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Abstract                                                                                                                                                       
We study optical field emission from silver nanotips, showing the combined influence of the 
illumination wavelength and the exact shape of the nanotip on the strong-field response. This is 
particularly relevant in the case of FIB milled nano tips, where the nanotip fabrication capabilities 
could become a new ingredient for the study of strong-field physics. The influence of the thermal load 
on the nanotip and its effect on the emission is studied as well by switching the repetition rate of the 
laser source from 1 kHz to 62 MHz, showing a clear transition towards the quenching of the strong- 
field emission. 

 

1. Introduction 
 
The interaction of intense ultrashort laser pulses and metallic nanotips offers the possibility of a strong  

confinement of the electromagnetic field in both time and space [1, 2], on the sub-femtosecond and nanometer 
scales. It has led to the observation of electron emission from multiphotonic processes as well as strong -field 

behavior similar to that in atoms and molecules [3–5]. Moreover, this interaction allows the production of 

electron wave packets [6], and opens the route to ultrafast time resolved electronic microscopy and diffraction 

studies [7–9]. Nanotips have several advantages compared to bulk or gas phase systems because the electron 
confinement and plasmonic response increase the local electric field at the tip apex. In this regard, the tip 

material and its shape play a major role in this interaction. Many studies have been done with tungsten tips 

[1, 3, 6, 8, 10, 11] as it is is a robust material with a high melting point, and tips are easy to produce. In the visible 
range however, tungsten has a weak plasmonic response and the field enhancement is mostly due to the charge 

confinement at the apex. Gold is a plasmonic metal that is also vastly used [2, 12] which exhibits higher field 

enhancement due to the large value of its dielectric permittivity (with negative real part). More exotic materials 

have also been investigated, such as hafnium carbide nanotips [13] because of its low work function, and carbon 

cone nanotips [14] that have remarkable cold field emission properties. Silicon nanotips have also been used as 

optical field emitters arrays [15]. In this paper we will present new results obtained from silver nanotips. These 
tips have been used for scanning optical tunneling microscope where they have shown higher luminescence 

intensities than tungsten [16], but have been barely used for laser-induced photoemission [17]. Silver’s 
plasmonic properties are strongest in the visible range, but are accompanied by a lower melting point leading to 

potential thermal issues and a more complex fabrication process. We demonstrate first the optical field emission 
and the characterization of the nanotip field enhancement at 800 and 400 nm, with surprising results confirmed 
by numerical calculation of the electric field enhancement for the specific tip shape used in the experiment. This 

strong field behavior disappears when using a high repetition rate laser source (high mean power), which 
suggests that thermal effects in the nanotip suppress or at least modify the photoemission characteristics. 
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Figure 2. A series of photoemission spectra obtained with increasing laser intensity at 1 kHz repetition rate at 800 nm (S1). The x axis 
represents the measured energy minus the energy from the tip bias eVDC. The colored dashed lines are the linear asymptotes from 
which the cutoffs have been extracted. The inset shows the evolution of the cutoff energy position, defined as the intersection of the 
dashed lines, as a function of applied laser intensity using S1. The dashed line is a linear fit with a slope of 8.8  × 10−12 eV (W cm−2)−1. 

 

 
 
 

 

2. Experimental setup 
 

Silver nanotips are made using both electrochemical etching and focused ion beam (FIB) annular milling as in 

[17, 18]. Figure 1 shows the nanotip used in this experiment after the FIB milling process. More experimental  
details on the fabrication process can be found in appendix A. 

The photoemission experimental setup is depicted briefly in figure 1 and is detailed in appendix B. It uses 

two laser sources (S1 and S2) at 800 nm with 20–30 fs duration that have different repetition rates as well as the 
second harmonic generation of source S1. The tip is biased with a moderate voltage VDC to accelerate electrons 
towards the detector. Laser pulses are tightly focused on the nanotip with off-axis parabolic mirrors and the 
kinetic energy spectrum of emitted electrons is recorded with a retarding field spectrometer. 

 
3. Strong field photoemission and optical field enhancement 

Figure 2 shows photoelectron spectra in semilog scale recorded with source S1 for different laser intensities in 

which we determine the kinetic energy acquired for the emitted electrons with respect to the applied tip bias.  

These spectra are very broad and present features typical of optical field emission. This is the first demonstration 

of strong-field behavior from silver nanotips. The spectra extend into the 10–15 eV range, way above the 

expected above threshold emission energy for multiphotonic emission. Three regions are visible: (I) at low 

energy, the spectrum decreases exponentially as expected from multiphoton emission, (II) the yield becomes 

quasi constant forming a ‘plateau’ region, (III) finally the emission yield rapidly decreases until the ‘cutoff’. This 

is a clear observation of strong field emission and elastic scattering well known in atoms and molecules [19]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. SEM picture of the FIB-milled silver nanotip and sketch of the experimental setup: different femtosecond laser sources are 
focused on the silver nanotip and the kinetic energy spectra of the emitted electrons are recorded. Source S1 produces ultrashort pulses 

(< 30 fs) at 800 nm with a low repetition rate (1 kHz). S1,SHG is the second harmonic of source S1 giving similar pulses at 400 nm. S2 
gives the same pulses than S1 with a larger repetition rate (62 MHz). 
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Table 1. Applied laser intensities and retrieved cutoff energies and intensity enhancement. 
 

Applied 

intensity 

Calculated 

Ecut 

Measured 

Ecut 

Effective 

intensity 

Keldysh 

parameter 

Intensity 

enhancement 

(1012 Wcm−2) (eV) (eV) (1012 Wcm−2) γ hI 

0.92 0.549 7.92 13.24 1.64 14.42 

1.24 0.739 11.01 18.47 1.39 14.90 

1.63 0.976 14.42 24.08 1.22 14.78 

2.1 1.255 18.33 30.67 1.08 14.60 

 
 

Emitted electrons are accelerated by the laser electric field and return to the metal-vacuum interface. A possible 
outcome of this recollision process is elastic backscattering. These electrons can then acquire more kinetic  
energy as they are further accelerated by the electric field. This translates into the observed plateau in the energy 

spectrum, with a maximum energy, the ‘cutoff’, given by the following expression: 

 
Ecut » 10 Up 

 
= 10 

e 2 
 

2e0me 

Iloc 

,
 

w2 

 
(1)   

where Up is the ponderomotive energy, I loc the local intensity at the metal surface, w = 2p c the optical angular 
frequency with λ the central wavelength, e the electron charge, e0 the permittivity of free space, me the electron 
mass, and c the speed of light in vacuum. Measuring Ecut allows us to calculate the in situ optical intensity I loc. 
This expression is valid as long as the electric field can be considered homogenous along the electron trajectory 

which we confirmed a posteriori using the argument developped in [4]. The cutoff position can be extracted from 

the spectra using the intersection of the linear curves fitting both regions II and III [20, 21]. For each curve in 
figure 2, the cutoff position has been extracted at the intersection of the fits. The energy extension of the spectra 
closely follows the laser intensity as shown in the inset where cutoff energies are plotted as a function of incident 

laser intensities. The cutoff varies linearly with intensity accordingly to equation (1). This clearly demonstrates 
the strong field recollision regime reached here with silver nanotips. Moreover, the local intensity can be  

determined using equation (1) and the experimental intensity enhancement can be calculated, using the method 

of [21]. 
A linear fit of the cutoff position with respect to the intensity shows an offset of about −2.94 eV. We 

attributed this to the geometrical alignment of the tip with respect to the spectrometer: if the electrons enter the 
spectrometer with an angle, the static field correction of the spectrum detailed above is overestimated. This 
defines the zero-energy point of the photoemission spectrum. Therefore, before deriving the local intensity, the 
cutoff values are corrected with this offset. Table 1 summarizes the parameters used: measured and corrected 

cutoff values and derived intensity enhancement factor hI. This factor is defined as the ratio between local 

intensity (or effective intensity) at the tip apex and the applied intensity calculated from the energy, duration and 

focus size of the laser pulse. We also calculated the Keldysh parameter g = 

silver to be f = 4.26 eV. 

assuming the workfunction of 

hI = 
Effective intensity 

Applied intensity 
= 

Measured Ecut 
. 

Calculated Ecut 
(2)   

On average, the intensity enhancement is on the order of 14.5, corresponding to an electric field enhancement 
x = = 3.8 ± 0.1. This enhancement is both due to the local electron confinement and the plasmonic 
behavior of the metal, each depending on the tip shape. The first effect is present for all nanotips including 
tungsten which is not plasmonic in the visible/near IR range. However, due to the high plasmon response of 
silver in the visible wavelengths, it is of interest to study its strong field behavior as a function of wavelength, 
leading to possibly high energy electrons with limited laser power. 

The same experiments were performed at 400 nm using the second harmonic of Source S1 generated inside a 

250 μm thick Beta Barium Borate crystal (BaB2O4 or BBO). Figure 3 shows the spectra obtained at 400 nm 
compared with those for 800 nm with same pulse energy. The ponderomotive energy and therefore the cutoff  

scales as l2, so that one can expect the spectra to be narrower for 400 nm compared to 800 nm. However, this is 
not the case. The spectra are broader at the shorter wavelength, which clearly indicates that the local intensity at 
the metal interface is higher at 400 nm, proving another important difference with what can be achieved with  
atomic strong-field physics. We repeated the same procedure to calculate the intensity enhancement in this case. 
However, we could not get a precise value for the applied intensity because the pulse duration and focus size  
could not be precisely measured. Nonetheless, if we assume the same pulse duration and the same focus size for 
both wavelengths, a conservative estimate, we find an intensity enhancement for 400 nm on the order of 150, 

corresponding to a field enhancement of ∼12.2 ± 2, considerably higher than found for 800 nm. This behavior 

f 

2Up 
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is unexpected as one expects the field enhancement to be higher at 800 nm due to the larger ratio between 

wavelength and tip radius, as well as the larger value of the dielectric permittivity [22, 23]. 

 
4. Numerical calculation of the field enhancement with optimized tip shapes 

The plasmonic behavior of nanostructures depends on the material through the dielectric permittivity  , its 

shape and the illumination wavelength. For conical nanotips with a small radius, it has been demonstrated that 

there is a cone angle that gives the highest electric field enhancement [24], the resonant angle α being given by: 

a = arccos⎜
⎛ Re(  ) + 1 ⎞

⎟. 
Re(  ) - 1 

 
(3)   

The dielectric permittivity of silver varies greatly between 800 nm and 400 nm wavelengths, as such the resonant 
angle varies from 20° at 800 nm to 50° at 400 nm. This means that a large opening angle would give our silver 
nanotip a higher field enhancement at 400 nm than at 800 nm. The silver nanotip we used, depicted in figure 1, 
looks sharp with a small opening angle. However, a closer look at the tip apex reveals that the shape of the apex is 
more complex than a regular cone. In order to understand how this shape would affect the field enhancement, 
we calculated numerically the field enhancement for the specific tip shape we are using. We used COMSOL 
Multiphysics software to model the nanotip and compute the local field enhancement with the following values 

from [22] for the dielectric permittivity of silver for the wavelengths modeled: 

Ag,800 = -27.93 + 1.5222i, 

Ag,400 = -3.7726 + 0.6747i. 

(4)   

(5)   

Maxwell’s equations were solved in the frequency domain using matched layers that absorbed the propagating 
plasmons at the wall of the simulation box. This prevents plasmons from getting reflected at the border of the 
simulation box. This method allowed us to reproduce results for conical-shaped tips such as those modeled in 

[24, 25] that were computed using other methods. Since the absolute value of   is greater at 800 nm than at 
400 nm, one expects the field enhancement to be larger at 800 nm, contrary to what was measured 
experimentally. From the SEM image of the silver nanotip, we noticed that even though the cone angle seems  
small far from the apex, it increases a lot close to the apex. To account for this effect in our case, we modeled the 

silver nanotip (figure 4(a)) with a two-angle cone with half opening angles a1 = 33  and a2 = 10  terminated 
by a spherical apex of radius r = 20 nm with a distance h1 = 64 nm between the apex and the start of the second 
cone. These numerical values are directly extracted from a SEM image of the nanotip. 

Figure 4(b) represents the value of the electric field versus distance from the tip surface along the line where it 
is maximum. We found that indeed the field enhancement at 400 nm (x400 » 7.7) is greater than that at 800 nm 

(x800 » 6.3). While these values do not correspond exactly to those retrieved experimentally, they show the same 

general trend in regards to wavelength dependency, and thus with more accurate modeling of the nanotip, could 
give values closer to those found. We can see that the field enhancement at 400 nm is confirmed to be higher 
than that at 800 nm. When modeling the nanotip with the typical conical shape found in literature, with a half - 

angle equal to 10 , the results are drastically different with field enhancement equal to 2.4 at 400 nm and 6.8 at 
800 nm.This means that in the case of a two-angle conical nanotip, the exact value of the field at the apex is 
mostly depending on the tip angle near the apex. 

These results are a clear demonstration of the effect of the tip shape on its plasmonic response leading to 
possibly higher field enhancements. This behavior is especially important in the case where the nanotip has a 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Comparison between silver photoemission spectra using 800 nm (red and brown) and 400 nm (light and dark blue) laser 
pulses with comparable pulse energies and therefore similar intensities. 



New J. Phys. 18 (2016) 103010 M R Bionta et al 

5 

 

 

 

 
 
 

more complex shape than a typical conical one and shows that the exact shape of the nanotip is a crucial factor  

that determines the field enhancement at the apex of the nanotip. In the case of FIB milling of nanotips, i t 

becomes possible to engineer the tip shape for specific values of field enhancement at different wavelengths. For 

instance, large opening angles and small apex sizes can lead to maximum field enhancement. This type of system 

is difficult to produce via electrochemical etching but not necessarily with the FIB milling technique. 

 
5. Suppression of strong field photoemission at high repetition rates 

We repeated the first experiments at 800 nm with source S2 at a higher repetition rate of 62 MHz, but with 

similar optical intensities and slightly shorter pulse duration. The number of detected electrons per laser pulse is 

roughly the same, but the recorded energy spectra are completely different as seen in figure 5. The low repetition 

rate spectrum from S1 is very broad and extends for more than 15 eV, whereas the high repetition-rate spectrum 

is narrower and only extends over a few eV, with most likely only multiphotonic or thermally emitted electrons.  

The only noticeable difference between these two experiments is the average power deposited on the nanotip, 

which scales as the repetition rate. This means that using source S2, we have 6 ´ 104 more deposited energy that 

the tip has to dissipate per unit of time. This causes the tip to heat up to large temperatures, suppressing the  

strong-field behavior observed for lower repetition rates. These effects are reproducible. We are confident that 

the tip did not experience any damage as the DC field emission did not change between experiments. These 

results show that the laser repetition rate plays a major role in the emission mechanisms in laser-tip interaction 

in silver nanotips due to the mean power deposited in the tip. Similar effects were observed for carbon cone 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. (a) Two-angle cone modeling of the silver nanotip from the SEM image. (b) Electric field as a function of the distance to the 
apex from which we extract the field enhancement. We find ξ800 ≈ 6.3 and ξ400 ≈ 7.7. (c) and (d) Result of finite element calculation 
of the electric field in V m−1 at the apex of the two-angle nanotip for 800 and 400 nm illumination with an incident electric field 
equals to 1 V m−1 at the apex, coming from the left side and with a polarization along the tip axis. The straight lines indicate the 
orthogonal lines along which the electric field is plotted in (b). 
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nanotips [14] and led to the destruction of samples at MHz illumination, despite the mechanical stability of these 

tips proved in cold field emission [26]. These results ask for new variable repetition-rate tunable laser sources to 
investigate mean power effects on laser-induced photoemission, as well as new types of theoretical modeling to 

include temperature in multiphotonic and optical field emission. 

 
 

6. Conclusion 
 

We have presented the first observation of strong-field behavior of photoemission from silver nanotips. We have 

measured a stronger field enhancement at 400 nm than at 800 nm, which was confirmed by numerical 

calculation of the electric field on a two-angle nanotip modeled from the SEM image of the tip, proving the effect 

of the nanotip shape on the field enhancement, making the FIB milling process interesting for engineered tip 

shapes. Compared to tungsten nanotips, using silver enables plasmonic effects to play a role in electron  

photoemission that can therefore be controlled by an interplay of the tip shape and the field wavelength. Finally, 

we showed that using a high repetition rate illumination can suppress this strong field behavior due to the high 

mean power deposited on the nanotip. These results pave the way towards optimal control of the laser-tip 

interaction with more complex parameters including the tip shape and material as well as the laser 

repetition rate. 
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Appendix A. Silver nanotip fabrication 

 

The sharp silver nanotips are formed in a two-step process shown in figure A1. The tips are formed from a 

polycrystalline silver wire that is 99.99% pure and 125 μm in diameter. The wire is first electrochemically etched 

using a microloop technique [17], with a solution of 0.1% perchloric acid and 99.9% methanol and a voltage of  

7 V. The tip final shape is obtained by annular milling [18] in a FIB apparatus, where the ion beam is parallel to 
the tip axis. The annular milling pattern is used while gradually reducing the inner radius until the correct end 

curvature radius is obtained. After the shape is formed, the tips are cleaned using low energy ions. In general, due 

to the nature of the milling process, some atoms of Ga are implanted up to ∼2 nm under the material surface but 

their influence in the emission process can be neglected. The tips have a final radius of 12–50 nm. The tip used in 
the following experiments is shown in figure A1 before and after the milling process. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Electron photoemission spectra on silver nanotip with the 1 kHz S1 laser source (blue) and the 62 MHz S2 source (green). 
Both sources produce an equivalent laser intensity on the target. 
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Figure B1. Experimental setup: the silver nanotip is illuminated by tightly focused femtosecond laser pulses with an additional tip bias 
VDC. Electrons are detected by a field retarding spectrometer positioned in front of the tip apex. 

 

 
 

 

 

Appendix B. Photoemission experimental setup 
 

A sketch of the experiment is depicted in figure B1. Femtosecond laser pulses are tightly focused onto the apex of 
a silver nanotip. We have used several laser sources. The first two, S1 and S2 are centered at 800 nm and share 

similar parameters (beam size and pulse duration). S1 has a low repetition rate of 1 kHz while S2 is at 62 MHz. 
Finally, we also used frequency-doubled pulses from S1. The laser intensity is controlled with a half-wave plate 
polarizer energy throttle and the polarization is cleaned by a second polarizer, regulated by another half-wave 

plate and set along the tip axis for maximum photoemission when illumnating the apex. The laser beam is  

focused by an off-axis aluminum parabolic mirror with a focal length of 15 mm leading to a focal spot size of  

about 4 μm and optical intensities on the order of 1012 W cm−2. The experiment is performed in a stainless 

steel ultra-high vacuum chamber with a pressure on the order of 10-10 mbar. A metal-plate with a 500 μm 

pinhole is placed ∼7 mm from the apex of the tip to define a ground potential and an additional DC voltage 

between 0 and 600 V is applied to the tip (hereafter referred to as VDC).A field retarding spectrometer based on a 
mesh grid with an adjustable voltage combined with a double stage micro channel plate measures the kinetic 

energy distribution of the electrons with an estimated resolution of DE E » 5 ´ 10-3. The spectrometer is 

placed in a magnetic shield to isolate low-energy electrons from external magnetic fields. The spectrometer is 

mounted on XY translation stages as well, in order to map the spatial distribution of the emitted electrons and  

align the spectrometer such that only electrons from the apex of the tip are measured. Alignment of the tip into 

the laser focus is achieved using three-dimensional nano-positioning translation stages (from Attocube systems 

 
 
 
 
 
 
 
 
 
 
 
 

A 1. (a) A silver tip after the electrochemical etching steps at 20 000× magnification. The white scale bar is 400 nm. (b) The finished tip 
after the FIB milling at 75 000× magnification with a scale bar of 100 nm. The inset shows the whole tip at 300× magnification, with a 
scale bar of 40 μm. The final tip radius is approximately 20 nm. 
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AG) with sub-micrometer resolution and a range of a few millimeters. The alignment is checked by imaging the 
nanotip on a CCD camera with a second parabolic mirror recollimating the beam and sending it out of the  

chamber. We use cold-field emission and Fowler–Nordheim plots [27] to measure the static field enhancement 
b = EDC VDC, where EDC is the static electric field at the apex of the tip. Using the method described in [27], we 

can confirm the measurement of the tip radius from SEM images and we find β ≈ 4 × 106 m−1. When 

recording laser-induced emission, the kinetic energy acquired from the applied VDC (typically 50 V) is subtracted 
from the recorded spectra. 
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