model
invoking Fowler—Nordheim tunneling and a work function
reduced by the photon energy.
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2 Photoemission model

Extracting electrons from a solid requires passing the poten-
tial barrier into vacuum, either by tunneling or over-the-
barrier emission. A variety of processes can trigger pho-
toemission from nanotips including multiphoton [23-25,
46] or above-threshold [47, 48] photoemission, and optical
field-driven emission [22, 49-54]. Whereas these optically
nonlinear processes offer localization to the apex via field
enhancement, the resulting kinetic energy distributions are
substantially broadened [47, 51, 55], in addition to sto-
chastic and space-charge Coulomb effects arising at higher
currents [56—-64].

Linear PFE [39, 44] involves direct photoexcitation and
subsequent tunneling through the potential barrier. This
mechanism is used in laser-triggered Schottky field emit-
ters [18, 29, 33] that typically operate at elevated tem-
peratures (>1500 K) with sub-um-source-localization by
a facet-specific chemical reduction of the work function.
In principle, PFE from cold, i.e., room temperature, field
emitters [39] reduces the thermal spread of the Fermi-Dirac
distribution and can increase the emitter brightness due to a
small virtual source size [26].

For illustration, Fig. 1 compares standard field emission
(FE) (panel a) and one-photon-PFE (panel b). Both pro-
cesses involve direct tunneling through the potential barrier,
but for PFE, the emission occurs through a state at higher
energy, lowering the effective work function ¢, (see Fig. 1b).
This manifests in a linear relation of ¢, = ¢ — E; with the
photon energy E, = % (h: Planck’s constant, c: velocity of
light, A: wavelength of the photoexcitation laser).

Fowler—Nordheim tunneling theory describes the tun-
neling current through a potential barrier into vacuum [65].
The width and height of the tunneling barrier is reduced by
increasing the electric field at the photocathode. For a nano-
metric tip emitter, the electric field applied by the extraction
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Fig. 1 Electron emission process. Schematic electron energy distribu-
tion in the metal (left, Fermi energy level Ep) and potential barrier
(right, vacuum energy level Ey, ). a Field emission: Electrons tunnel
through the potential barrier, lowered and narrowed by an electric
field applied to the tip (dashed line). b Photoassisted field emission:
Electrons elevated by the photon energy tunnel through an effectively
reduced barrier
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Fig.2 Experimental setup. The laser beam from a femtosecond-oscil-
lator pumped optical parametric oscillator is frequency doubled (FD),
expanded (two convex lenses with f; =35 mm and f, = 125 mm)
and focused (achromatic lens with f; = 400 mm on a nanopositioning
3D-stage) onto a W(310)-nanotip. The tip is mounted in a Schottky-
type emitter assembly consisting of a suppressor and an extractor
anode. For flashing of the tip, a current can be applied between the
two filaments Fil, and Fil-; for control over electron emission, the
suppressor voltage U, is fixed at the tip potential and the extractor

sup

electrode is biased with U,,,. The electron emission is recorded on

an imaging microchannel plate (MCP) with a subsequent phosphor
screen (PS)

voltage U,,, at the tip apex Ej;, = l;:r*‘ is locally enhanced by
the geometric form factor of the emitter assembly k and the
radius of curvature of the nanotip r. In this model, the tun-
neling current j(E;,, ¢) from a material with the work func-

tion ¢ is described by the Fowler—Nordheim equation [66]

" 5 <'Eg, 87\/2mg? 1
.. = exX -_V
T O = ang P | T 3heEy, )

Here, e is the elementary charge, m is the electron
mass and the special field emission elliptic func-
tions v~ 1=f(Ey,, §)+(1/6)f(Eyy, ) Inf(Ey,, ¢) and
t 2 1+(1/9f (Egy )~ (1/18)f (Eyp. ) In f(Eg,, Pareslowly
varying functions of f(Ey,, ¢) = (€’ /4me,)(Eg,/ ) [66-68].
The Fowler—Nordheim equation describes both FE and PFE
processes with the work functions ¢ and ¢, respectively.

3 Experimental setup

The wavelength- and field-dependent emission current
from a cold field emitter is experimentally studied with the
setup shown in Fig. 2. A W(310)-nanotip is mounted in a
Schottky-type emitter assembly [69, 70], consisting of a sup-
pressor and an extractor, mounted inside a vacuum chamber
at a base pressure of 5 - 107! mbar. The tip is flash-cleaned
by applying ~ 3 A current pulses of a few seconds to the
filaments Fil, and Fil_ while no high-tension is applied to
the electrodes. Next, the tip voltage Uy, (the voltage applied
to the shorted filaments), the extractor voltage U, and the
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suppressor voltage Uy, are ramped up simultaneously to a
beam voltage of —4 kV relative to the vacuum chamber at
ground potential. FE is induced by increasing U,,,. The elec-
tron emission pattern is amplified by a Chevron-type micro-
channel plate (MCP) and recorded with a phosphor screen
and camera. The electron current is retrieved by integrating
the image intensity.

A high-contrast of PFE versus FE current is observed for
optical illumination of the tip with low bias voltage U.,,. The
frequency-doubled output of a femtosecond-pumped optical
parametric oscillator (OPO) generates wavelength-tunable
laser pulses with a pulse duration of 100 fs at a repetition
rate of about 80 MHz. The laser beam is expanded with
a telescope and focused with an achromatic lens onto the
apex of the nanotip (230 nm radius of curvature, cf. Fig. 3c
& SI), resulting in a focal spot size of 80x20 um?. The light
polarization is aligned parallel to the tip, and the laser focus
position is optimized with a 3D-nanopositioning-stage for
maximum emission current. For the few-femtoampere cur-
rents observed in photoemission mode, an emission half-
time of 30 min is found, generally governed by the vacuum
level at the emitter. Environmental gases adsorbed on the
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Fig.3 Nanotip photoemission. a Transmission image of the emitter
assembly. b Overlay of the laser-position-dependent electron current
(colorscale) onto the local laser transmission (gray-scale). Param-
eters used in the experiment: Py = 100 uW, A, = 400 nm and
Uexe — Uyp = 1750 V. ¢ Scanning electron microscope picture of the
W(310)-nanotip with the suppressor in the background recorded. d
Linearly fitted photoemission current for varying laser power between
100 uW and 300 uW (same U,,, 4 as in b). The data points and error
bars are calculated from the mean and root mean square current of
three 300-ms images

surface of the nanotip can be reversibly removed by flashing,
fully recovering the current [71].

4 Photoassisted cold field emission

Localization of the photoelectron emission to the apex
region is verified by raster scanning the laser focus over the
emitter (cf. Fig. 3a—c). Figure 3a shows an in-sifu transmis-
sion image of the tip in the emitter assembly with a camera
placed behind the side-exit window of the vacuum cham-
ber. A raster scan of the laser focus over the tip (shown in
Fig. 3b) correlates the local electron yield with the trans-
mitted laser power measured at the side-exit window. The
laser-power transmission map matches the in-situ and SEM
(cf. Fig. 3c) images of the emitter, the former being primar-
ily blurred by the laser focal spot size. A comparison of
Figs. 3a, b shows peak photoemission from the apex, with a
weaker tail towards the shaft.

The laser-power scaling of the photoemission current is
plotted in Fig. 3d. A linear fit to the data clearly verifies one-
photon photoemission. The total emission current

JranEips @, A) = apg J(Egy, @) + appg j(Egip, P5) )

is a sum of contributions from FE (high tip electric fields,
weight factor agg) and PFE (low tip electric fields, weight
factor appp).

Fowler—Nordheim-type plots and their fits to Eq. 2 are
shown in Fig. 4a for data sets without illumination and with
laser excitation at different wavelengths. The photoemis-
sion curves are normalized to the incident laser power. As
expected, the curve without optical illumination has a con-
stant slope over the measurement range, related to the emit-
ter geometry and work function. In contrast, while having
the same slope at high extraction fields (FE regime), the
photoemission data sets exhibit a strongly increased cur-
rent at lower extraction fields (PFE regime). This results in
a decreased slope in the PFE regime and is directly linked
to a decrease of the effective work function ¢, that depends
on the laser wavelength (cf. Eq. 1). In a transition regime
at intermediate extraction voltages, the measured current is
increasingly dominated by FE for rising extraction fields.
For a reduced photon energy (smaller ¢,), the slope of the
PFE component is reduced, and the intersection between
the fits of the FE and PFE components is shifted to lower
U,y Tuning the laser wavelength A from 500 nm to 400 nm
while keeping the time-averaged laser power P,,, constant
increases the photoemission contrast (the ratio of fitted PFE
versus FE current) by approximately three orders of magni-
tude over the extraction voltages in the measurement range
(see Fig. 4b).

@ Springer
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Fig.4 Fowler—Nordheim plots and photoemission contrast. a Fit-
ted logarithmic currents divided by the squared extraction voltage
for field emission without illumination (laser off) and photoemission
(laser wavelengths A = 500, 450,400 nm at time-averaged laser pow-

ers P,,=20,0.7,0.14 mW, respectively) against the inverse extrac-

tion voltage. The photoemission data sets are normalized to the inci-
dent laser power on the nanotip, and the field emission data set is
shifted relative to the photoemission data sets for visibility; the FE
and PFE components of the joint fits are visualized separately using
dashed lines. b Ratio of fitted PFE versus FE current at laser wave-
lengths from panel (a) normalized to an incident time-averaged laser
power Py, of 100 mW

To retrieve the global parameters ¢ and r, a joint model
using four equations of type Eq. (2) is employed and fitted
to the data shown in Fig. 4a. The FE and high-current part
of the PFE data are assigned higher fit weights accounting
for their lower noise. For each curve, the parameters apg and
appg are retrieved separately (appg = 0 without optical illu-
mination), with effective work functions ¢,. The global fit
yields a work function of ¢ = 4.32 +0.04 eV and an effec-
tive tip radius of curvature of r = 224 + 6 nm using a geo-
metric form factor of the emitter assembly k = 5.9, which
was estimated from finite element simulations of the emitter
geometry (see SI).

The fitted work function ¢ is in excellent agreement with
the literature value of ¢y 319y = 4.35€V [72]. The extracted
radius of curvature r agrees with SEM images of the repeat-
edly flashed and thereby dulled emitter acquired after the
experiments (» = 230 nm, see SI). For all laser wavelengths,
the experimentally measured currents are well-described by
PFE theory with an effective work function reduced by the
photon-energy.

@ Springer

5 Conclusion

In conclusion, we study photoassisted field emission from
a W(310)-nanotip using low-power femtosecond excitation,
controlling the effective work function by tuning the laser
wavelength. Our results combine the flexibility of linear
photoemission with femtosecond gating and the high beam
coherence from cold field emitters. Improved vacuum condi-
tions and active wavelength feedback may be used to extend
the emission lifetime. Future work will involve a quantitative
characterization of the electron beam brightness and kinetic
energy distributions in UTEM. The linear photoemission
process offers tailored temporal and spectral characteristics
of the emitted electron pulses. These parameters may enable
advanced electron phase-space control using, for example,
chirped optical pulses in future high-coherence UTEM
instruments.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00340-023-07968-2) contains supplementary mate-
rial, which is available to authorized users.
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