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ABSTRACT

Mapping the optical near-field response around nanoantennas is a challenging, yet indispensable
task in order to engineer light-matter interaction at the nanometer scale. Recently, photosensitive
molecular probes, which undergo morphological or chemical changes induced by the local
optical response of the nanostructures, have been proposed as a handy alternative to more
cumbersome optical and electron-based techniques. Here, we report four-photon absorption in
polymethyl-methacrylate (PMMA) as a very promising tool for nanoimaging the optical near-
field around nanostructures over a broad range of near-infrared optical wavelengths. The high

performance of our approach is demonstrated on single-rod antennas and coupled gap antennas



by comparing experimental maps with 3D numerical simulations of the electric near-field

intensity.
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MANUSCRIPT TEXT

Optical antennas can efficiently couple to free propagating light and focus it into sub-
wavelength volumes.' They therefore represent an unprecedented tool to tailor many light-matter
interactions at the nanoscale, such as photodetection, light emission, sensing, and spectroscopy.!
In most of these applications, full control and optimization of such antennas require a detailed
and quantitative knowledge of their near-field response at the single-antenna level. Far-field
imaging methods can spatially resolve the near field distribution of resonant plasmonic antennas
for example using two-photon luminescence microscopy, although their resolution is limited by
diffraction.> Alternatively, more sophisticated techniques, including electron energy loss
spectroscopy (EELS)}# photoemission electron microscopy (PEEM),> cathodoluminescence
spectroscopy (CLS),® and near-field optical microscopy (SNOM),” can break the spatial
resolution limit of conventional optics. However, these methods typically rely on complex setups
that often make near-field measurements a cumbersome task. In the particular case of SNOM,
the presence of the tip may additionally alter the intrinsic response of the nanostructure under
study.'®!! To avoid the complexity of these techniques, the use of photosensitive molecular
probes has lately been proposed as a handy tool to map the optical near field generated by
metallic nanoparticles, with a high resolution that is given by the technique used to image the

molecular probe, such as electron-beam microscopy (SEM) or atomic force microscopy



(AFM).'>%5 Dipolar field profiles around silver and gold nanoparticles, in particular, have been
successfully mapped with resolutions better than ten nm,'>'* but previous attempts with
molecular probes, such as SUS, failed to spatially resolve the mode distribution for higher order
resonances.'>!

In this Letter, we propose the use of four-photon absorption in polymethyl-methacrylate
(PMMA) as a novel strategy to generate direct sub-wavelength snapshots of the optical near-field
response of plasmonic nanostructures. Our approach is tested on gold nanorods and gap antennas
with increasing length, and it enables us to map the finest details of successive antenna modes up
to the SA/2 resonance. Although very simple and easy to implement, the presented approach
offers mode mapping in nanoantennas with a level of details that is comparable to advanced
optical or electron-based techniques.** Moreover, our approach works over a broad range of near

infrared optical wavelengths: a desirable feature when working with plasmonic antennas.

As a first test structure to demonstrate the potential of our method, we consider a simple
antenna geometry formed by a single gold nanorod with increasing length, whose optical
behavior has been extensively characterized both theoretically!®!” and experimentally.*7® Our
structures were fabricated by standard e-beam lithography on an ITO-coated glass substrate. The
sample consisted of rod arrays of varying lengths (80 nm to 1 xm), while the rod width and
height were fixed at 60 and 40 nm, respectively. An 80-nm-thick PMMA layer (AR-P 671.04 /
Allresist GmbH, Germany) was spin-coated over the substrate to act as photosensitive molecular
probe of the near-field distribution around the nanostructures. While PMMA has a linear
absorption peak centered at 213 nm (blue solid line in Figure 1(a)), the PMMA-embedded

nanorods are resonant in the near-infrared from 700 nm to 1 ym, as measured by the extinction



spectroscopy (inset of Figure 1(a)). In order to compensate for this wavelength mismatch, we
employ the absorption of multiple infrared photons from the near field of the nanostructures to
provide the PMMA enough energy to induce long-chain scission. Dipping the sample in a
standard developer used in e-beam lithography (MIBK:IPA 1:1 / Microchem Co.) then makes it
possible to selectively remove the exposed areas (Supporting Information). The illumination was
provided by a tunable pulsed Ti:sapph laser (~200 fs pulses, 700-1000 nm), whose beam was
slightly focused on the sample with a 40X objective with 0.65 numerical aperture (NA) in order
to expose several structures at the time (approximately 800 nm at FWHM). In a typical
experiment, the polarization of the beam was aligned along the longitudinal axes of the rods, and
an incident power between 1 and 100 W was provided per antenna during 30 s. After
development, the sample was characterized by electron-beam microscopy with a resolution in the

order of 10 nm.
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Figure 1. 4-photon PMMA absorption in the near field of gold nanorods. (a) Linear ultraviolet

absorbance (blue solid line) of the PMMA used in the experiments (AR-P 671.04 / Allresist



GmbH, Germany), and average 4-photon-exposed volume in PMMA normalized to the incident
power of light (blue dots) for five gold nanorod lengths with dipolar resonance at 785, 805, 835,
860 and 905 nm. The black dashed vertical line intersects the horizontal axes at 215 nm and 860
nm where the peak of the nonlinear curve lies. Inset: Evolution with the nanorods length of the
measured extinction spectra (logarithmic scale). The white dashed lines highlight the evolution
of the first three odd antenna modes (A/2, 3A/2 and 5A/2), while the black dots point out the rod
lengths resonant at 860 nm. (b) SEM images of exposed PMMA (highlighted in red) around five
representative gold nanorods resonant at the wavelengths used to plot the nonlinear curve in (a).

Scale bar: 100 nm.

The efficiency of the four-photon PMMA absorption as a function of the wavelength of light is
monitored by the blue dots in Figure 1(a). These dots show a fixed range of exposed polymer
volume normalized to the average power of the incident light for five nanorod lengths with
dipolar resonances at 785, 805, 835, 860 and 905 nm, respectively. In terms of photon energies,
the peak described by this curve overlaps well with the peak of the PMMA linear absorbance,
and it has a maximum around 860 nm. This overlap enables us to conclude about the four-photon
nature of this process: four photons at 860 nm indeed provide the same energy as one photon at
215 nm.

Figure 1(b) displays the SEM images of exposed PMMA around five representative gold
nanorods resonant at the wavelengths used to plot the nonlinear curve in Figure 1(a). For contrast
enhancement, an edge detection technique was adopted in order to highlight in red the exposed
areas (Supporting Information). As other molecular probes before,'>'* PMMA is able to

effectively resolve the two lobes of highest field intensity at the rod ends, thus providing a



snapshot of the electric near-field intensity profile of the dipolar mode (A/2). Furthermore, it has
the advantage of working over a broad range of near-infrared wavelengths (broader than 100nm)
where plasmonic localized resonances tend to lie.>*!3

In reality, because of the four-photon nature of the absorption in PMMA, the exposure of the
polymer around the nanostructures depends on the fourth power of the electric near-field
intensity: above a certain power threshold and for a given exposure time, scission of the long
chains in PMMA will occur until all the polymer chains within a certain volume are decross-
linked, and with a rate that grows with the fourth power of the electric near-field intensity. This
saturation process sets an upper limit to the sensitivity of the method within a certain volume.
The exposed areas in Figure 1(b), therefore, represent a sample plane of the volume integral of
the four-photon absorption process over the 80-nm-thick PMMA layer, thus recording the in-
plane and out-of-plane evolution of the plasmonic mode within this volume. Moreover, the final
recorded maps can also be affected by local changes of the polymer temperature or index of
refraction due to the same exposure process. All these phenomena contribute to the definition of
the exposed regions.

To get further insight on the performance of the method, Figure 2(a) shows the SEM images of
exposed PMMA around the first three odd resonant modes (A/2, 3A/2 and 5\/2) of a gold
nanorods at 860 nm, the wavelength where the four-photon PMMA exposure shows the
maximum efficiency in Figure 1(a): the lengths of these three nanorods (black dots in the inset of
Figure 1(a)) are approximately 130, 515 and 880 nm. In general, plasmonic nanorods are
resonant at lengths that are linearly related to integer multiples of half the wavelength 4, of the
surface wave propagating along the metal.>!*!” These integer numbers, which identify the order

of the resonance, count the times the charge density changes sign along the antenna, while the



lobes that appear in the SEM images of Figure 2(a) are the points of highest charge density,
where the electric near-field intensity is also maximum. As expected, in these images, two, four
and six lobes can be clearly identified for the first-, third-, and fifth-order resonance,
respectively. The distance between the centers of two consecutive lobes is half the plasmon
wavelength 4, although, because of a non negligible phase shift upon reflection of the surface
wave at the rod ends, 4, can be more reliably determined from lobes at the center of the rods. >
For example, a statistics over the distance between the centers of the two central lobes in the
3M\2-antennas leads to 4, = 349.37 + 29.3 nm, which is in very good agreement with the value
(A4, = 347.08 + 0.68 nm) that can be found when modeling the nanorod as a one-dimensional

Fabry-Per6t resonator.’
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Figure 2. Mapping of successive odd resonant modes in gold nanorods with increasing lengths.
(a) SEM images of exposed PMMA (highlighted in red) around a A/2-, a 3A/2- and a 5\/2-
antenna. All antennas are resonant at 860 nm (black dots in the inset of Figure 1(a)). For the

three exposures, the incident power on the antennas is 4, 31 and 103 uW, respectively. (b)



Normalized electric near-field intensities computed in the half-plane of the rods in (a). Scale bar:

250 nm.

To further analyze our experimental data, Figure 2(b) shows the electric near-field intensities
calculated in the half-plane of the previous nanorods using Comsol Multiphysics, commercial
software based on finite element calculations (Supporting Information). In the calculations, the
rods lie on a glass substrate and are embedded in an 80-nm-thick PMMA layer with a refractive
index of 1.49. Despite the nonlinear nature and the complexity of the exposure process, by visual
inspection, the experimental maps in PMMA reproduce well the spatial features of the calculated
intensity distributions. The possibility of such a direct comparison makes possible to extract
quantitative information about the plasmonic nanostructures, such as their plasmon wavelength,
directly from the PMMA maps without having necessarily to develop post-processing tools of
analysis to relate the modification in the topography of the molecular probe to the near-field
intensity, as, for example, it is the case for the polarization-induced migration of azobenzene

molecules.!2:1
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Figure 3. Power dependence of the exposed PMMA volume around gold nanorods. In the top
graph, the black and blue dots (with the respective standard deviations in gray lines) represent
the exposed volume in PMMA around A/2- and 3)\/2-antennas resonant at 860 nm as a function
of the incident power. The black and blue dashed lines fit the data with fourth-order power
functions. The red areas highlight three increasing ranges of exposed volume V,, V,, and Vj,
going from very confined exposures (V,) to overexposures (V;). At the bottom, representative
SEM images of exposed PMMA (highlighted in red) for these different volume levels are shown

both for the A/2- and 3\/2-antennas. Scale bar: 150 nm.

In a similar way to other molecular probes before, the power delivered to an antenna for a

fixed illumination time is like a knob we can twist to tune the volume of the exposed polymer



around the nanostructure. To provide more quantitative information about the ranges of power
needed for the near-field mapping of the antennas, the top graph in Figure 3 characterizes the
average power dependence around A/2-antennas (black dots) and 3A/2-antennas (blue dots) with
the same resonant lengths of those in Figure 2. Due to the difference in the enhancement factor
between the two geometries, typical incident powers vary from approximately 3 to 10 uW for
M2-antennas, and from approximately 15 to 50 W for 3)A/2-antennas before any thermal
contribution can be clearly observed in the exposed polymer, thus leading to homogeneous
exposures around the nanorods,” according to the temperature gradient which decays with the
inverse of the distance from the metal.?® These levels of power are well below the damage
threshold of the gold structures, as confirmed by a recent study on four-photon absorption in gold
nanoantennas,”! while much lower values do not expose the polymer to its surface so that no
pattern can be developed. For every resonant order, the points in the graph are averaged over
more than 60 different structures: as the large error bars (gray lines) attest, the original set of data
is substantially scattered around the average points. This spreading is mostly attributed to the
highly nonlinear nature of the process, thus making the exposure of the PMMA around the rods
very sensitive to inter-rod variability and defects due to fabrication. The black and blue dashed
lines fit the data to fourth-order power functions, whose great difference in slope also reflects the
difference in enhancement between the two resonant orders. These functional dependences break
down approximately above and below the typical incident powers reported above, when the
developed maps reveal either thermal effects or no exposure at all, respectively. The red areas
highlight three ranges of exposed volume V,, V,, and V3, and they intersect the two data points
over different ranges of incident power. At the bottom of Figure 3, typical SEM images of

exposed PMMA for these volume levels are shown both for the A/2- and 3A\/2-antennas. Going
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from very confined exposures (V1) to overexposures (V3), these images monitor the different
magnitude levels of the electric near-field around the nanorods as a function of the incident
power. For the A/2-antennas, the pattern imposed by the two lobes of maximum field intensity
can always be recognized at increasing levels of exposed PMMA volume. For the 3\/2-antennas,
low incident powers only expose the rod ends, the points of strongest field enhancement.>!¢ At
intermediate power levels, the lobes along the nanorod also appear, as already noticed in Figure
2(a). Eventually, at higher powers, the PMMA around the antenna is completely exposed. As
shown in a previous work for a different molecular probe," the information about the extent of
the exposure around the nanostructures as a function of the incident power or wavelength can be

used to characterize the plasmonic modes in a more quantitative way.
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Figure 4. Mapping resonant modes in plasmonic gap antennas. Normalized electric near-field
intensities computed in the half-plane of the first-order (a) and third-order (e) resonant mode of
gap antennas resonant at 860 nm. (b-d) SEM images of exposed PMMA (highlighted in red)
around the first-order resonance for three increasing levels of exposed polymer volume. (f-g)
Equivalent SEM images around the third-order resonance for two levels of exposed volume.

Scale bar: 150 nm.

In what follows, we show the applicability of the imaging method based on the four-photon
absorption in PMMA to more complex plasmonic geometries. We focus on the case of a gap
antenna, whose optical behavior is also very well characterized in the literature.>!® Extinction
measurements were performed to identify the structures with first-order and third-order
resonance at 860 nm (data not shown). Illumination and exposure conditions similar to the
nanorod case were used. In particular, the polarization of the beam was aligned along the
longitudinal axes of the antenna arms in order to excite the antenna bonding mode."” Figure 4(a)
and (e) show the expected electric near-field intensities computed in the half-plane for the two
identified resonant geometries. Figure 4(b-d) show SEM images of exposed PMMA around the
first-order resonant geometry for three volume levels of exposed PMMA, while Figure 4(f-g)
show equivalent SEM images around the third-order resonant geometry. As previously noted for
the single nanorods, despite the complexity of the exposure process, a good agreement between
the location of the spatial features of the calculated and experimental maps is found also for the
gap antenna case: going from very confined exposures to overexposures, the experimental maps
are able to monitor the different magnitude levels of the electric near-field around the

nanostructures. In Figure 4(b) and (f), for low volume levels of exposed PMMA, only the gap is

12



visible, since it is the point of strongest field enhancement.! For higher values of exposed
volumes in Figure 4(c) and (g), we can also observe the lobes at the extreme of and, for the third-
order resonant geometry, within the arms of the gap antennas, where the highest charge density
resides within the structures. Finally, Figure 4(d) shows a case of overexposure for the first-order
resonant geometry.

In conclusion, we have introduced and tested a novel technique to map the electric near-field
distribution around nanostructures based on four-photon absorption in PMMA, a widespread
lithographic resist, with unprecedented spatial detail for a molecular probe. We characterized the
performance of the method by mapping the localized electric near-field generated by two
emblematic antenna geometries, a rod and a gap nanoantenna. The obtained maps monitor the
spatial evolution of the electric near-field intensity around the antennas, and directly relate to the
calculated electric near-field intensity distribution around the nanostructures. The introduction of
an asymmetry in the illumination, such as a tilt or a spatially shaped wavefront, could allow one
to readily map also the dark plasmonic modes around such or more complex nanostructures.?>?
Moreover, the method leaves room for improvement: factors, such as the PMMA molecular
weight, its thickness or the temperature at which the experiments are performed, could
substantially improve the final resolution of the generated maps. This straightforward method
can complement well already existing and more established techniques, such as SNOM and
PEEM. In particular, optical antenna designs could definitely benefit from the possibility of
visualizing complex local plasmonic responses, such as plasmonic dark modes, in an easy and

fast way.
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