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ABSTRACT Probing nanooptical near-fields is a major challenge in plasmonics. Here, we
demonstrate an experimental method utilizing ultrafast photoemission from plasmonic
nanostructures that is capable of probing the maximum nanoplasmonic field enhancement in any
metallic surface environment. Directly measured field enhancement values for various samples
are in good agreement with detailed finite-difference time-domain simulations. These results

establish ultrafast plasmonic photoelectrons as versatile probes for nanoplasmonic near-fields.
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MANUSCRIPT TEXT

Nanoscale localization of electromagnetic fields in the vicinity of metal structures is a well-
exploited phenomenon in many applications. It is especially advantageous to utilize either
propagating surface plasmons at metal films or localized plasmons in metal nanoparticles to
achieve substantial enhancement of the electric field of light in highly confined, nanoscale
environments'-2. This field enhancement phenomenon is thus inherently connected to nanooptical

field localization.

Scientific and technological applications of plasmonic field enhancement and/or localization

5,6

>4, plasmonic biosensors>,

include surface enhanced Raman scattering (SERS

10-13 and many more'*. In

optoelectronics’¥, photovoltaics’, construction of ultrafast nanoemitters
spite of the immense importance of the field enhancement effect, its actual magnitude remains a

highly debated issue due to the lack of accurate, direct and non-destructive experimental probes

measuring and quantifying electromagnetic fields in nanometric volumes.

Raman signal enhancement together with well-known, simple signal scaling laws in SERS
provided an early measure for plasmonic field enhancement®*. More recently, indirect
quantitative estimates show between 30 and 120 field enhancement factors for different
nanostructured samples'>!°. A similar concept based on two-photon photoluminescence signal
levels confirmed field enhancement values of some dozens for gold nanostrip and bowtie
geometries'’. Alternatively, there are also other approaches that rely on irreversible changes

induced by a critical value of the electric field such as (typically two-photon)



18-20 and direct ablation! of nanopatterned samples with field enhancement

photopolymerization
estimates ranging from 34 to 600 for different geometries. In addition, a particularly high, three
orders of magnitude enhancement was deduced based on the measurement of dc photocurrents in
plasmonic sub-nm gaps??. Even though these methods provide sound quantitative estimates for
plasmonic field enhancement, a general, locally sensitive, non-destructive probe providing a

measurement instrument for the field enhancement of any nanopatterned metal surface would be

of great benefit.

Therefore, here we demonstrate that ultrafast photoemission is a versatile tool for measuring the
maximum plasmonic field enhancement in any metallic, nanostructured environment at a
surface. Our results are corroborated by detailed finite-difference time-domain (FDTD)
simulations of the experimentally probed geometries involving both localized and propagating

plasmons without the use of fitting parameters.

Our experimental concept relies on the known facts that (i) nanooptical, plasmonic near-fields

23-25 26,27

induce photoemission from metal surfaces and nanoparticles, and the resulting electron
kinetic energy distribution can be easily measured; (ii) the electrons that acquire the highest
kinetic energy in the nanolocalized field are the rescattered electrons,”® and finally, (iii) there is a
well-defined, simple relationship between the local field strength and the maximum electron
kinetic energy, based on the ponderomotive acceleration mechanism of electrons®>*°, Thus, by
measuring the highest electron kinetic energy for a given plasmonic structure, the maximum hot-
spot field enhancement can be extracted from the data, as electron spectral cutoff regions are
composed of rescattered electrons that are directly sensitive to the nanooptical field maxima.

This principle is valid provided that the quiver amplitude of the free electrons in the enhanced

local field is much smaller than the plasmonic field decay length?!.



If the plasmonic photoemission process takes place at a certain phase of the oscillating, local
electric field, the free, photoemitted electrons are driven back to the surface within roughly half
of an oscillation cycle. At the metal surface, electrons can rescatter elastically with some
probability, in complete analogy with the corresponding atomic physics process taking place
after photoionization of an atom?®%. It can be rigorously proven that exactly these rescattered
electrons acquire the highest kinetic energy in the cycle-by-cycle acceleration process in the

oscillating, local field*-*°.

In experimental terms, it is only the rescattered electrons that contribute to the spectral cutoffs
observed in the electron kinetic energy spectra. The maximum electron energy (Omax) is given by

the simple formula?®-°

Omax = 10.007 €22?Elocmax / (16 w2mc?) +0.538 W, (1)

where m and e are the electron mass and charge, respectively, 4 is the laser wavelength, Ejoc 1s
the local electromagnetic field, c is the speed of light and W is the work function of the metal.
The prefactor 10.007 is based on a classical electron trajectory approach and can be derived by
maximizing the kinetic energy for all electrons that backscatter fully elastically from the surface
after photoemission and free electron motion?*~**. The second term, 0.538 times the work
function is a quantum mechanical correction to the classical approach?®. Therefore, these
prefactors are not empirical and they are universally valid irrespective of the experimental

conditions.

Even though for the case of nanotips, field enhancement factors of up to 6 were reported by this
approach®, the main enhancement mechanism there is geometric and has apparently nothing to

do with plasmon resonances. (Field enhancement results for gold and tungsten nanotips turned



out to be essentially the same in those experiments>’.) This explains why field enhancement is
very low for nanotips even for the sharpest possible tip radii of 10 nm. In addition, the low
degree of control over an electrochemically etched tip geometry and other factors cause that
nanotip field enhancement results are inconsistent. Therefore, our experiments on plasmonic
nanoparticles with highly controlled fabrication and comparison to simulations without fitting

parameters aim at the full validation of this methodology.

Based on these considerations, probing nanoplasmonic field enhancement can be performed in
the experimental geometry illustrated in Fig. 1. By back-side illuminating a plasmonic sample on
a transparent substrate in vacuum and measuring the spectra of photoemitted electrons with a
time-of-flight spectrometer, we could accurately determine maximum kinetic energies (QOmax)
acquired in the rescattering process by evaluating spectral cutoffs (for details, see Fig. 1(c)).
Thus, according to Eq. (1), Eloc,max 18 also given. By characterizing the focal spot, the pulse
length and the pulse energy of the laser beam accurately, the peak field strength, Efocusmax can be
also inferred for the interaction volume. The measured maximum field enhancement is then
given by Eloc,max/Efocus,max. In addition to the maximum field enhancement on a given sample,
other features of the near fields can not be extracted since both the photoemission phase and the
local field enhancement are inherently encoded into the final kinetic energy of a given
photoelectron. It is obvious, however, that the highest kinetic energy is gained by rescattering

photoelectrons originating from the hottest spot.
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Figure 1. (a) Experimental scheme for measuring photoemission spectra induced by
localized plasmon fields at gold nanoparticle arrays. The sample is in vacuum and
the substrate is illuminated from the back side through the transparent substrate, so
that photoelectrons emitted from the nanoparticles can directly enter a time-of-flight
electron spectrometer. (b) Experimental Kretschmann-coupling scheme for
measurement of plasmonic photoelectrons from silver layers of some 50 nm
thickness exhibiting different surface roughnesses. (c) Typical plasmonic
photoelectron spectra. Intersection of the red dashed line fitted to the decaying
sections of the spectra and the line fitted to the baseline (instrumental noise floor)

define the maximum electron kinetic energy (cutoff).

In order to demonstrate the robustness of our method, we generated both propagating and

localized plasmons with femtosecond laser pulses of either 42 fs or 95 fs duration (depending on



the laser source used, see Supporting Information file). The lasers featured 792 and 804 nm
central wavelength. Samples supporting localized plasmon oscillations (i.e. arrays of gold
plasmonic nanoparticles) were manufactured with standard electron beam lithography onto fused
silica substrates with a 40 nm thick indium-tin-oxide (ITO) conductive layer on top (Fig. 1(a)).
Nanorods featured 154 nm % 88 nm x 40 nm size, whereas bowties were 89 nm wide, 40 nm
thick and the full length of the double triangle together with a 20 nm gap in between them was
260 nm. In addition, thin film samples with 0.7 and 4.7 nm root-mean-square (rms) roughness
(Fig. 1(b)) were produced for Kretschmann-type coupling by electron beam evaporation of Ag
with precisely controlled temperature and wetting layers>>**. The upper row in Fig. 2 shows
scanning electron microscope (SEM) and atomic force microscope (AFM) images of the
samples. The plasmonic properties of the samples were characterized either by optical
spectroscopy (nanoparticles) or by measuring the angular surface plasmon coupling resonance of

the thin films (Fig. 2, second row).
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Figure 2. (a), (b) SEM images of plasmonic nanoparticle samples and (c), (d) AFM

images of rough plasmonic films used for the measurement of field enhancement. (e),

(f) Measured spectral resonance (extinction) curves of the nanoparticles corresponding

to (a) and (b), respectively. (g), (h) Measured angular resonance curves of propagating

plasmons at 804 nm wavelength, according to the geometry in Fig. 1(b). (1)-(1)

Plasmonic photoemission electron spectra as a function of focused laser intensity for the

corresponding samples plotted in logarithmic false color representation. The white

dashed lines show the linear dependence of the spectral cutoffs. (m)-(p) Maximum

plasmonic field enhancement values extracted from the electron spectral cutoffs

Electron signal (arb. u.)



according to Eq. (1), as a function of intensity for the corresponding samples. The

horizontal lines show the simulated field enhancement values.
We acquired time-of-flight electron spectra for different laser intensities for each sample type by
collecting the photoemitted electrons according to the geometry in Fig. 1 with the electron
spectrometer having an acceptance cone of 37° (full cone angle). Logarithmically color-coded
electron spectra as a function of intensity are shown in the third row in Fig. 2. For each sample,
the validity of ansatz (iii) and equation (1) is clearly visible by observing the linear scaling of the
cutoff electron energies (marked with white dashed lines) with the focused laser intensity (being
proportional to E?jocmax). Field enhancement factors extracted with the procedure described
above are also depicted as a function of laser intensity in the bottom row of Fig. 2. It can be seen
that the measured maximum field enhancement values correspond to initial expectations. In
particular, we find higher values for localized plasmon resonances than for film surface

plasmons, with the highest values observed for the bowtie structure.

In order to validate experimentally measured field enhancement values, we modeled localized
and propagating plasmon generation, exactly reproducing the experimental conditions. For these
simulations, the FDTD Solutions software package by Lumerical Inc. was used. The simulated
3D unit cell in case of localized plasmonic fields contained a 40 nm thick gold structure with
rounded edges. (Radii of curvature were 8.75 nm for nanorods as well as 11 nm for bowties,
based on the evaluation of curvature distributions on SEM images. For more details see the
Supporting Information.) Nanoparticles were placed on top of a bulk fused silica substrate
covered with an ITO layer (see Figs. 3(a) and (b)). A linearly polarized plane wave source with
800 nm central wavelength was applied to illuminate the nanostructure arrays from the substrate

side. After carrying out a numerical convergence study on the nanostructure meshing (see



Supporting Information), field distributions recorded near the apices (Figs. 3(c) and (d)) were
used to determine the maximum field enhancement values for those planes from which the
electrons can reach the detector. In Figs. 3(c) and (d), the color bar shows directly the field

enhancement values since the field amplitude of the incident laser pulse was set to be unity.
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Figure 3. (a) and (b) Scheme of the simulated nanorod and the bowtie structures with
8.75 nm and 11 nm radius-of-curvature at the edges, respectively. (These values were
determined from the corresponding distributions on SEM images). The black arrow
shows the incidence of a linearly polarized plane wave with the polarization direction
indicated by the grey arrows. Grey areas indicate the 40-nm indium-tin-oxide layer
whereas blue indicates the fused silica substrate. The red rectangles show the areas of
the field distribution maps in (c) and (d); the maximum field enhancement near the
apices of the nanorod and the bowtie particles reaches maximum values of 31.7 and

49.7, respectively. Arrows with normalized lengths in (¢) and (d) indicate field
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vectors showing that for the hottest spots, the field vectors are between 35° and 50°

with respect to the substrate plane. (e) and (f) are field enhancement profiles along

the sections marked with white dashed lines in (c) and (d).

For modeling the rough surfaces, representative areas with 300 nm X 300 nm lateral size
(containing representative surface grains) were chosen from each AFM image recorded on the
samples. These images were directly imported to the software to model the 0.7 nm and 4.7 nm
rms roughness silver surfaces on a fused silica substrate (Figs. 4 (a) and (b)). After confirming
numerical convergence with respect to the mesh density in the simulations, the field distribution

recorded for optimal plasmon coupling is presented in Fig. 4 (¢) and (d) in planes showing the

largest field enhancement values.
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Figure 4. (a) and (b) Scheme of the modeled silver surfaces with two different
roughness values. The black arrows show the incidence of a linearly polarized plane

wave with the polarization direction indicated by the grey double arrows. The red
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rectangles show the areas of representative surface grains where field distributions
were recorded, as shown in (c) and (d). The surfaces were selected from AFM
images and we picked those portions which contained the most representative grains
(being at the maximum of grain size distributions, see Supporting Information).
Maximum field enhancement values of 17.0 and 31.1 are found for angles of
incidence of 44.6°and 44.8°, respectively, corresponding to the optimum surface

plasmon excitation conditions.

We sum up all measured and simulated results in Table 1, showing maximum field enhancement
values, including experimental error intervals for our four different samples. We also defined
standard deviation for our numerical data based on the distribution of the radii of curvature that
can be observed in the nanoparticle ensemble of the array, and the grain size distribution for

rough silver surfaces (see Supporting Information).

Table 1. Measured and simulated maximum field enhancement values for four different

localized and propagating plasmon samples corresponding to Figs. 2(a-d), respectively.

Sample name Corresponding | Maximum measured Maximum
figures field enhancement simulated field
factor enhancement factor

Resonant gold nanorod 2(a), 3(¢) 36.1 £1.7 31.7+£53

Resonant gold bowtie 2(b), 3(d) 50.5+4.0 49.7+5.8

Silver film with 0.7 nm 2(c), 4(c) 21.0+2.4 17.0+ 1.3
roughness

Silver film with 4.7 nm 2(d), 4(d) 30.8 +2.4 31,1464
roughness

The close correspondence between measured and simulated maximum field enhancement values

confirms the validity of this new nanoplasmonic characterization method. The marked
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differences between nanorod/bowtie and smooth surface/rough surface field enhancements are
well reproduced in every case. However, it can be seen that deviations between measured and
simulated field enhancement values for different sample types can be as much as 23 %. We
expect to improve the accuracy of our method by considering the complex refractive indices of
the materials involved with higher accuracy. For the silver plasmonic films, we had concrete
permittivity measurement data for samples prepared in an identical way*>33, therefore we used
¢'=-30.07 and &" = 1.98 for the smoother surface and €' =-30.07 and €" = 0.90 for the rougher
surface. For gold nanoparticles &' = -22.89 and &" = 0.75 was used**. In addition, more
sophisticated electron spectroscopic techniques (offering a higher dynamic range for more
precise maximum kinetic energy measurement) and better sample homogeneity will enable us to
improve the measurement precision in the near future. Nevertheless, current data and accuracy
level of this novel method already prove the robustness of this nanoscale field measurement

approach.

In summary, we proposed, demonstrated and validated a novel experimental approach for
measuring the maximum nanoplasmonic field enhancement at any nanostructured surface.
Measured data show good agreement with FDTD simulations for four different plasmonic
geometries involving both propagating and localized surface plasmons. We expect that by using
advanced electron spectroscopic tools involving spatial and/or k-space resolution, as well, the
accuracy of this method can be further improved and laterally resolved nanoscale field mapping
will become possible. Our results establish ultrashort-pulse-induced plasmonic photoelectrons as
versatile probes for nanoplasmonic near-fields, offering applications in most research fields of

contemporary plasmonics.
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Supporting Information. Experimental methods and quiver amplitude calculations of electrons
in the nanooptical near-fields are provided. Further details of the finite-difference time-domain
simulations are also given, including radius-of-curvature evaluation for nanoparticle edges and
corners, grain size distributions for the rough films, rough nanoparticle simulations and FDTD
convergence studies. This material is available free of charge via the Internet at

http://pubs.acs.org.
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