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Abstract

Plasmonic enhancement has had remarkable success in optical coupling to the
nanometer scale, enabling feats such as Raman spectroscopy with single molecule sensi-
tivity. Here it is argued that much greater enhancements are possible in the near future
by combining the gains of plasmonic resonances, directivity, sub-nanometer gaps and
permittivity near zero materials. The pursuit of such extraordinary enhancements
promises to bring new physics such as peering into the world of quantum optome-
chanics. It also promises new applications such as quantitative single molecule Raman
spectroscopy and low photon number nonlinear optical switching. In addition, by push-
ing the limits of plasmonic enhancement, it is expected that the community will gain a
greater appreciation of how physical phenomena such as non-locality, surface scattering

and quantum tunneling each play a role in determining the ultimate performance.
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1 Introduction

It is well known that metal nanostructures can enhance the local electric field, and this phe-
nomenon has been exploited in: surface-enhanced Raman scattering, '™ surface enhanced IR
absorption, ® nonlinear wavelength conversion,” multi-photon fluorescence,®? optical tweez-
ers'® and quantum coupling. While the basic theoretical understanding of plasmonic res-
onances in nanostructured metals has been present for more than a century!? (see Figure
1), there are still several conflicting reports in the literature about the ultimate limits of
plasmonic enhancement. For example, some works suggested that non-local effects would
reduce the plasmonic enhancement and effectively increase the gap distances, whereas the-
oretical works have suggested that the gap distance is narrowed once again by the electron
wavefunction entering the gap region.'®'* Many works have considered field enhancements
from singularities from sharp tapers and nearly touching metals in the absence of quantum
or non-local effects.!® As dimensions of fabrication enter the sub-nanometer regime, possi-
bilities are emerging for greater field enhancements than previously thought possible with
classical models.

Field enhancement in metal nanostructures arises from three main sources: local geom-
etry of the permittivity (gaps, lightening rod effects), resonant field build up (plasmonic
resonances), and efficient coupling (directivity, adiabatic enhancement). Affecting this field
enhancement are material losses, surface scattering, the single channel limit, the non-local
material response, quantum effects (confinement and tunneling of electrons) and material
damage (such as melting). Here we aim to provide a perspective on field enhancements,
considering existing achievements and what is ultimately possible. The overall finding is

that significantly greater enhancement is within reach, and even greater enhancements than
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Figure 1: Scattering of a gold nanoparticle showing plasmon resonance peak at around
540 nm, as compared with perfect conductor nanoparticles (dashed line includes higher
order contribution). Horizontal axis is wavelength in nanometers. From Ref.'?

we originally thought possible.

2 Enhancement Factors

The spheroid is a canonical example in the analysis of plasmonic effects.'1? Many other
field enhancing geometries exist, and these may perform better in different wavelength re-
gions.?% 22 The goal here, however, is to understand the different enhancement factors that
come from nanostructuring and the material response. The local field enhancement with
respect to the incident plane wave field from a small prolate spheroid at the end of the long

axis can be expressed analytically as:

€m
f= : (1)
A€ — €q) + €4 — 2437;23‘/62/2(67” — €q)

where €, 4 is the relative permittivity of the metal, surrounding dielectric, V' is the volume

of the spheroid, A is the free-space wavelength, and A is a geometric factor.

A= (&= [E -]



where £ = a/v/a? — b? and a and b are the long and short axes of the spheroid. From Eq. 1
it appears shrinking the particle will give higher field enhancement, up to the point where

the permittivity is still valid. This will be discussed in more detail below.

2.1 Plasmonic Enhancement and Local Geometry

wavelength (pm)

field intensity enhancement

10° 10’
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Figure 2: (a) Ratio of real and imaginary part of permittivity for silver (solid) and gold
(dashed). (b) Maximum field intensity enhancement for a spheroid for silver (solid) and gold
(dashed). Data from set C of previous work.?

The plasmonic resonance is defined as the wavelength where the real part of the denom-

inator in Equation 1 is approaches zero. For a very small volume and ¢; = 1, the field



intensity enhancement may be found as:
;N 2
) (ﬁ) +1
7= (3)

where €, and €/ are the real and imaginary parts of the metal’s relative permittivity. This
shows two important features: first that the magnitude of the ratio between the real and
imaginary parts of the relative permittivity should be large (a common figure of merit), and
second that A should be small (the lightning rod effect). Typical values of % and 1/A
are around 3-30 in the visible and near-IR, so that 100-10° is the range for field intensity
enhancement expected. Figure 2a shows the ratio of the real and imaginary of the relative
permittivity for gold and silver. We show an example calculation with 10* enhancement
for a gold spheroid operating near the optimal permittivity condition in the Supporting
Information.

We may also consider operating at longer wavelengths by elongating the spheroid. The
resonance condition (neglecting retardation) is given when the real part of the denominator
in Eq. 1 is zero, or A = ¢4/ (€4 — R(€y,)), where R is the real part. Figure 2b shows the field
intensity enhancement at the tip of a spheroid for resonances set at different wavelengths.
It is clear from this figure that working at longer wavelengths increases the field intensity
enhancement for this geometry, which results from the high permittivity contrast and sharp

features.

2.2 Increased Confinement via Gaps

Of course, A is specific to the spheroid geometry chosen here, and other structures, such
as gaps, can achieve similar geometric field enhancement at shorter wavelengths. For a
capacitor, the stored charge varies inversely with the gap distance, which means that the
field in the gap has the same scaling. Figure 3 shows this scaling for a numerical simula-

tion of a prolate spheroid dimer with varying separation. Reducing the gap size leads to



a red-shift of the resonance, so to maintain the resonance frequency at least one degree of
freedom should be altered as well to provide a compensating blue shift. For example, one
may reduce the major axis of the spheroid (see Supporting Information for examples). Tech-
niques such as atomic layer deposition,?* self-assembled monolayers, '3 molecular spacers, 2526
break-junctions?” and shadow lithography?® allow for creating gaps in the nanometer and
subnanometer range. This is approximately an order of magnitude smaller than achieved

with focussed ion beam lithography?® and electron beam lithography®® and so an enhance-

ment of two orders of magnitude in the local field intensity is expected.
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Figure 3: Scaling in the field intensity in a prolate spheroid dimer as a function of gap size
(see Supporting Information for the numerical calculation approach). The fit is an inverse
squared dependence, since the field alone should scale as the inverse of the gap size. The
vertical line shows the onset of significant tunneling in vacuum at 0.3 nm.3!

2.3 Efficient Coupling

Often efficient coupling to the metal structure is overlooked, and the result is suboptimal
field enhancement. For an isolated subwavelength structure operating in the dipole regime,
the single channel limit sets the ultimate coupling possible. Considering only the quasi-
static response without retardation can lead to over-estimates of the field enhancement. For

example, a self-similar chain of nanoparticles can operate as a nanolens, where the nanopar-



ticles get smaller and each nanoparticle enhances the field of the larger nanoparticle,3? which
provides in the quasi-static regime 10'? enhancements when considering the fourth power

dependence of surface enhanced Raman. Comprehensive calculations of the same cascaded

t,33

structures, however, produced two orders of magnitude enhancemen which would allow

for 108-10° Raman enhancement. This emphasizes the importance of including retardation

to first order, allowing for radiative losses.

idn2V 3/2

The retardation term in Equation 1 is “55¢;/" (6 — €4). The same term appears in the

denominator of the polarizability of a spheroid. This ensures that, in the absence of material
losses, the maximum scattering cross section is % This is actually a general result, not
specific to plasmonics, often referred to as the “single channel limit” and also occurs for the
cross section of a molecule.?® If we consider the electromagnetic energy contained within
this scattering cross section for one optical cycle, it amounts to the energy in a volume of
% (the factor of a half comes from the average square of the field intensity over a cycle).
In other words, the ratio in the retardation term is the ratio of the plasmonic focusing
volume to the volume of energy captured in one cycle by the dipole. It is possible to add
channels in a subwavelength structure by introducing multipole resonances ,3>3% but this
is quite challenging to achieve and so far scattering demonstrations remain well within the
single channel limit.3” The spheroid considered here is electric-dipole in nature, however,
magnetic dipole and higher multipoles (magnetic and electric) can all contribution to field
enhancement, and each is restricted by the single channel limit. It is interesting to note
that narrow-band excitation of single molecules at low temperatures allows for the resonant
scattering (reflection) of 85% of the incident beam; so diffraction limited focusing can couple
efficiently to a single channel.?® Of the resonance channels, the dipole with a gap has the
advantage of having a single hotspot so that the energy is not shared between multiple
hotspots.

If the constraint of having the entire structure be substantially subwavelength is re-

moved, then antenna theory can more easily aid in achieving better coupling. It is possible



to suppress spurious radiation and thereby improve the coupling efficiency to the plasmonic
volume. In antenna theory, this is referred to as directivity gain. Various antenna designs
exist that achieve this goal, and many of these have been implemented in the visible to near-

IR regime, including the Yagi-Uda,3**! the horn antenna, 4?43

and the waveguide antenna
(cantenna).?®4%4% Directivity gain provides typically an additional factor of 10 improvement
in the local field intensity enhancement in antenna design. For Raman, where this is applied
to the incident and the emitted photon, the overall enhancement is 100, allowing for reli-

29,45

able single molecule sensitivity with overall enhancements approaching 10'2. Adiabatic

focusing is another way to achieve efficient coupling to the nanometer scale. 647

There is an optimal coupling condition for maximum field enhancement in structures that
have finite absorption: the radiation quality factor should equal absorption quality factor.®
This is analogous to the maximum power transfer theorem. If the radiative coupling is less,
the energy will be absorbed before it has a chance to build up; if it is more, then the energy
will radiate out faster. Directivity is a way to suppress spurious radiative channels; one may
also consider using resonances with intrinsically less radiation, like magnetic dipoles.*’

The single channel limit also provides another limit for consideration for dense plasmonic
substrates that deserves further attention. If there are several plasmonic resonators in an
area smaller than half the wavelength squared, then they will be forced to share the energy
from the source beam and each receive lower overall enhancement. Therefore, it may be
better to have a lower density of hotspots to maximize the total enhancement. In general
though, plasmonic resonances do not achieve the single channel limit,3” and so the areal
density should be comparable to the extinction of each resonance. In many applications
(such as surface enhanced Raman scattering), it is common to attempt to maximize the
density of hotspots®® since they are known to contribute most to the signal; here we caution
that this may reduce the maximum enhancement of any individual hotspot as they compete
with one another for the available photon energy. An optimal spacing in closely spaced

arrays of split-ring resonators has been shown for second harmonic generation.?!



2.4 Permittivity Near Zero and Quantum Tunneling

If the permittivity is near zero in the dielectric region, continuity of the normal component
of the displacement vector means that the field is enhanced in that region. It is possible to
achieve even greater field intensities in this situation, and this has been exploited to achieve
enhanced Raman for J-aggregates, where the permittivity passes through zero.??

Quantum tunneling provides an intriguing possibility for artificially creating a permit-
tivity near zero environment. In the gap region, the electron wavefunction decays and so
the effective electron density is also reduced. By selecting the gap width appropriately, an
electron density where the permittivity is zero can be achieved.®® An order of magnitude

increase in the local field intensity is anticipated for these cases. Within the quasi-static

regime, it is possible to formulate this more concretely by noting that: %4

/ eB2dV = — / e E2dV (4)
dielectric metal

where ¢4 is the permittivity of the dielectric, €, is the real permittivity of the metal and
E? is the time averaged field intensity. From this equation we see that if the permittivity
of dielectric is near zero, the finite field in the metal forces the field in the dielectric to be

large.

2.5 Combining Enhancement Factors

Combining simply the effects of plasmonic resonances, directivity enhancements, subnanome-
ter gap enhancements and weak tunneling to give permittivity near zero, an astounding
~ 10°-10'° field intensity enhancement is found. This amounts to a 10'8-10%° enhancement
for processes like Raman spectroscopy where the enhancement is felt twice, first for the in-
cident photon and then for the scattered one. It is interesting to consider the new physics
that may be allowed in this regime. Already researchers have claimed to have observed

strong coupling regime for single emitters at room temperature in subnanometer plasmonic



gaps.?® Recent observations show nonlinear power dependence of parametric Raman pro-
cesses in ultra-small gap cavities.®® Interesting predictions exist about new physical features
in the Raman spectrum that arise from quantum coupling of the optomechanical system.?®
These features go beyond back-action enhancements already predicted for single molecule

Raman.?”

3 Limiting Processes

Many physical processes have been explored in terms of their limits on the plasmonic re-

sponse. Some of the limitations are reviewed critically here.

3.1 Material Losses

From Equation 1, we see that material loss from the imaginary part of the permittivity is
one such limitation. To reduce material loss, operation at a low loss wavelength for high
quality metals can be used. Ultraflat materials created by templates stripping can provide
lower losses due to reduced surface roughness scattering.®® One may also attempt crystalline
metals. Crystalline materials can be nanofabricated more reliably, and this removes surface
roughness to allow for more predictable enhancements (although the ultimate enhancement
may be lower).%? In addition, cooling down the metal can provide some benefit, but it is most
often impractical. For example, in cooling from room temperature to 80 K, the imaginary
permittivity is reduced by a factor of 3.0 At 5 K, ultraflat and crystalline Ag films showed

similar improvements. %!

3.2 Atomic Spacing and Diffusion

Creating arbitrarily small structures in metal is limited by the atomic spacing. It is not
possible to make features sharper than the actual atoms. At the same time, it has been

theorized that the discontinuous atomic structure can lead to field enhancements by providing
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locally sharp features.®® This provides a local sharpness that can result in greater field
enhancement.% The diffusion of atoms can assist in creating such sharp features (where a

single atom juts out of the lattice), but can also lead to blunting of tips.®!

3.3 Non-local effects, Surface Scattering, Landau Damping

A number of effects are expected to arise for small features. For example, the nonlocal re-
sponse has been observed in the infrared with graphene-Au structures;% however, it was not
observed for experiments at visible and near-IR frequencies.%-%" Based on this, the validity
of applying the Fermi pressure theory for frequencies higher than the electron collision rate
should be explored further.

Surface scattering has also been proposed to increase the losses of metals, particularly in
small structures where the mean free path is comparable to the structure size.%% The exact
magnitude of this effect has been debated in the literature with typical scaling parameters
varying over an order of magnitude.”™ Chemical interface damping can play a significant
role in scattering and can be modified by changing the surface properties.” " Attempts
to measure plasmon resonance widths of single nanoparticles in controlled matrices using
nearfield spectroscopy have agreed well with Mie theory (neglecting any surface effects).™
There seems to be some discrepancy between this work and another far-field single particle
approach.”™ Again, further investigation is warranted.

Landau damping is a related phenomena that allows absorption of the field due to electron
excitation with momentum matching coming from high spatial frequency in the interaction; "
hence the connection to rough surfaces and small features that have high spatial frequency
and can provide the required large wavevector to the electron absorption process. This effect

has been suggested to limit the field enhancement in 0.5 nm gaps for 2.5 nm particles. ™ The

degree to which this loss mechanism plays a significant role should be investigated further.
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3.4 Melting

A practical issue with plasmonic enhancement, particularly for high field intensities, is mate-
rial damage (e.g., melting). To remove heat effectively from the area of excitation, connected
metal films and apertures have been used.” ™ Also, refractory plasmonic materials have been

investigated to achieve enhancements without melting. 8

4 Conclusions and Outlook

While there has been impressive progress in the local field intensity enhancement seen for
various nanoplasmonic systems, here it was argued that 3-4 orders of magnitude greater
enhancement is possible by combining in a single platform all the features of: (a) a single
subnanometer gap, (b) directivity gain, (c¢) epsilon near zero materials in the gaps, and (d)
operating at high real-to-imaginary permittivity ratios. While each of these features has been
seen individually at least, the combination is expected to reveal new physics and applications
unique to plasmonics. By directing efforts to platforms that incorporate all of these features,
we believe the community will better understand the impact of Landau damping, surface

scattering and non-local effects are on the actual achievable enhancement.

4.1 New physics

Strong coupling in sub-nanometer plasmonic gaps has already been claimed.?>®" This pro-
vides a remarkable platform for studying quantum interactions and non-classical phenomena.
For example, it is possible to look for a single-photon nonlinear response.®* While such phe-
nomena have been observed in other quantum electrodynamic systems, plasmonics uniquely
provides the possibility for quantum interactions at ultra-fast timescales (sub-100 fs); and
therefore, there exists the potential for quantum information processing at room tempera-
ture before decoherence can set in. Non-resonant phenomena, like Raman, also benefit from

this broadband response and it is anticipated that careful design will allow the community
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to explore further the regimes of quantum optomechanics.

4.2 Applications

Ultra-fast single photon sources may be enabled by stronger light-matter interaction at the
sub-nanometer scale. This promises single photon communication at data rates commensu-
rate with existing optical networks.®3

A strong optical nonlinearity at the single or few photon level may enable ultra-fast all-
optical switching that is comparable to electronic platforms, but with much faster data rates.
Some of the best demonstrations for all-optical switching are still several orders of magnitude
less efficient than conventional electronics (at a similar speed) making them impractical from
a scaling point of view.®* Nanoplasmonics also naturally provides dense integration capability
for such platforms.

Widescale adoption of single molecule spectroscopy, through Raman and IR excitation,
will require robust plasmonic substrates with reproducible signal. One of the common chal-
lenges of SERS is the large variation in the response intrinsic to having a fourth power
intensity scaling combined sub-nanometer gaps.®® Even slight variations provide huge vari-
ability; whereas reliable spacers and directional coupling promise more stable enhancements
that advance this field towards widescale adoption. Digital detection of SERS and IR spectra
events may also allow for quantitative analysis in these fields that are not as susceptible to

the magnitude of each event.
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Graphical TOC Entry

Perspective piece on the achieving the ultimate field intensity enhance-
ment with (sub)nanometer metal structures. Directivity, sub-nanometer
structures, epsilon-near-zero materials, maximum power transfer and op-
timizing material properties all contribute to achieving orders of magni-
tude larger enhancement than plasmonics has seen so far, promising new
physics and applications.
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