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Abstract: High-harmonic generation (HHG) has been es-
tablished as an indispensable tool in optical spectroscopy.
This effect arises for instance upon illumination of a noble
gas with sub-picosecond laser pulses at focussed intensi-
ties significantly greater than 1012W/cm2. HHG provides
a coherent light source in the extreme ultraviolet (XUV)
spectral region, which is of importance in inner shell
photo ionization of many atoms and molecules. Addition-
ally, it intrinsically features light fieldswith unique tempo-
ral properties. Even in its simplest realization, XUV bursts
of sub-femtosecond pulse lengths are released. More so-
phisticated schemes open the path to attosecond physics
by offering single pulses of less than 100 attoseconds du-
ration.
Resonant optical antennas are important tools for cou-
pling and enhancing electromagnetic fields on scales be-
low their free-space wavelength. In a special application,
placing field-enhancing plasmonic nano antennas at the
interaction site of an HHG experiment has been claimed
to boost local laser field strengths, from insufficient ini-
tial intensities to sufficient values. This was achieved with
the use of arrays of bow-tie-shaped antennas of∼ 100nm
in length. However, the feasibility of this concept depends
on the vulnerability of these nano-antennas to the still in-
tense driving laser light.We show, by looking at a set of ex-
emplary metallic structures, that the threshold fluence Fth
of laser-induced damage (LID) is a greatly limiting factor
for the proposed and tested schemes along these lines. We
present our findings in the context of work done by other
groups, giving an assessment of the feasibility and effec-
tiveness of the proposed scheme.
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1 Introduction
The desire for higher spatial and temporal resolution for
ever more accurate measurements of physical systems
is a driving force behind the development of controlled
light sources to shorter wavelengths, higher fluxes and
shorter stroboscopic bursts of radiation. Neglecting the
wavelength scales of X-rays and beyond, we focus here
on the extreme ultraviolet (XUV) regime, commonly re-
garded as the range from 10 to 120 eV in photon energy,
corresponding to 121nm down to 10nm in terms of wave-
length. The energy of this type of radiation is of the order
of inner shell electrons in many atoms, as well as interme-
diate binding energies in molecules, and is thus useful for
probing these energetic states in various phases [1].

During the interaction of laser pulses of intensi-
ties greater than 1013W/cm2 with a (gaseous) nonlinear
medium, the strength of the respective effect deviates from
the nth-power scaling law inherent to nonlinear optical
χ(n)-type processes. The generation of high harmonics of
an ultrafast infrared laser enables access to a coherent,
laser-like source of XUV radiation [2]. Using more refined
methods, mainly affecting the ionization step, the tempo-
ral concentration of XUV light to the attosecond (1 as =
10−18 s) regime [3–6] was achieved. This forms the key to
the vast and diverse field of attosecond physics [7–9]. The
experimental [10] and theoretical [11, 12] origins of HHG,
as well as a discussion of applications and research, are
brilliantly reviewed, for example in ref. [13].

Due to the rather low conversion efficiency of the
HHG process [14, 15], the optimization of HHG in terms of
brilliance–or number of photons per time interval imping-

*Corresponding Author: Michael Zürch: Institute of Optics and
Quantum Electronics, Abbe Center of Photonics, Friedrich-Schiller-
University Jena, Max-Wien-Platz 1, D-07743 Jena, Germany, E-mail:
michael.zuerch@uni-jena.de
Christian Spielmann: Institute of Optics and Quantum Electronics,
Abbe Center of Photonics, Friedrich-Schiller-University Jena, Max-
Wien-Platz 1, D-07743 Jena, Germany
and Helmholtzinstitut Jena, Helmholtzweg 4, D-07743 Jena, Ger-
many



304 | Christian Kern et al.

ing on a sample–has been an ongoing topic in the commu-
nity [16–19]. The brilliance, or brightness, of a light source
is the standard when comparing photon-producing ele-
ments, and is the benchmark especially when researching
light-matter interactions with low rates or cross-sections.
When temporal resolution is not of interest, and wherever
the efficiency of detectors is a limiting factor, the sheer
number of photons in a standardized time interval, for a
given geometry, is relevant. The average brilliance is then
used to quantify the average illumination of a sample dur-
ing an experiment. Here, the extremely bright synchrotron
and free-electron laser sources are the go-to solution [20,
21]. HHG sources, however, have the benefit of emitting ra-
diation intrinsically in packets of sub-femtosecond dura-
tion, an advantage that is reflected by classifying sources
in terms of peak brilliance, where HHG becomes competi-
tive [22].

Taking the properties of high-harmonic XUV sources
as a pulsed source as given, one could increase its flux or
number of photons per second by increasing the repetition
rate at which the HHG process takes place. In the common
schemes, lasers that are amplified to deliver the necessary
intensities for the process are employed, and their shot re-
peatability is limited by the thermal load on the amplify-
ing material to a few tens of kHz [23]. Newer generations
of fiber lasers can crank the repetition rates up to some
hundred kilohertz [24, 25], while some unique, not run-of-
the-mill laser systems have recently been shown to be able
to push the conventional schemes up to 20MHz [26]. All
of these schemes employ a sequential approach to HHG,
in that they first produce the intense light field, and then
apply this intense field to the interaction region. Breaking
up this sequential modus operandi, in some experiments
the HHG interaction was relayed to an amplifying external
build-up cavity [27], or was placed within the original os-
cillator cavity [28].

This review examines the feasibility of a rather novel
approach boosting driving laser fields locally, at the site
of a gas target for HHG [29]. Conceptually, this attempt
makes use of the localization of electromagnetic energy,
by use of plasmonic nano-antennas, to a spatial extent be-
low the free-space diffraction limit. The intricate metallic
structures are prone to laser-induced damage (LID), possi-
bly rendering themuseless at external field intensities that
enter the strong field regime. The result of a parametric
study of LID of nano-antennas as they would be used for
such an experiment will be presented.We shall begin with
an introduction to the fundamental ideas relevant to this
topic. Results from our performed experiments are then
presented in a structured format. A summary of our find-
ings, as well as the context of these findings in respect to

the research others have done on this topic, forms the con-
cluding part of this review.

2 Theory of Plasmon-Assisted HHG
In 2008 an experiment was heralded that promised not
only an easily aligned setup for a source of high-harmonics
at conventional oscillator rates of 75MHz, but it also
seemed to be a fundamental conjunction of two formerly
separate fields in optical physics. Kim et al. [29] published
high-harmonic spectra that they had produced in the tra-
ditional strongfieldprocess bymakinguse of field enhanc-
ingplasmonics inmetallic nano-structures.While thenear
limitless spatial shaping of optical near fields in plasmon-
ics [30] has led to a fantastic range of fundamental scien-
tific as well as real world applications [31, 32], its combina-
tion with classical strong field effects is a very recent de-
velopment [33, 34]. A conceptual sketch of the experiment
that led to the publication in [29] is shown in Fig. 1.

Figure 1: Scheme of HHG aided by plasmonic field enhancement
(after [29]). a, An incident, near-infrared ultrashort laser pulse ex-
cites a plasmon inside a bow-tie nano-antenna. Noble gas atoms,
as commonly used in conventional HHG, experience the enhanced
field between the tips of the triangles. b, When a large array of sin-
gle bow-tie antennas is used, harmonics are generated at each
“hot spot”, forming a maximum by constructive interference of all
sources in the centre of the far-field.

In the following years simulations that accounted for
the conditions in that experiment elucidated some intrigu-
ing features of this concept. For example, an extension of
the HHG cut-off energy over the free focus case, in the ab-
sence of a field shaping plasmonic structure, was theoret-
ically obtained [35, 36], and ameans of exploiting the spa-
tially shaped fields for polarization gating was proposed
[37]. However, the experimental realization of these con-
ditions ran into trouble. While the spectral features seen
in [29] were not perfectly reproduced in any work [38–40],
some flatly contradicted Kim et al.’s findings, pin-pointing
lines in spectra obtained in such an experiment to 4π in-
coherent line emission [40]. Meanwhile, Kim’s group re-
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ported follow-up experiments that admittedly showed se-
vere limitations to their previously published results [41].
LID seemed to be an issue, as it was universally feared to
be the case for this experiment walking a fine line between
high and too-high fields.

We first want to give a theoretical basis for all of the
aspects that are important for the introduced concept, pre-
senting the interconnection of nano-plasmonics and HHG
by the generation and application of plasmon-enhanced
electric fields in the sections 2.1–2.3. Finally, in section 2.4,
we reiterate the mechanisms of LID in metals, and experi-
mental aspects of obtaining damage threshold fluences.

2.1 Surface Plasmons, Field-Enhancement
and Metallic Nanoantennas

One of the main properties driving research in plasmonics
is the ability to concentrate and enhance electromagnetic
fields, with degrees of freedom in shaping these fields that
transcend free-space electrodynamics [42, 43]. Technol-
ogy benefits from this research in such diverse fields as
biosensing [44], near-field microscopy/spectroscopy [45],
or efficient light coupling [46].

The immediate coupling of electromagnetic waves to
a plasmonic material and its reciprocal action back on the
net field overcomes limitations hitherto attributed to freely
propagating waves. As the spatial distribution of electrons
is limited by the Pauli principle on a much smaller spa-
tial scale than the limit to focal spot sizes on account of
the Abbe criterion, concentration of electromagnetic en-
ergy in the form of electro-mechanical energy on far sub-
wavelength scales is possible. The result then only de-
pends on the geometry of the participating plasmonic ob-
jects, which is indeed the main point of diversity and ver-
satility of this field. The underlying phenomenon occurs
wherever an electromagnetic field is present at the inter-
face between a dielectric and ametal. The combined fields
in both media are called Surface Plasmon Polaritons, or
shorter Surface Plasmons.

A surface plasmon (SP) (Fig. 2) is a mode that can
propagate freely parallel to a metal-dielectric interface,
but has an imaginary wave vector component perpendic-
ular to that, in the dielectric as well as in the metal half-
space [47]. While the dielectric function inside the metal
always restricts the solution of Maxwell’s equations to this
type, excitation of a so-called evanescentmode in a dielec-
tric is achieved, for example, by total internal reflection
froman optically thickermedium.Under these conditions,
the electromagnetic field is confined to a very narrow re-
gion around the interface, while being allowed to occupy

all states of wave vectors along the interface that fulfil the
special dispersion relation [30]

kSP =
ω
c

√︂
εdεm
εd + εm

. (1)

Figure 2: Schematic of a surface plasmon. a On the metal surface,
charges are periodically separated, inducing fields in both the di-
electric and the metal. These are evanescent and, consequently,
confined in the direction perpendicular to the interface. b The decay
and degree of confinement is near the diffraction limit in the dielec-
tric half space, but determined by the skin depth on the metallic
side (from [30]).

This usually results in breaking of the diffraction limit
for the used wavelength in the perpendicular dimension
(Fig. 2 b). The constraints on the wave vectors, especially
on the dielectric side, require special arrangements to ex-
cite propagating SP modes [31, 48].

The feature size of field gradients is governed by the
dimensions of the coupling object. As an example, the re-
sult from Mie’s theory for spherical metallic particles ex-
posed to an electromagnetic wave in lowest order, equiva-
lent to dipole emission, is the near field term of the electric
field [49],

Enear =
3n (n · p) − p

4πε0εd
1
r3 , (2)

where r is the radius of the sphere, n is the unit vector
in the direction of the respective spatial coordinate and
p = q · x the dipole moment. For very small spheres, this
divergence is significant, and consequently the field in the
immediate vicinity of the particle (r ≈ 0) is strongly en-
hanced.

These concepts play an important role when scaling
down classical aerials or antennas from radio to optical
frequencies [43]. The rule of thumb for the length of an-
tennas receiving or broadcasting at a wavelength λ gives
roughly λ/2, while transverse spatial dimensions are usu-
ally negligible. In the first approximation, this still holds
true in the optical frequency regime. The main difference
is that at some point, depending on thematerial, the pene-
tration (skin) depth is similar to and even greater than the
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antenna size. It has been shown that even for simple, for
example cylindrical, geometries with R ≪ λ, the antenna
response can be approximated to fit to an effective wave-
length that can be parameterised as [50]

λeff = n1 + n2
(︂
λ
λp

)︂
, (3)

introducing geometric coefficients n1 and n2 with dimen-
sion of length, and λp the plasmawavelength. This conclu-
sion has been reached by starting from ideal, metal wire
antennas as degenerate cylinders. In sufficiently small di-
mensions, and with the assumptions of the Drude model,
Eq. (3) is obtained using complicated but analytical ex-
pressions for n1 and n2. Notwithstanding the exact cal-
culations that led to this result, the trend of nanoscopic
antennas to be resonant at effective wavelengths that are
shorter than the intuitively expected–for metallic anten-
nas, factors between 2 and 5 had been found phenomeno-
logically [43]–holds true for other geometries as well.

Following traditional designs, it is just a small step
from the wire-, or rod-like, antennas to split dipolar an-
tennas. The gaps in nanoantennas, which can be manu-
factured to be less than 20nm, can strongly enhance the
electromagnetic near fields [42]. As such, they are a ben-
eficial tool for exciting nonlinear optic effects in a very
confined space, or detecting and amplifyingweak emitters
[51]. Taking that design one step further leads to the bow-
tie antenna, a structure which is currently being actively
researched.

2.2 The bow-tie antenna

The bow-tie antenna (Fig. 3) follows the above stated idea
of splitting one single antenna into two parts with a sep-
aration small enough that a coupling via the real fields
around the facing ends is possible. As for split rod anten-
nas of proper dimensions, the enhanced field in the gap re-
gionmakes this coupling possible, while providing tightly
confined, sub-wavelength high field strengths for further
purposes. In fact, it has been shown that the bow-tie geom-
etry supports greater intensity enhancement factors than
comparable simple rod-type features [52]. This is due to the
fact that the relative strength of “hot spots” in the geom-
etry is smaller at the blunt ends of the triangles and even
more concentrated between the tips. Also, compared to the
rod-type antenna, the defining features of the tips aremore
acute for the bow-tie solution, while at the same time the
mode volume of the entire antenna and the area of accep-
tance are increased. The relevant parameters for the bow-
tie are the antenna length l, the gap size g, the opening an-

gle θ, the tip rounding radius r and the feature thickness t
which we will describe briefly.

Figure 3: Labeled schematic of one single bow-tie antenna. Not
captioned, the angle θ defines the opening of the idealized single,
isosceles triangle. Due to the fabrication process, all tips and edges
are rounded in actual nanoscopic samples. Most importantly, the
rounding of the opposing triangle tips is characterized by the radius
of curvature rtip.

Antenna length l and gap size g
In first approximation, l defines the resonance behaviour
of the entire antenna system, again only in response to a
polarization along the connecting axis. The approximate
region where the resonance is found responds to a λ/2-
rule of thumb,with significant corrections if the entire sys-
tem is scaled down to near the size of the field penetra-
tion depth, as was seen in the previous section. But fur-
thermore, the functionality of the antenna is inseparably
connected to the gap size g. The interplay between l and g
may depend on the chosen method of fabrication, a point
that we shall address in section 3.3. Here, we consider the
two options of either varying the overall antenna length
by changing the size of congruent triangles while leaving
g the same, or varying the distance of identical triangles,
as well as the connection between both cases.

One can separate the following two cases, one where
coupling by the field between the two facing triangles is
achieved, and one where the declining field strength be-
tween their apices cannot sufficiently bridge the gap. In
the first case, each single triangle acts as a resonant ob-
ject, an asymmetrical version of rod-like structures, with a
resonance that can be approximated using Eq. (3) or mod-
eled by full field simulations. The resonance behaviour
displays a feature that corresponds to the induced dy-
namic charge density oscillating parallel to the exciting
field polarization [53, 54]. In this regime, the gap only has
a small influence on the position of the resonance. On the
other hand, for fixed triangle sizes with a decreasing dis-
tance between the two, the system becomes—more or less
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strongly—coupled. Initially, opposite charge densities ac-
cumulate at the opposing features in the middle of the
bow-tie. If the resulting near fields extend far enough away
from the surface, their superposition counteracts, leading
to a suppression of energy in the system, and thus a red
shift of the plasmon resonance, in comparison to the sin-
gle triangle [52, 55]. Increasing the coupling pulls the reso-
nance away from the single antenna case, towards longer
wavelengths [56]. For our purposes it should also be men-
tioned that for coupled bow-ties the intensity enhance-
ment displays higher factors than the mere near field en-
hancement around equally sharp tips of decoupled trian-
gles [57]. However, a limitation to the high enhancement
for increasing excitation power was already observed in
the cited experiment.

Opening angle θ
The widening of the opening angle influences both the
resonance and enhancement behaviour. Boundary condi-
tions at the metal surface enforce currents along the sides
enclosing θ, where the geometrical path length for carriers
is
(︁
cos θ/2

)︁−1
times that of the axial path. These currents

correspond to a quadrupolarmode as they break the trivial
symmetry of the axial dominant dipole oscillations. They
may show up as weak, broad spectral features in the re-
sponse of the bow-tie [52, 54].

Concerning intensity enhancement, it is shown that
for smaller angles θ on the triangles the achieved enhance-
ment factors of a typical bow-tie become larger, even by
up to a few times, for θ ≈ 0 (linear “rod” antenna) [53].
We have, however, mentioned the advantages of a larger
effective cross-section of the bow-tie. In fact, a non-zero
opening angle is the feature which ultimately allows for
the introduction of smaller tip sizes without falling back
to ultra-thin, virtually one-dimensional linear antennas.

Tip rounding radius r
From what has been stated thus far, it is implied that the
rounding radius of the tip rtip is the better suited param-
eter to increase field enhancement. This is very straight-
forward, as a smaller radius leads to a stronger confine-
ment of field lines, or, in other words, an improvement of
the lightning rod effect. The limitation to this parameter is
mainly determined by the fabrication and surface chem-
istry of the material, and is desired for all of our purposes
to be as small as possible.

Feature thickness t
For all practical purposes, a thickness is chosen or dic-
tated by fabrication considerations that is smaller than the
in-plane features. Valid simulations of the resonance be-
haviour of the antenna have to take its whole volume into
account. It should only be mentioned here that explicitly
thickness-dependentmodes canbe excited in complemen-
tary bow-tie-shaped apertures as self-standing spectral
features [58, 59]. However, these Fabry-Pérot-type reso-
nances are naturally limited to apertures, or slot-antennas.

2.3 HHG in optical nanostructures

2.3.1 “Conventional” HHG

The “simple man’s” three-step model of HHG (Fig. 4) has
been explained in detail in many works, and is, after
two decades of existence, already considered “textbook
knowledge” within the community [13]. The three steps–
ionization, acceleration and recombination–are sketched
in Fig. 4. With some justified approximations, concern-
ing the undisturbed treatment of a single active electron
(SAE) and the relative importance of the external funda-
mental field (strong field approximation, SFA), this model
already delivers astoundingly accurate results. Its under-
lying premise is that it is a “semi-classical” description–in
an adaptive manner, the fully quantum-mechanical pro-
cess is treated at well-defined points, which mark the
break down into separate steps, in the simplest, New-
tonian and classical electromagnetic terms. The corner-
stones, namely ionization and recombination, however,
rely on established quantum-mechanical models. It ac-
counts for the high obtainable energies of generated pho-
tons, as well as the feature of equally intense harmon-
ics over a large region called the “plateau”, and its high-
energy cut-off (Fig. 5).

Tunneling is the relevant pathway of ionization in
HHG (cf. Fig. 4 a), when the ionization potential Ip of the
exposed atom is small compared to the exciting field en-
ergy. The latter is characterized by the ponderomotive po-
tential,

Up =
e2E20
4meω2 (4)

with e and me representing the charge and mass of the
electron, and E0 andω the peak field strength and angular
frequency of the electric field, respectively. This quantity
calculates as the mean kinetic energy a free electron can
obtain in an electric field oscillating at ω. In this scenario,
the ionization rate is time dependent, with an emphasis on
the high field points of the oscillation period.
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Figure 4: Three-step model of HHG. a, Ionization of an atom by a
strong electromagnetic field, resulting in a free electron. b, Sub-
sequent acceleration of the free electron in the field, reversal of
direction after half an optical period. c, Return of the electron to the
original ion, recombination under emission of a high energetic pho-
ton. All steps are described in more detail in the respective sections
below.

Propagation (Fig. 4 b) starts with the assumption of an
electron resting at the origin x0 = 0. One can calculate the
trajectory of the electron by integration of

mẍ (t) = −eE (t) . (5)

The necessary condition for recombination is the return to
the location of the ion, such that x (t > t0) = 0.

Upon recombination with its parent ion (Fig. 4 c), for
certain electronic trajectories gained from the solution to
Eq. 5, the energy that is converted into an High-Harmonic
photon is then given by

~ω = Ekin + Ip . (6)

Here, Ip is the ionization potential, or the energy offset of
the re-occupied atomic ground state in relation to the vac-
uum. Ekin is related to the square of the electron’s velocity
v (trec) at recombination. The time-dependent ionization
rate–assuming that tunneling is the dominant ionization
scenario–from step a and the resulting trajectories from
step b lead to the observed spectral structure of recombi-
nation energies and resulting photons, such as the plateau
and the cut-off. The cut-off is readily obtained by calculat-
ing themaximumattainable energy, while fulfilling the re-
turn condition, to be [13]

~ωcut-off ≈ 3.17 Up + Ip . (7)

The spectral feature that remains to be explained is
the observed comb structure and the spectral periodicity
that leads to specifically harmonic high frequency com-
ponents in the first place. This is due to the periodicity
of the continuum wave function being determined solely
by the driving field, when the SFA is applied. This picture
can be expressed to incorporate the inversion symmetric
three-stepmodel for each individual half cycle into one self-
contained representation. Radiative emission from this pe-
riodic dipole would accordingly be expected to lead to the

enrichment of the driving field with discrete harmonics.
The T/2 temporal periodicity, where T is the duration of
the full optical cycle, is connected via the Fourier trans-
form to 2f spectral periodicity (f = 1/T). So, starting with
the fundamental, or “1st harmonic”, the high-harmonic
spectrum will contain only the odd integermultiples of f .

Owing to the simplifications of the model, this is
only exactly valid if inversion symmetry for the half cy-
cles is complete. Many experiments have overcome the
odd-harmonic restriction by breaking the symmetry, ei-
ther by replacing target atoms with non-centro-symmetric
molecules or distorting the driving field with some low
even-harmonic contributions to produce half cycles with
distinguishable features [60]. Also, the restriction of HHG
down to a very few or even single optical cycles via several
schemes forms the basis of single attosecond pulse gener-
ation [9, 13].

2.3.2 Comparison of experiments and simulations on
plasmon-enhanced HHG

The introduction already provided a rundown of the basic
idea of nano-structure assisted HHG from the first experi-
ment (cf. Fig. 1), as well as successive publications by the
same and other groups. Other than the earliest experiment
which used bow-tie antennas [29, 41], and those relying on
the same geometry [39, 40], field enhancement for the goal
of HHG was explored on single, funnel-shaped devices
[41, 61], and on linear, rod-type antennas [62]. This con-
cept has inspired theoretical work towards the same goal,
such as hypothetically exploring more exotic structures
that require demanding production steps. This includes
a two-fold symmetric extension of the bow-tie in form of
a cross, or a regular ordering of bow-ties whose axes are
oriented orthogonal with respect to each other [37]. The
authors point out that the functionality of the basic bow-
tie concept along two axes could lead to the achievement
of circularly polarized XUV light. Another collaboration
of authors has simulated HHG in the vicinity of densely
packed but non-touching spheres, whereby sufficient field
enhancement is achieved within the gaps [63]. We have
summarized these works and their relevant parameters in
Table 1. All groupsusedgold as plasmonicmaterial, except
the simulations in [35, 37] which were performed with sil-
ver, and the experiments in [61] which made use of silver
nano-cones. Central wavelengths in all of the works (800–
830nm) were derived from Ti:Sa sources.

One should mention that the numbers for the cut-
off energies rely mostly on very generous interpretations
of the obtained spectra, especially for the simulated re-



Limitations of Extreme Nonlinear Ultrafast Nanophotonics | 309

χ(n)-dependence
(perturbative regime)

plateau
Sp

ec
tr

al
 In

te
ns

ity

Photon Energy (arb. units)

fundamental

BA

30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
. I

nt
en

si
ty

 (a
rb

. u
ni

ts
)

Energy (eV)

...H23...
...H33

H15...

onset of

transmission

Figure 5: Schematic (a) and measurement (b) of a typical high-harmonic spectrum, from argon.

Table 1: Comparison of the types and parameters of different plasmon-assisted HHG schemes, experimental and theoretical, since 2008.
Harmonic numbers, if not given directly in the original reference, have been calculated using the respective used or simulated central wave-
length, which in all cases is around or above 800 nm.

Group Geometry Enhancement
factor Cut-off

Ex
pe
rim

en
ta
l Kim et al. [29] 36 × 15 Bow-tie array > 102 (estimate) 47nm (H17)

Park et al. [61] Single conic
waveguide ∼ 102 18.6nm (H43)

Sivis et al. [40] Large array of bow-ties 380 (best fit) No clear HHG

Pfullmann et al. [62] Rod-type antennas 102 (estimate) H5 (no gas)

Th
eo
re
tic
al

Yang et al. [63] Hexagonally ordered,
non-touching spheres > 103 ∼ 19nm (H41)

Husakou et al. [37] Crossed rods 1600 up to H125 (?)

Orthogonal bow-ties ∼ 1000 ?

Husakou et al. [35] Nano-cone ∼ 103 H105

Single bow-tie ∼ 102 36nm (H23)

sults in Table 1. Some spectral features are still counted
as harmonics, and subsequently used for further calcula-
tions, while their normalized signal is below 10−6, or even
around 10−10 in the case of ref. [63] and the second part of
ref. [37]. In fact, the same controversy comes up in the ex-
perimentally documented cases, too. References [39] and
[40] critically deal with the earlier results, and some of
their concerns shall be examined in the discussion, also
in the context of our own findings.

Another theoretical line of enquiry that was sparked
by the initial experiment set out to explore, aside from
specific geometries, the fundamental mechanism of the
influence that inhomogeneous fields have on the well-
established description of HHG. Especially the work by
Ciappina et al. has helped advance this enquiry by rigor-
ously inserting fields as they are produced around metal-
lic nano-structures, or even more abstractly by introduc-

ing a finite inhomogeneity parameter into the Lewenstein
model [36, 64, 65].

In ref. [36] Ciappina et al. have calculated the har-
monic spectrum from argon inside the gap of a bow-tie an-
tenna similar to the ones used by Kim et al. They observed
a significant increase in the cut-off compared to the case
of an homogeneous field of the same illuminating inten-
sity. They attribute part of that increase to the confinement
of the typical HHG process by the bow-tie geometry. The
full evaluation of quantum orbits contributing to a certain
harmonic revealed the relative importance of very large
electron excursions, especially for larger inhomogeneities,
that are eventually limited by the finite space between the
tips of bow-ties [64]. Furthermore, the influence of absorp-
tion of free electrons at the metallic surface itself seems to
play a role in the resulting spectra [35].
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2.4 Laser-induced Damage

Avery practical use of pulsed lasers especially lies inmate-
rial modification and all related industrial purposes such
as cutting, drilling, and welding. The basis of these pro-
cesses is, in a way, rooted in electrodynamics, describing
the interaction of the laser field with particles of a certain
material, but mainly in thermodynamics. Thus, it deals
with the collective response of an ensemble of particles in
a solid under the deposition of energy via laser light. The
deposition is quantified by the fluence, the amount of en-
ergy per surface area, most often given as a non-SI-unit in
J/cm2.

From thermodynamic first principles, the incident
laser acts as a heat source, and the material responds by
heating up, which classically means an increased mean
energy stored in the atomic lattice. The spread of en-
ergy within the material is governed by heat conduc-
tion, and then, for higher incident energies, where phase
transitions to liquid or gas occur, the fluid and gas dy-
namics of melted material. When melting and evapora-
tion is achieved, surface and bulk modification caused
by rearranging the solid’s structure, which can become
permanent, is observed. This modification and eventual
ablation—or (laser-induced) damage (LID)—is the basis for
material processing by laser light, but also allows insight
into fundamental solid state physics.

There is a switch of regimes when the duration of heat
deposition, determined by the length of the used laser
pulses, becomesmuch shorter than the typical time scales
of heat conduction by the lattice particles. The simple ther-
modynamic picture of slow heating is then inadequate to
account for ablation and modification processes. We shall
constrict ourselves here to the treatment ofmetallic solids,
as domost of the fundamental studies citedhere.However,
many statements made by the described model also hold
for ablation mechanisms of strongly excited dielectrics. In
the ultrashort regime, usually multiphoton ionization and
a successive avalanching effect of produced free electrons
precede the initial state from where the transport model
described here begins [66, 67].

The Two-Temperature Model of LID

The decisive factor that separates the time scales for
slow melting and ultrafast ablation is the near immedi-
ate response—compared to that of thermal diffusion by the
lattice—of free electrons coupling to a radiative field. For
excitation durations that are significantly below lattice dif-
fusion constants, it is necessary to treat the energy of the

electrons and the atomic lattice separately. In thermody-
namic terms, two temperatures Te and Tl are introduced,
characterizing the kinetic energy of free electrons in the
solid and the energy of phonons or lattice oscillations, re-
spectively [68]. The distinction is important as the lattice
energy, synonymous with the macroscopic temperature of
the solid, defines the points of phase transitions and, thus,
possible material modifications. The threshold pulse en-
ergy Eth at which damage occurs is reached when the en-
ergy density deposited inside a given volume exceeds the
point where a phase transition is possible. For actual abla-
tion, a complex sequence of processes plays a role in addi-
tion to traditionalmelting [69]. However, for a basic under-
standing of the here discussed model, this simple picture
should suffice.

In order to make sense of temperature as a quantity,
the respective system must be thermalized. There are dif-
ferent processes responsible for thermalization of both the
electrons and the lattice, and the energetic coupling be-
tween them. Upon laser irradiation, first, an initial highly
non-equilibrium state is induced by optical transitions.
From here, macroscopic dephasing of the initially coher-
ent polarization, as well as ballistic electron—electron (e–
e) collisions, lead—after ∼ 10−13 s—to an eventual ener-
getic (Fermi-Dirac) distribution that allows for a meaning-
ful definition of Te [66, 70]. Note that the exact shape of
the density of states near the Fermi edge, which is, for
instance, also responsible for conductive behavior, has
a strong influence on e–e collision rates. This implies a
strong material dependence of this step. The transport of
energy from the hot electrons to the lattice is governed
by phonon emission leading to a population of phonon
modes. These subsequently relax by inharmonic interac-
tion with other phononmodes. Gradually, the transport of
energy from the electrons to the lattice generates a global
equilibrium state, characterized by the (Bose-Einstein)
distribution of phonons over the Brillouin zone, which de-
fines the eventual lattice temperature Tl. The further evo-
lution can be seen as a thermal process, which then re-
laxes within some 10−11 s, following common heat diffu-
sion models [70, 71].

Once thermalization of the ballistic electrons has been
reached via collision processes, the Two-Temperature
Model (TTM) takes over, describing the temporal evolution
and the spatial dynamics of the thermalized Te and Tl in
the following form,

Ce (Te)
∂Te
∂t = ∇ (K∇Te) − g (Te − Tl) + S (z, t) (8)

Cl
∂Tl
∂t = g (Te − Tl) . (9)
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Figure 6: Characteristics of the tested nano-sphere sample. a, AFM picture of a region of the sample reveals a loosely packed area of arbi-
trarily scattered, non-stacked spheres on a substrate, e.g. LiNbO3. Elevation levels show that the spheres are between 20 and 30 nm in di-
ameter. After this measurement, the spheres were encased in a protective PMMA layer. b, (Simulated) optical characterisation of the global
sample shows a broad resonance around 540 nm, but no spectral feature at the laser wavelength of 800 nm (AFM image and simulation
courtesy of J. Petschulat).

Here, S is the source term that provides a phenomenolog-
ical explanation to the average kinetic energy of the elec-
trons inside the lattice, it is defined as [72]

S(z, t) = 7
K∑︁
i=1

N∑︁
j=1

0.94Ji(1 − R)
tp(δ + δb)

× exp
[︃
− z
(δ + δb)

− 2.77
(︂
t − (i − 1)/frep − (j − 1)tsep

tp

)︂2]︃
(10)

where K is the number of pulse trains, N is the number
pulses in each train, tsep is the separation time between
each single pulse, frep is the repetition rate, R is the re-
flectivity, δ is the optical penetration depth, J is the laser
fluence and δb is the ballistic depth of the electrons. It is
seen here that S only acts on the electrons inside the lat-
tice, while the lattice interacts with the medium. The pa-
rameters C in Eqs. 8 and 9 give the respective heat capac-
ities of electrons and lattice. Other than the lattice heat
capacity, Ce is significantly dependent upon the absolute
electron temperature. Heat conduction in metals is dom-
inated by the mobile electrons. Sommerfeld’s model cal-
culates K by considering combined collision rates of both
e–e and electron-phonon (e–ph). Finally, the parameter g
in this model is a priori a phenomenological coupling con-
stant between the thermodynamic reservoirs of electrons
and phonons. Corkum et al. published a seminal work that
explored the transition from long pulse to ultrashort pulse
optical damage of metals [73]. The competition of all con-
ductive and energy exchanging processes requires care-
ful modelling in order to keep track of each contribution.
From these considerations long pulse LID can be viewed
as a special case of the TTM where excitation is main-
tained over time scales longer than lattice relaxation. This
is a good approximation for pulses longer than nanosec-

onds. Along with the maximum thermal diffusion length,
Eth scales with the square root of the laser pulse length

√
τ

in this scenario.
For sub-picosecond pulses on the other hand, the free

hot electrons can diffuse deeply, long before interacting
with the lattice, depending on the value of g. As a con-
sequence, assuming that the same energy is deposited
as before, but now within a few hundred femtoseconds,
the lattice temperature will rise only in a narrow region
downwards from the surface. At the surface itself, much
higher temperatures can be reached. Thus, melting, or di-
rect solid-vapour and plasma transitions, are confined to
shallow, clearly defined volumes [69, 74]. Below a critical
value τc, threshold fluences are independent of pulse du-
ration [73].

Several consequences can be derived from these mod-
els. As long as pulse durations are well below electron-
lattice interaction times, the amount of deposited energy
per volume may be applied in arbitrary time frames. In
other words, only the pulse energy and focusing, but not
pulse shape or peak intensity is relevant for ablation. It is
thus justified to characterize threshold values in terms of
the fluence. In contrast, the pulse length dependence in
the nanosecond regime might make it more convenient to
include τ into the threshold value by calculating the re-
spective peak threshold intensity. Pulsed laser sources of
kHz repetition rates, having pulses arriving on the mil-
lisecond scale, leave enough time for a full relaxation (pico
tonanosecond time scale) of the targetedmaterial between
shots [70]. Incubation of the material [75, 76], that is, ac-
cumulation of nanoscopic structural defects eventually
leading to large scale damage, can still introduce a shot
count dependence of threshold fluences, and is discussed
in more detail for the subject of this review in ref. [77].
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Evaluation of threshold fluences

The technical aspect of material modification using lasers
rests on the ablation of molten and evaporated material.
Relevantmodification is usually defined as permanent vis-
ible change in the structure of the material. The evalua-
tion method of ablation thresholds used in this work re-
lies on a post mortem analysis of the exposed sites. This
means that, after exposure, the diameter D of affected re-
gions is compared to local energies within the laser beam
profile. Some, like Jee et al. mentioned above, interpolate
50%damage probability values between the onset ofmod-
ification and certain damage from microscopic evaluation
of damage sites. For in situmonitoring, it is also possible to
view the reflectivity of an exposed site with an integrated
setup [78]. This method is found to be very sensitive to the
onset of surface modification. However, there might be a
discrepancy with threshold fluences determined through
visibly affected material. We describe the ablation thresh-
old characterizationby area or diameter regression (see ex-
ample shot site inset in Fig. 7), as it was used as a basis for
many experiments [75, 79, 80].
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Figure 7: Laser-induced damage thresholds of solid gold layers in
dependence of layer thickness and for exposure to different num-
bers of 30 fs pulses. The inset shows a typical damage site on the
80 nm sample. The scale bar is 10 µm.

The energy distribution of a (temporal and spatial)
Gaussian focus on a target is calculated from the intensity
as [81]

E (r) =
∞∫︁

−∞

dt I (r, t) = E0 exp
(︃
−2r

2

w2
0

)︃
, (11)

where w0 is the usual 1/e2 diameter of the beam. If the
pulses are near the ablation fluence of the exposed mate-
rial, only an area within the focal spot, up to a diameter
D = 2r where the threshold is reached, will be affected,

and ablation will be visible. The threshold energy is E (D),
and from Eq. (11) follows that

D2 = 2w2
0 ln

(︂
E0
Eth

)︂
. (12)

While in most experiments the pulse energy is recorded,
the fluence calculates as

Fth =
2Eth
πw2

0
. (13)

In a typical evaluation the squared diameters—
averaged over a number of identical shot sites—are plotted
against the logarithm of the laser energy. In this presenta-
tion, the linear fit is offset by the threshold energy, while
the focal area is incorporated into the slope. The thresh-
old fluence of the exposed material is obtained from the
extrapolation of the fit to D = 0 (no visible crater), and by
using Eq. (13).
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Figure 8: LID thresholds of a single layer of� ∼ 30 nm nano-
spheres in dependence of shot number. Three samples with differ-
ent substrate materials were evaluated.

3 Laser-induced Damage
Measurements on
Nanoplasmonic Structures

Although solid layers of metals have been extensively re-
searched in their response to ultrashort laser exposure
[78, 80, 82], we begin by showing LID thresholds for sam-
ples of unstructured gold films in section 3.1. By thiswe ob-
tain values for pure material damage, under exactly com-
parable conditions as theywill be used for experiments on
nano-structured targets.
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In a following step we treat various nanoscopic ob-
jects, emulating the properties of bow-tie gold structures.
This means, firstly, that the spatial extent of particular
objects is around 100nm. While in the preceding step
layers of thicknesses below that size are evaluated, the
one-dimensional model described in section 2.4 does not
account for transverse dimensions in this region. Conse-
quently, it is important to obtain actual measured data
for LID in the nanoscopic regime. It is of special interest
to separate between similar sized objects that are or are
not explicitly resonant to the exciting laser wavelength.
An according distinction is made and characterized. Ad-
ditionally, the influence of field-enhancing properties on
LID is anticipated by using rectangular, resonant struc-
tures with distinct corners. We shall show results for reso-
nant and non-resonant nano-objects in section 3.2, along
with a comparison of both cases.

Finally, an exemplary bow-tie sample is examined.We
shall break down the initial design, fabrication details and
subsequent characterization in section 3.3.

3.1 LID on Solid Gold Films

Froma first estimate, the height of resonant bow-tie anten-
nas has to be somewhere between 50 and 100nm for real-
isable lateral extents. Starting from the simplest assump-
tions with the depth-dependent model for energy relax-
ation upon exposure, we first want to explore the charac-
teristic length scale for penetration of electrons. For that
purpose we examine exemplary gold layers with thick-
nesses of ∼ 30, 80, 170, 250 and 340nm. The layers
were directly sputtered, without the addition of an adhe-
sive layer, onto SiO2 substrates. Asdescribed in section 2.4,
threshold fluences are then determined by the extrapola-
tion of the diameter of several visible damage sites from
specific pulse energies, down to no damage. In order to
predict damage under permanent exposure, this is done
for 1, 10, 100 and 1000 shots with respective millisecond
spacing between single shots, evaluating the incubation
behaviour. For the comparative review here, we only dis-
cuss data for single pulses of ∼ 30 fs length. The results
are shown in Fig. 7.

The first striking feature of this presentation is the pre-
dicted behaviour of the damage threshold for thicknesses
greater than 80nm. For each particular shot number, the
threshold fluence remains constant for the respective lay-
ers, within errors. The single shot measurements are the
least reliable, in terms of uncertainties, since only the aver-
age pulse energy in the experiment is known, and not the
one actually applied for a particular measurement. Typi-

cally the shot-to-shot energy fluctuations for the used laser
system are in the order of 3%. Thus, the resulting dam-
age sites have a much greater variance than those in the
multi-shot case. However, in spite of the resulting large
errors, the depth behaviour is particularly well-resolved
when single shots are used. It shows that the penetration
depth of electrons excited by our applied pulse lengths lies
between 40 and 80nm.

While thicker films essentially behave like bulk mate-
rial, the damage threshold of∼ 0.1 J/cm2 for the thinnest,
34nm layer is nearly identical for all shot numbers. When
ballistic electron diffusion is inhibited by the bottom end
of the layer, the resulting accumulation of energy at the
interface between layer and substrate must relax in lat-
eral directions, and back up to the surface. The resulting
damage sites are larger in diameter, and the greater vol-
ume damage hides evidence of potential surface effects.
This means that, opposed to damage in bulk-like mate-
rial, there is a striking absence of significant incubation
behaviour in the thinnest layer [75, 76, 83].

With single- and multi-pulse ablation thresholds of
around 0.6 J/cm2 and 0.2 J/cm2, respectively, we corre-
spond reasonably well with comparable measurements
from [80] and [82]. Kruger et al. fit their obtained thickness
dependence to an electron penetration depth of 180nm,
althoughwith a large scattering of data points. An increase
of Fth above150nmcanbeargued tobe visible for our data
as well, however, themore significant drop happens as de-
termined above. We do not consider this to be a significant
discrepancy in our respective findings. More recent stud-
ies investigated non-resonant femtosecond optical dam-
age on metallic nanowires [84] and thin crystalline metal-
lic films [85] showing comparable damage thresholds.

3.2 LID on Nano-structured Gold Targets

The size of structures below 100nm can be called
nanoscopic. We examine particles of volumes similar to
those of desired bow-tie antennas. In order to discriminate
between pure size effects and energy accumulation due to
resonant excitation, as well as field-enhancing effects, we
divide this section to examine non-resonant and resonant
structures separately.

Damage thresholds of a sample of non-resonant
nano-spheres

The tested samples are characterized in Fig. 6. Optical
characterization of resonant samples in all instances here,
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Figure 9: Characteristics of the tested sample of resonant, field-enhancing nano-rectangles. a, The sample is produced by Electron-beam
Lithography out of a 20 nm thick gold layer. The sides of a single rectangle are both approximately 100 nm long, positioned at a 200 nm
periodicity (SEM image courtesy of D. Cialla-May). b, The dip in transmittance of light polarized parallel to the slightly longer axis reveals a
resonance that matches perfectly with our employed laser spectrum. The resonance of the shorter axis lies nearby, around 710 nm (Optical
characterization courtesy of J. Petschulat).

such as in Fig. 6 b, evaluates prominent spectral fea-
tures either in the reflected (R) or transmitted (T) frac-
tion of intensity upon broadband illumination. Including
dissipative absorption A, these quantities fulfill R + T +
A = 1. We examine three identically fabricated samples
of the type described in the figure, differing only in that
one was produced on a silica (SiO2) substrate, and two
others on lithium niobate (LiNbO3). The protective poly-
methyl-methacrylate (PMMA) layer surrounding the de-
posited spheres is used to seal and fixate the samples, but
is fully transparent for most optical wavelengths and only
has a slight effect on the overall resonance of embedded
metallic objects. The dielectric damage threshold of the
PMMA–in the rangeof∼ 1 J/cm2–is alsomuchhigher than
that of the metal, so the observed LID should originate
from the covered spheres [86].

We again test the sample for shot numbers 1, 10,
100, and 1000 on respective sites. The results are shown
in Fig. 8. In comparison to the results for solid gold lay-
ers, there is no discernible difference between single- and
multi-shot damage and no influence from the substrate,
within errors. Depending on the quality of particular sam-
ples, these are quite large, however, the “best” sample (#3
in Fig. 8) with the most reproducible damage response
can be safely described as lacking incubation behaviour.
When averaged over all data points, a damage threshold
fluence of the sample as a whole is determined to be Fth =
(0.20 ± 0.04) J/cm2.

Qualitative comparison with the measurement con-
ducted on solid gold layers reveals that, at a thickness
of 30nm, same as the average diameter of the spheres,
threshold values are of the same order or even slightly
lower (Fth ≈ 0.15 J/cm2, see Fig. 7). This is in accordance
with the model that describes the vulnerability of a layer

by the relation of its thickness to the penetration depth of
electrons in vertical direction. This quantity should be the
same for the identical pulse lengths used in both exper-
iments, neglecting higher order geometric scattering ef-
fects inside of the spheres. The fact that we obtain slightly
higher thresholds for damage on themore delicate spheres
than on the solid films can be attributed to the ∼ 50% fill
factor of gold spheres making up the sample. Naively, this
means that a smaller portion of energy which would con-
tribute to damage is actually deposited into metallic mate-
rial in this case.

The obvious absence of an incubation behaviour can
be explained by the probable damage scenario. We state
that, once the damage threshold is reached for one spe-
cific gold sphere, destruction of this object by melting and
evaporative ablation is complete. We assume that there
is no interconnection between the destruction of single
spheres, so there is no collective surface that could con-
tribute to an incubation effect. To support this claim, we
also took a microscopic look at an exemplary damage
site, using Scanning Electron (SEM) and Atomic Force Mi-
croscopy (AFM), detailed in ref. [87].

Damage thresholds of a sample of resonant,
field-enhancing nano-rectangles

The used sample for damage threshold measurements in
a resonant, field-enhancing case is shown and charac-
terised in Fig. 9. It is an example of a type of structure that
is commonly used for Surface-enhanced Raman (SERS) ex-
periments, where the corners of the rectangles are em-
ployed to achieve enhanced fields in a confined region
[88]. There is no protective PMMA layer used on these sam-
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ples. Due to the same reasons stated for the nano-spheres,
we do not expect an incubation behaviour. In order to
make the best use of the available structured area, we only
impose single shots of varying energy onto the sample.
By the described method of area regression, we obtain a
threshold fluence value of Fth = (0.008 ± 0.002) J/cm2.

Similar to the nano-sphere sample, the effective sur-
face of the resonant nano-rectangle sample—that is, the
metallic part of the perpendicular view of the sample—
is only filled to about 25% in this case. This does not
necessarily mean that only a quarter of the full pulse en-
ergy is applied to the metal, since near-field scattering be-
tween the single sub-wavelength structures would have to
be considered. However, the trendwill be that lessmetallic
material is actually exposed to the full fluence inside the
laser focus, compared to “infinitely” extended solid layers.
This would also mean that the above mentioned number
is an overestimate, as far as the destruction of one single
nano-rectangle is concerned.

Let us compare this finding to the materials and struc-
tures we have researched before. The depth dependence
of damage thresholds has been validated in section 3.1.
Extrapolation of the single-shot graph in Fig. 7 to lay-
ers around 20nm in thickness, same as the height of the
rectangles, delivers a threshold fluence of the solid, pure
material slightly below 0.1 J/cm2, approximately one or-
der of magnitude greater than the value obtained here.
Of course, this picture would neglect the nanoscopic na-
ture of the sample. However, Fth of the less voluminous—
though slightly thicker—nano-spheres is closer to the re-
sult for the solid layer than for the rectangles.We conclude
from this that the resonance of the nanoscopic object plays
a decisive role in its response to the exposure to intense
laser light. This might be considered intuitive, since en-
ergy is coupled much more effectively into the collective
energetic response of electrons in the case of a resonant
nano-object. In our experiment we cannot completely dis-
tinguish the field-enhancing effect as another reason for
greater sensitivity of the samples to LID. However, the en-
hanced near-field has been identified to drive another rel-
evant mechanism of ablation at sharp features [89–91].

3.3 Measurements with Gold Bow-tie
Antennas

For the efficient, reproducible production of metallic
nano-structures there are, basically, two competing proce-
dures [48]. The desired patterns can either be written into
monolithic material using a focussed ion beam (FIB). This
process is advantageous for the quality of the single ob-

ject. Kim et al. used FIB milling for the production of their
samples in the original experiment [29]. The documented
pre-enhanced intensities by use of non amplified oscilla-
tor pulses forced them to use very tight focussing, so that
arrays of 10 × 10 µm2 area, covered with antennas, were
sufficient for their purposes.

Electron-beam lithography (EBL) represents the com-
peting process. This technique is extremely well suited for
patterning large areas, as the e−-beam, shaped by a mask,
is applied to the whole area at the same time, leaving only
the free-standing metallic objects on the substrate. How-
ever, especially because of the chemical steps, but also due
to the high demand of precision of the e−-beam andmask,
the tolerance of the singular objects by EBL is somewhat
more statistical in nature compared to individual writing
by FIB. Still, the fast processing of large areas remains its
main advantage.

Recalling section 2.2, we discussed the interplay of an-
tenna length l and gap width g specifically for bow-tie an-
tennas, depending on the production method. It is now
easy to see that, when using FIB milling, the antenna is
first produced with a fixed l. Later, the gap is cut into the
middle, with g determined by the quality of the FIB. On the
other hand, when using EBL, two identical triangles are
processed at a specific size given by the mask. The trian-
gles are then positioned relative to each other, which then
changes l and g simultaneously.

A comparative study of FIB- vs. EBL produced nano
antennas and their suitability for plasmon-enhanced
strong-field effects has been presented by Pfullmann et
al. [92]. Considering the number of possible emitters when
using the bow-ties for field-enhanced HHG, we opted for
samples with a large number of exposed antennas. This
would allow the use of a larger focus area, in accordance
with the driving-laser spot sizes, which should thus also
relax the restriction on the Guoy phase at the site of the in-
teraction. These desired conditions restrict us to the use of
the amplified kHz laser, rather than aiming for high rep-
etition rates by using a tightly focused oscillator output.
A range of bow-tie geometries meet the resonance of our
800nm central wavelength pulses while also most realis-
tically allowing the production by EBL.

Design, fabrication and tolerance of bow-tie samples

With some initial constraints, such as the realizable height
of EBLprocessed structures, simulationsweremade to dis-
cover possible geometric conditions for the desired reso-
nance frequency of single bow-tie antennas. Suitable for
locating the resonance, a fast multipole method was em-
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ployed. All simulations were performedwith a fully classi-
cal fast-multipole method, using the complex material di-
electric function of gold as plasmonic material, and fused
silica as a preliminary choice for the substrate with a re-
fractive index of n = 1.46. The geometrically constrained
parameters were a gap width of 25nm and a tip rounding
radius of 10nm as realistic values for such a structure. As
an arbitrary matter of convenience, the width w (or base)
of the single isosceles triangle was chosen to be identical
to its height h (or altitude). Both of these mutually depen-
dent parameters, as well as the thickness t of the bow-ties,
make up the effective antenna size. Various configurations
of h = w and t were tested and the resulting resonance be-
haviour depicted. The results are shown in Fig. 10.

The most promising simulated resonance character-
istics were taken as a starting point for EBL processing
of large area bow-tie antenna arrays. We chose, by rea-
sons of feasibility, the structure elevation as t = 60nm.
The corresponding size of single triangles then has to be
h = w = 150nm. However, these parameters were deter-
mined under the above stated assumptions, namely on the
one hand that the gap size is realized at g = 25nm. The tip
rounding for a universal opening angle of the triangles of
∼ 53∘, on the other hand, has no strong influence on the
resonance, as was mentioned in section 2.2.

In deviation from the presented simulated data, a sap-
phirewaferwasusedas the substrate, since thismaterial is
beneficial due to its heat conductivity [93], and thus good
dissipationof thedeposited energy from themetallic struc-
tures [29, 38, 40]. The validity of the earlier simulations
might be compromised since the larger refractive index of
sapphire (n = 1.76) should have a slight red-shifting effect
on plasmonic resonances [94]. An additional layer, 3nm
thick, of titanium, was used to allow for better fixation of
the gold to the substrate. It is assumed to not have any
strong influence.

The production process is still subject to variation,
even for one single employed large area mask for EBL spe-
cific to the given geometry. The desired structures are ob-
tained only up to certain tolerances. Two free parameters
were allowed to vary in the process. These form the basis
for all further distinctions made here. Along with their ef-
fect on the processing, these are

(1) Gap size correction. The single triangle that makes
up half of a bow-tie antenna forms the ‘unit cell’ of
the mask. For the full bow-tie, two of these units are
used in different orientation. The exact positioning
of these two halves determines the resulting width
of the gap. Starting at some approximate value, the
positions can be changed in steps of some 5nm. Rel-

ative to this initial value, undetermined absolutely,
five correction settings for the gap size G, resulting
in increasing width of the actual gap, were chosen,
-20 nm, -15 nm, -10 nm, 0nm, and +5 nm.

(2) Electron beam dose. Even though the geometric
path of electrons is generally determined by the
mask, the actual dose of the initial exposure of the
resist from the e−-beam, before the gold deposi-
tion, affects the exact size of the final single struc-
ture, i.e., the triangle. For each given gap size we
applied five values of electron dose in ascending
order. Excluding the mentioned switch in regimes
by plasmonic (de-)coupling of the single triangles,
they should roughly correspond to increasing res-
onance wavelengths. The actual dose values are:
278 µC/cm2, 292 µC/cm2, 306 µC/cm2, 322 µC/cm2,
and 338 µC/cm2.

As for each given dose the triangle size is fixed, in-
creasing G will result in antennas with a resonance at a
slightly larger wavelength, as long as the triangles are cou-
pled by the field in the gap. We have already explained in
section 2.2 that, for the largest gaps, decoupling might be-
come an issue, and that the resulting resonance—now de-
termined by the single triangle—will jump to a bluer value.
On the other hand, for bow-ties produced with a fixed gap
size correction, a low dose (small triangles) might result
in two separated—and eventually decoupled—triangles,
while a larger dose might lead to touching apices. Even
without the fundamental influence of the two free design
parameters, the subsequent processing steps can have an
additional effect. Especially for larger gap sizes, it may
occur that not all of the resist, after gold deposition, is
cleared around the metallic structures. This effect can
hardly be observed by looking at the resonance, but it may
prove to be detrimental for the originally intended experi-
ment, since the gap would be blocked and unavailable to
access of target gas. All of these factors result in the fact
that, even before testing in an eventual experiment, most
configurations are not suited to produce bow-ties of the de-
sired properties.

Resonance characteristics of the bow-tie antenna arrays

With all of the above described preconditions, we want to
determine the suitability of the bow-tie arrays for high in-
tensity experiments. As was described in the previous sec-
tion, the position and quality of the resonance seems to
influence the damage threshold of the structures. So, with-
out judgement on the existence or quality of the resulting
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Figure 10: Simulated resonance curves of single gold bow-tie antennas on a fused silica substrate. With fixed values for gap size g = 25 nm
and tip rounding radius rtip = 10 nm, the results from several configurations of h = w and t are shown (a, h = w = 100 nm, b, h = w =
150 nm, c, h = w = 200 nm). With varying t, only the blue curve (t = 20 nm) in a and, more prominently, the black, magenta and red curves
(t = 80, 60, 40 nm) in b seem to be suitable for resonance at 800 nm (Simulation courtesy of J. Petschulat).

Figure 11: Spectral response of the batch of bow-tie arrays, ar-
ranged by the processing parameters described above. The spec-
tral response is classified by the reflected fraction of applied white
light, normalised for the reflection from the pure substrate. Also
shown is the normalised laser spectrum.

gap and field enhancement, we first classify all parameter
configurations for their spectral response. The results are
shown in Fig. 11.
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Figure 12:Maximum of the spectral response of all bow-tie arrays,
grouped by e−-beam dose, smallest to highest. The decreasing
resonance wavelengths for larger gap size corrections is a clear
trend, implying that in almost all gap size scenarios, the triangles
do not form a coupled antenna.

The reflected fraction of light is used here to visualize
the spectral response in a white-light-illumination setup.
Reflection from the pure substrate is used for normaliza-
tion so that only the isolated effect of the nano structures
is visible. The source was not specifically polarized, such
that coupled response of a whole bow-tie should be de-
tected as an additional feature to the single particle re-
sponse. Each measurement represents a typical area of a
given parameter configuration. Even allowing for ∼ 10%
absorption in the structures, it is clear that the efficiency of
the antenna arrays never exceeds a value of roughly 50%.
The rest of the light is transmitted without any noticeable
effect from the antennas.

In Fig. 11 it is already possible to verify the supposed
trend of larger resonance wavelengths for larger e−-beam
doses. Also, the overall efficiency of the antennas seems to
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increase with larger structure sizes. The effects stemming
from gap size correction are more subtle. However, espe-
cially for the three largest doses, a switch of regimes is vis-
ible, where the antenna resonance shows an asymmetry
towards larger wavelengths for the smallest aspired gaps.
We take this as an indicator that the resonance from large-
gap antennas is dominated by the response of the single
structure, rather than by a coupled bow-tie. This might be
evenmore problematic, since in these cases the distance to
the back-neighbouring triangle could become comparable
to the actual intended gap between facing triangles.

We stated earlier that we expect a red-shift of the reso-
nance in comparison to simulations when using a higher-
index substrate for the actual sample. Even then, the de-
sired800nm resonance is onlymarginally achieved by the
‘best’ parameter configurations. We depict the trends for
the maximum of the resonance λmax, for all processing
conditions, in Fig. 12. This illustrates the hierarchical or-
der of λmax with e−-dose. The G-parameter is even more
clearly seen to anti-correlate with the expected resonance
in most cases.

Damage behavior in correlation to resonance

We now perform single shot damage measurements on a
number of arrays whose resonance curves vary most sig-
nificantly, judging from Fig. 11. We achieve the aspired
accuracy by choosing fluence values that were closely
spaced, since the evaluation relies on the quality of the
semi-logarithmic fit over many values of pulse energy (cf.
section 2.4). As a dimensionless, qualitative figure of merit
classifying the resonance, we evaluated the overlap in the
signals of the measured curves from Fig. 11 with the nor-
malized laser spectrum (see also Fig. 11) as

Spectral Overlap = 1
100

∫︁
dλ R (λ)bow-tie * I (λ)laser . (14)

We show the evaluated data for the threshold fluence Fth
in Fig. 13.

It is immediately apparent that the measured values
for Fth increase when the main contribution of the reso-
nanceof thebow-ties falls outside of the spectral region ex-
cited by the laser. As an example,we pick three data points
in very different regimes of Fth and examine their outcome
inmore detail. From their resonance curves in Fig. 11, rear-
ranged here in Fig. 13 b, their spectral characteristics espe-
cially around 800nm are seen to differ greatly. Even with-
out the full evaluation of Fth, the discrepancy in the re-
spective area’s response to LID is clearly seen in Fig. 13 c.
We show three areas of the configurations that were high-

lighted in a and distinguished by their spectral overlap
in b. These have been exposed to similar pulse energies
(210–240nJ). For comparison, test energies applied in or-
der to obtain a typical single data point in a ranged from
130 to 410nJ. Merely looking at the macroscopic dam-
age visible on the sample, the off-resonant configuration
seems to be modified only slightly, in the most intense re-
gion of the beam,while the configurationwith a resonance
peaking near our laserwavelength has a clearly ablated re-
gion. We believe this is conclusive evidence that, indeed,
the quality of the resonance of a nano-antenna array in-
creases its susceptibility to damage.

The absolute values of damage thresholds of the an-
tennas range from 0.05 to 0.14 J/cm2. We recall the char-
acterization of the resonance of our previously examined
spheres and nano-rectangles (see Figs. 6 b and 9 b). Our
bow-ties with a less than efficient spectral feature are
thus located well between the determined values of Fth =
0.20 J/cm2 and Fth > 0.01 J/cm2 for (non-)resonant an-
tennas of different geometries.

4 Summary and Discussion
In summary,we first find the purematerial damage thresh-
old of gold, as it would be used as plasmonic material, to
be in the lower tenths of J/cm2, with a significant drop if
theperpendicular extent of thematerial is less than80nm.
For such thin layers, incubation does not appear to play
a role. Thus, for continuous exposure to pulses, regard-
less of the thickness of the material, a fluence of 0.1 J/cm2

should not be exceeded in order to prevent long-term dam-
age effects. With the goal of enhancing fields up to HHG-
enabling field strengths, this value would correspond to a
focused intensity of approximately 3×1012W/cm2 for typ-
ical ultrafast infrared lasers.

Then we determine the damage behavior of non-
resonant and resonant nano-antennas processed from
gold, leading up to the actual bow-ties as the original
structure of interest. Strictly speaking, the obtained val-
ues of Fth describe a macroscopic sample of the respec-
tive structures. A discussion on the validity of this mea-
surement method can be found in ref. [77]. We find LID
threshold fluences for films and nano-antennas as they
are shown in Fig. 14. Corresponding values in terms of in-
tensity should not exceed 6 × 1012W/cm2 for the non-
resonant antennas–about asmuchas for the thinnest solid
layers–and 3×1011W/cm2 for the near perfect resonance,
in order to prevent damage.
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Figure 13: LID thresholds of a number of bow-tie arrays, plotted
against their overlap in resonance to the used 800 nm laser. a, Ad-
ditionally classified by the dominant design parameter (e−-beam
dose, cf. Fig. 12), there is a significant trend that antennas with a
“better” resonance are more susceptible to LID. b, We illustrate
the difference in quality of the resonance by comparing particular
resonance curves of three distinct data points marked in a. c, The
quantitative finding from a is exemplified by looking at three dam-
age sites, one from each of the numbered types, each exposed to
approximately the same pulse energy of∼ 230 nJ.

With an experiment as described in [29] in mind,
we also examine large arrays of bow-tie antennas, pro-
duced by EBL. Even for idealized design parameters, as
determined by simulation, the inevitable tolerance in the
production process leads to different resonance behavior,
given two free parameters, e−-beam dose and gap size cor-
rection. Only a certain number of parameter configura-
tions led to useful bow-tie structures in the first place, that
is fully formed, non-touching triangles with a gap width
that allowed for plasmonic coupling. Of these, an even
smaller number exhibited a resonance behavior suitable
for the employed laser. Again, we find that the quality of
the resonanceplays adecisive role in the response to LIDof
an array of antennas. Resonance-dependent LID threshold
fluences of bow-ties are also shown in Fig. 14, in context.

Even for the arrays with the best spectral overlap, sin-
gle shot threshold fluences are as low as∼ 0.05 J/cm2. For
the typical pulse length of 30 fs for our setup, this would
correspond to an intensity of ∼ 1012W/cm2. HHG is an
intensity-dependent effect, while the thermal LID of met-

als depends on fluence. Consequently, by using shorter
pulses of a given energy, achieved intensities can be ap-
proximately three times higher without affecting the dam-
age behavior of the structures. However, at the same time,
shortening the exciting laser pulse duration requires a
broader acceptance bandwidth of the optical nanostruc-
ture which compromises the need for sharp resonances
in order to get high intensity enhancements. While we
do not examine intensity-enhancement factors of any of
our bow-tie arrays, at least a factor of 10 would still be
needed merely to reach the onset of HHG without single-
shot destruction of the sample. Such enhancement fac-
tors can certainly be achieved (cf. Table 1), provided that
the bandwidth and efficiency of the spectral response
of bow-ties are similar, for example to the optimized,
more primitive structures as represented by the nano-
rectangles (see Fig. 9 b). Then again, as the measurement
on those structures reveals, keeping below the respec-
tive damage threshold fluencewould necessitate intensity-
enhancement factors greater than 100 to enable HHG. A
much longer design and optimization process would cer-
tainly be needed to fulfill all of those demands.

As was mentioned in the introduction, a lot of scep-
ticism was present in the community as to whether or
not the presented scheme of nano-plasmonic-enhanced
HHG were reproducible to the specifications that were
originally given by Kim et al. While researchers from the
same group pointed out that better results were obtained
from wave-guide funnels as field-enhancing structures
[61], they also reproduced spectra [41], similar but less pro-
nounced than in the original publication. However, they
conceded that the employment of bow-tie antennas was
subject to long-term damage mechanisms that rendered
the samples useless after a few minutes. This was even
true for illumination of the bow-ties with light of intensi-
ties of ∼ 1011W/cm2, or a fluence of 0.002 J/cm2. Simi-
lar observations were made for rod-type antennas in [62].
The delayed destruction of the samples at fluences that
are significantly below our determined values for single
shot catastrophic LID suggests that a mechanism similar
to the one described in [89] might be responsible. This is
introduced as a high-field-sensitive, cumulative ejection of
material, especially at sharp features of field-enhancing
structures. A long-running source built according to the
original scheme, even if operated under conditions pre-
venting LID as researched in the present work, is appar-
ently not easily realized.

Beyond that, Sivis et al. asserted that the only XUV
signal they were able to detect, using a very similar setup
for their evaluation, more closely resembled undirected
enhanced atomic line emission (ALE) than HHG [39]. In
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Figure 14: Evaluated single shot damage threshold fluences of gold structures using femtosecond irradiation (left to right: resonant SERS
rectangles, various bow-tie geometries, non-resonant nano-spheres, unstructured gold layers).

a more refined study, they comprehensively compared
results from bow-tie-enhanced emission from noble gas
atoms with conventional HHG, using estimated numbers
and experimentation [40]. They conclude that the sum of
the point-like regions of emission from the enhanced-field-
regions of the antennas, under the absence of any on-
axis phase matching mechanisms, will never be as promi-
nent as the incoherent ALE features they dependably de-
tect. Years after the original scheme has been published, a
full evaluation of thepotential of nano-plasmonic-assisted
HHG remains outstanding.
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