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Metal nanowires sustain propagating surface plasmons that are strongly confined to the wire

surface. Plasmon reflection at the wire end faces and interference lead to standing plasmon modes.

We demonstrate that these modes can be imaged via two-photon (plasmon) polymerization of a

thin film resist covering the wires and subsequent electron microscopy. Thereby, the plasmon

wavelength and the phase shift of the nanowire mode picked up upon reflection can be directly

retrieved. In general terms, polymerization imaging is a promising tool for the imaging of propagat-

ing plasmon modes from the nano- to micro-scale. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913470]

Noble metal nanowires support plasmonic modes with

propagation constants that scale inversely with the wire ra-

dius.1 Plasmonic wires constitute thus optical waveguides

without cut-off that could be miniaturized to nanoscale cross

sections. Metallic damping limits, however achievable prop-

agation lengths, which have been measured in the lm-range

(for visible and near-infrared wavelengths) for silver and

gold wires with diameters around 100 nm.2,3 End face reflec-

tion turns a nanowire of length L into a Fabry-Perot resonator

(for small L values to be considered as an optical antenna),

with standing plasmon waves given by the resonance condi-

tion kplLþ / ¼ mp, with kpl being the plasmon wave num-

ber, / being the phase change of the plasmon wave upon

reflection, and m being an integer. Such nanowire Fabry-

Perot modes have been directly imaged with near field mi-

croscopy,2,4 transmission electron microscopes equipped

with electron energy loss spectroscopy (EELS)5 and catho-

doluminescence.6 Analyzing measured mode patterns

allowed, on one hand, to retrieve the plasmon wavelength

kpl¼ 2p/kpl from the standing wave periodicity. Depending

on the wire diameter, kpl was found to be significantly

shorter than the related free space wavelength, in agreement

with modelling.2,4,5,7,8 The mode pattern allows to retrieve

as well the reflection phase change as / ¼ 2ðp� kpllÞ, with

“l” being the distance of the first standing wave antinode

from the wire end face. The actual value of the reflection

phase (alternatively expressed as an effective wire length

with DL ¼ /=kpl or antenna reactance) addresses the impor-

tant point of the resonance lengths of plasmonic nanowires

and thus of their design.9 / depends rather strongly on the

wire diameter and on kpl, as evident from the analytical solu-

tions for cylindric gold10 and silver11 nanowires with flat end

faces in a homogeneous medium. However, the details of the

end face geometry are expected to play an important role for

the reflection properties.3,12,13 For experimental access, it is

thus important to have a reliable experimental method with

high spatial resolution at hand that is sensitive to the full

plasmon field. Certainly, near field microscopy and EELS

are very successful in this respect, but their sensitivity to spe-

cific plasmon field components and the potentially invasive

character of a near field probe could hinder detailed analysis.

In this letter, we report that two-photon (plasmon) polymer-

ization (TPP) and subsequent electron microscopy imaging

can be employed for imaging the plasmonic field along lm-

long silver nanowires with high fidelity and relative ease.

We furthermore show that kpl and / can be directly retrieved

from the plasmon-induced polymerization patterns.

Surface plasmon near fields can modify an embedding

medium as a function of local plasmon intensity, as shown

for the linear regime in an early work of Keilmann et al.14 As

a nonlinear process, TPP is capable of higher spatial resolu-

tion and it enables 3D lithography, as initially demonstrated

for the direct writing of micro- and nanostructures with ultra-

fast laser sources.15 More recently, the principle of TPP was

applied to probe the near fields of localized plasmon fields

around metal nanoparticles. First, nanoparticles deposited on

a surface are covered by a resist film. Then, after exposure to

laser pulses in the red or near-infrared spectral range the resist

is developed and the (optionally metal coated) sample is

imaged by scanning electron microscopy (SEM).16–19 To

apply this approach to the imaging of the propagating plas-

mon modes in nanowires, we use a commercial two photon

direct-write system (Nanoscribe, Eggenstein-Leopoldshafen,

Germany). 150 fs pulses from a fiber laser are emitted at a

repetition rate of 100 MHz at a center wavelength of 780 nm,

resulting in a spectral bandwidth of about 6 nm. The pulses

are focused onto one end of the nanowires through a micro-

scope objective (100�, numerical aperture 1.4) under polar-

ization control. Light scattering from the other wire end is

used as a guide for precise focusing as it evidences successful

plasmon excitation and propagation along the wire.2 The

position of the sample relative to the laser focus is controlled

with a piezoelectric stage. For exposure, we use the negative-

tone resist IP-L (Nanoscribe) with a refractive index of 1.48

(at a wavelength of 780 nm). The nanowires on the glass sub-

strate (refractive index 1.51 at a wavelength of 780 nm) area)Electronic mail: joachim.krenn@uni-graz.at
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covered by the resist and thus embedded in an almost homo-

geneous environment. With an average laser power of

2–4 mW, we use exposure times per spot addressed by the

laser focus of around 0.1 s. The exposed samples are devel-

oped in isopropanol for 5 min, leaving structures on the sur-

face wherever the polymerization threshold was exceeded.

Finally, the samples are coated with 5 nm chromium by ther-

mal evaporation and imaged by SEM. The nanowires are fab-

ricated on glass substrates by standard electron beam

lithography. Electron exposure defines the wire geometries in

a 60 nm thick poly(methyl metaacrylate) film that is covered

by a few nm of aluminum for electric conductivity. After

chemical development, the deposition of 50 nm of silver by

thermal evaporation and lift-off, the wires with a cross sec-

tion of 100� 50 nm2 (62 nm) and lengths of 2, 3, and 4 lm

remain on the glass substrate.

Fig. 1 shows overview SEM images of an exposed 3 lm

long nanowire. The large polymerization volume around the

focus position (left wire end) is due to the direct exposure to

the laser pulses. The laser beam was polarized either parallel

or perpendicular to the wire axis. Light scattering from the

right wire end heralding plasmon propagation was only

observed for parallel polarization, in agreement with expect-

ations for the chosen wire geometry.12 Indeed, for this polar-

ization direction, we observe a regular polymer structure

around the nanowire (Fig. 1(a)) that is absent in the case of

pependicular polarization (Fig. 1(b)). Higher magnification

SEM images from the right hand side of exposed nanowires

(lengths 2, 3, and 4 lm) are depicted in Fig. 2, for the polar-

ization direction parallel to the wire axis. The regular pattern

around the wires is evident and we can readily assign it to a

standing nanowire mode.2 The polymerized volume is

strongly confined to the wire surface, extending over only

about 20 nm perpendicular to the metal surface. This value is

much smaller that the voxel size achievable by TPP in a ho-

mogeneous medium and reflects the evanescent character of

the plasmon field, in agreement with work on dielectric

surfaces under total internal reflection illumination.20 In

addition, surface effects that lower the polymerization

threshold close to a surface21 might play a role.

By fitting a cos2kplx function (x being the coordinate

along the wire axis) to the standing wave patterns around 12

different nanowires of 2, 3, and 4 lm lengths, we retrieve an

averaged value for the plasmon wavelength kpl¼ 381 6 5 nm

(see Fig. 3(a)). This value reflects the specific dispersion rela-

tion of nanowire plasmons and is in excellent agreement with

values measured with other techniques on similar nano-

wires.2,4,5,7,8 To corroborate our experimental result, we sim-

ulate the nanowire plasmon mode for the actual experimental

parameters with the Matlab toolbox MNPBEM22 that is based

on the boundary element method.23 The simulated result for a

2 lm long nanowire is plotted as an electric field strength

map in Fig. 3(b) and as a charge map in Fig. 3(c). The simu-

lated value of kpl of 390 nm is in very good agreement with

the experimental finding.

Turning now to the reflection phase, we retrieve / from

the polymerized patterns, taking advantage of the different

FIG. 1. SEM images of a 3 lm long silver nanowire, exposed to (a) parallely

and (b) perpendicularly polarized laser pulses (as indicated by the double

sided arrows) focused onto the left wire ends.

FIG. 2. SEM images of silver nanowires (a) 2, (b) 3, and (c) 4 lm long,

exposed to parallely polarized laser pulses.

FIG. 3. Standing plasmon mode of a 2 lm long nanowire. (a) SEM image

from Fig. 2(a), the arrow marks the nanowire end. (b) and (c) depict (nor-

malized) simulated electric field strength and charge maps, respectively. The

red lines are cos2kplx fits to the standing wave pattern.
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SEM contrasts of silver and polymer that makes the nano-

wire end clearly visible (arrow in Fig. 3(a)). We deduce a

value of / ¼ 7166�, again as the averaged value from 12

nanowires. From the simulation in Fig. 3, we find / ¼ 71�,
corresponding very well to the experimental value. It is inter-

esting to note that the reflection phase has been somewhat

controversely discussed in the literature. In particular, differ-

ent periodicities of the standing plasmon wave were found

when comparing the outer and inner regions of nano-

wires.4,5,24 These observations were at least partly assigned

to the role of /. As we do not recover this feature from our

measurements, two explanations might apply. First, these

studies investigated chemically synthesized nanowires that

are deposited on the substrate from a solution. Such wires of-

ten show a slight bending that could cause the loosing of

contact of some parts of the wire with the substrate. This

might locally alter the plasmon mode profile and thus the

standing wave pattern. By using lithographed nanowires we

are not concerned by this point. Second, all mentioned stud-

ies were done with near field microscopy or EELS. Both

techniques are sensitive to near field components rather that

the overall field as in the case of TPP, and this specific sensi-

tivity might give rise to deviations from strict periodicity, in

particular, where experimental structures deviate from ideal-

ized geometries.

We note that standing plasmon patterns with similar po-

lymerization contrast occur for all three nanowire lengths (2,

3, and 4 lm). Indeed, for these lengths the retrieved values

of kpl and / fulfill the resonance condition for nanowire

modes as defined above quite well. Due to the rather high

damping of the nanowire plasmon modes,25 it is, however,

not critical to meet this condition precisely.

For further quantitative analysis, a possible refractive

index change of the resist during exposure has to be consid-

ered. From the available data for negative-tone resists (e.g.,

Refs. 20 and 26), we estimate the effects of cross-linking and

shrinkage on the refractive index to 1%–3%. The impact of

this effect on the measured plasmon wavelength depends on

the dynamics of the index change, which requires further

investigation.

In summary, we have shown that the plasmon modes of

lm-long nanowires can be imaged and characterized with

TPP and SEM imaging. From the imaged TPP pattern, kpl

and / can be retrieved. Imaging over lm length with a lat-

eral size of the polymerized volumes <20 nm illustrates the

power of this method that thus seems applicable to image

any type of nano-optical fields with high spatial resolution

and high throughput. However, quantifying the plasmon

fields in terms of field enhancement and profile is not

straightforward and requires dedicated further

measurements.18,19
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