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ABSTRACT: Multiphoton photoemission from “nanoholes” and “nanohole dimers” fabricated by
nanosphere shadow lithography in a thin Au film are investigated by ultrafast scanning
photoionization microscopy (SPIM), which provides detailed information on laser polarization
and local electric field enhancement effects for novel 2D plasmonic architectures. The net
photoemission signals (at 800 nm) from isotropic nanohole monomers both (i) below (d ≪ λ) and
(ii) comparable to (d ≈ λ) the diffraction limit are insensitive to laser polarization, though SPIM
images of the larger species clearly reveal strongly enhanced electron emission from nanohole
tangent edges perpendicular to incident laser polarization. Fundamentally contrasting behavior is
observed for intrinsically anisotropic plasmonic architectures such as nanohole dimers. Specifically,
small nanohole dimers reveal enhanced electron emission for λ = 800 nm light polarized
perpendicular to the dimer axis, whereas larger nanohole dimers produce optimum electron yields
for polarization parallel to the dimer axis at the same excitation wavelength. We find excellent
agreement between the SPIM images for the four classes of nanostructures and detailed finite
element simulations for photoemission, where the latter include (i) the spatial dependence of the electric field enhancement
around the nanoobject and (ii) diffraction limited spatial resolution of the laser source. In general, these studies highlight
multiphoton photoemission of nanoholes and nanohole aggregrates as sensitive benchmark systems for imaging local plasmonic
field enhancements, which enables detailed characterization of nanobjects far below the diffraction limit.

I. INTRODUCTION
Metallic nanoparticle systems display qualitatively different
optical properties from those observed in the bulk. In particular,
optical extinction spectra of nanoparticles can reveal highly
structured resonance behavior, in spite of its complete absence
in samples of macroscopic dimensions. In addition to their
unique optical properties, these nanoscale metal materials also
possess many interesting electronic properties. Synthetic and
sample preparation techniques have progressed to a degree that
permits study of the size and shape dependence for ensemble
properties such as absorption and fluorescence emission spectra
of noble metal nanoparticles.1−4 The choice of the noble
metals, predominately silver and gold, is motivated by the
presence of strong surface plasmon resonances (SPR) in the
near-ultraviolet and visible range, which reflect excitation of a
collective electron oscillation. The convenience of visible laser
excitation, coupled with the strong size, shape and proximity
dependence of the spectral properties, makes these metal
nanoparticles a logical target for a broad spectrum of research
and commercial applications.5−10

Such plasmonic behavior not only influences far field
measurements such as absorption and scattering but also
impacts the highly local electric fields in the sub-diffraction
limited vicinity of the nanoparticle. For example, this local
enhancement of electric fields has been used to enable Raman
characterization at the single molecule limit by surface
enhanced Raman scattering (SERS).9,11−15 The influence of
plasmonic excitation on multiphoton processes has also been
studied. Specifically, second harmonic generation has been

observed to be enhanced by metal nanostructures due to the
intense local electric fields generated upon excitation.16−19

Indeed, multiphoton processes are intrinsically more sensitive
to such nanoscale enhancements due to the highly nonlinear
dependence on incident electric field. However, the clean
isolation of plasmonic effects due to nanoparticle shape from
other contributions (e.g., neighboring nanoparticle proximity,
surface roughness, laser frequency, etc.) has remained an
ongoing challenge.
It has been long established that plasmonic resonances can

significantly increase the rate of single-photon photoemission
from metal surfaces and particles.20−22 Recently, multiple-
photon photoemission (MPPE) studies have begun to examine
the role of plasmons in enhancing photoelectron yield from
nanostructured materials.23−30 Indeed, MPPE from metal
nanoparticles removes several complications present in other
studies (e.g., second harmonic generation), due to the absence
of (i) rigorous surface selection rules and (ii) the need for high
order electric field susceptibility materials. Specifically, MPPE
has been shown to depend sensitively on local electric field
enhancements in the nanoparticle near field, which in turn can
be rigorously modeled by plasmonic excitation theory.31−33

This relatively simple combination of MPPE and optical
microscopy, therefore, provides a novel access to probing single
nanostructures with exquisite single electron counting
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sensitivity. A variety of nanostructures have been studied by our
group via scanning photoionization microscopy (SPIM), e.g.,
nanorods,31,32 nanoshells, and nanocubes,31,33 which has
provided insights into the link between the local electric field
and the photoemission yield. Most importantly, it is this
powerful connection between (i) near electric field distribu-
tions and (ii) flux of emitted photoelectrons that enables
probing of sub-diffraction limited near-f ield effects due to
nanostructures with an intrinsically far-f ield detection experi-
ment.
By the superposition principle, one can readily extend these

ideas of electric field enhancements due to the presence of
isolated plasmonic nanostructures, to those of plasmonics
explicitly arising from the absence of nanostructured materials.
As the central focus of the present work, we have explored
scanning electron photoemission microscopy dynamics of
metal “anti-nanoparticles,” i.e., strongly plasmonic 2D objects
made by shadow lithographic formation of nanoscale holes in a
thin Au metal film. Based on simple superposition arguments,
the resulting vector fields arising from the Au nanohole should
be similar in magnitude but opposite in sign for a nanodisk of
the same diameter. Indeed, the general linear and nonlinear
optical properties of a nanoparticle and the associated “anti-
nanoparticle” (i.e., “nanohole”) are intimately related,34−36

though, as this work illustrates, there are also clearly differences
in photoemission behavior. Onuta et al. first took advantage of
these superposition arguments and nonlinear spectroscopy to
investigate large monomer and dimer holes (300−1000 nm
diameter) in relatively thick Au films (100−300 nm).37 In
particular, the absence of centrosymmetry at the Au thin film/
nanohole interface could be exploited for second harmonic
generation (SHG), which yielded spatially localized SHG
signals with strong polarization dependences for both
monomer and dimer species.
The present work significantly extends both the concept and

sensitivity of these previous studies into the ultrafast
microscopy domain, specifically probing the plasmonic proper-
ties of nanohole monomers and dimers by multiphoton
photoemission microscopy. Specifically, we fabricate a thin
Au film (height, h ≈ 25 nm) substrate containing holes with
diameters both below (d ≈ 60 nm) and near (d ≈ 500 nm) the
diffraction limit (λ ≈ 700 nm) by shadow mask lithography
using spin cast polystyrene spheres.38−40 The sizes are chosen
to explore how nanohole size and corresponding plasmonic
properties influence the photoemission signals, as well as to
take advantage of the spatially resolved photoemission
microscopy capabilities of the apparatus. Complementary
vector information on local electric field enhancements is
then also attained by studies as a function of laser polarization.
In addition, both small (d ≈ 60 nm) and large (d ≈ 500 nm)
nanohole dimers are investigated to explore the role of the
diffraction limit on spatial, frequency, and polarization
sensitivity of the photoemission event.
The paper is organized as follows. Section II presents details

of the experimental and theoretical methods, while section III
describes photoemission results obtained from isolated nano-
hole monomers and compares them to computational
modeling of the plasmonic electric field enhancement. Section
IV presents the corresponding results for spatial and polar-
ization dependent photoemission from nanohole dimers, again
correlated with computational predictions of the electric field
enhancements. In addition, the observed polarization and
spatial dependences are interpreted in the context of a simple

model, which assumes appropriate scaling of the 4-photon
photoemission signals with (i) local emission area and (ii)
eighth power of the local electric field enhancement. Section V
further discusses the similarities and differences in photo-
emission behavior of the related geometries, while section VI
summarizes the conclusions and suggests directions for future
work.

II. EXPERIMENT
Isolated nanoholes are prepared by a simple shadow mask
lithography10,38,40−43 procedure pictorially depicted in Figure 1.

Low concentrations (108 #/mL) of carboxylate functionalized
polystyrene spheres (Invitrogen) of two different diameters (d
= 60 and 500 nm) are first spin cast on an ITO coated glass
coverslip (Thin Film Devices, Inc.). An uncoated copper TEM
finder grid (EMS, LF400CU) is then secured on top of the
coverslip and held in place with magnets. The sample is
subsequently placed in a vacuum deposition chamber, where a
25 nm layer of gold is deposited via e-beam assisted
vaporization at approximately 1 Å/s. The TEM grid is then
carefully removed, with the resulting sample sonicated in
ethanol for 5 min to detach the Au-capped PS spheres. The
resultant substrate therefore contains isolated Au “nanohole”
(and occasional “nanohole dimer”) shadows in the Au film,
spatially registered with an easily addressable grid. The sample
is checked for sufficiently low coverage (typically 0.7 object/
μm2) by dark field scattering before being loaded into the
scanning photoionization microscopy (SPIM) chamber.
The SPIM technique is described here in brief, with more

detailed information available in the literature.44,45 The
fundamental frequency output from an ultrafast Ti:sapphire
laser system (λ ≈ 800 nm, 40 fs pulse width, 90 MHz repetition
rate) is focused from below the sample at normal incidence by
an all-reflective microscope objective (NA = 0.65) inside a
vacuum chamber maintained at ∼5 × 10−7 Torr. The focus (D

Figure 1. Sample preparation via shadow mask lithography. (i)
Polystyrene spheres (PS) are spin cast on an ITO coated coverslip. (ii)
Indexed TEM grid is placed on top, and 25 nm of gold is deposited
onto the sample. (iii) TEM grid is then removed to expose the
registration pattern. (iv) Substrate is sonicated in ethanol for 5 min to
remove the PS and leave nanohole monomers (and occasional dimers)
in an indexed gold film.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp411943f | J. Phys. Chem. C 2014, 118, 6959−69716960



≈ λ/(2NA) ≈ 700 nm) provides a diffraction limited spatial
region in which the laser intensity (typically 109 W/cm2 peak)
is sufficient to eject electrons via multiphoton photoemission
(MPPE). These electrons are then detected by a Channeltron
electron multiplier situated ∼1 cm directly above the sample
platform, with the spatial region of interest raster-scanned in
vacuo by an open loop piezoelectric stage. The reported work
function46 of gold varies considerably in the literature (ΦAu =
4.6−5.1 eV) due to surface preparation. However, for a typical
estimate for clean, evaporated Au (ΦAu ≈ 5 eV), emission of
single photoelectrons energetically requires absorption of four λ
= 800 nm photons, which is confirmed by observation of a
fourth order dependence of SPIM signal on laser intensity.
Tapping mode AFM images of the samples are acquired using a
2−5 nm radius of curvature tip, which provides an invaluable
one-to-one correspondence between nanostructure morphol-
ogy and the observed SPIM signals.
The near-field distribution of electric fields of Au nanoholes

and nanodimers is calculated via finite element methods in
COMSOL (v4.2), with the predicted local electric field
enhancements used to interpret the experimental results. The
calculations are based on a three layer slab model composed of
(i) a thin Au film containing the desired nanohole architecture,
surrounded below and above by (ii) a glass coverslip substrate
and (iii) vacuum, respectively. The nanostructured Au film is
defined to be oriented in the xy-plane and has a thickness of h =
25 nm to match the actual AFM measurements of the sample.
The system is discretized using the built-in free meshing
algorithm, which defines elements as small tetrahedral regions
and produces a mesh based on various user supplied constraints
on the sample dimensions. The minimum element edge length
is 2 nm in the 60 nm nanohole systems and 5 nm for the 500
nm systems, corresponding to a nanostructure radius of
curvature to element ratio between 30:1 and 100:1. For all
systems, the maximum element edge lengths were chosen to be
12 nm with a growth rate of 1.2, i.e., adjacent elements could
grow at most by 20%. Convergence in these COMSOL
predictions has been tested by calculations as a function of
mesh sizes (e.g., 2 nm vs 3 nm) for the 60 nm nanoholes. As
expected, such comparisons yield uniformly higher electric field
enhancement factors for the more finely defined (and thus
sharper) edges, but which, outside of overall normalization
factor, are indistinguishable as a function of 3D spatial
coordinate indicating grid size convergence. The bulk dielectric
properties for gold are taken from previously reported tables.47

Laser excitation at λ ≈ 800 nm is modeled as a linearly
polarized plane wave starting in the glass surface and
propagating toward vacuum in the z-direction. Due to the
nanohole monomer/dimer architectural point group, only a
single quadrant (x > 0, y > 0) needs to be calculated, with the
other three quadrants given by symmetry considerations.
Although even higher cylindrical point group symmetry is
clearly available for the nanohole monomer structures, we
choose the lower point group to facilitate self-consistent
comparison between monomer and dimer nanohole behavior.
The boundary conditions for the four sides are each set to
properly match the linearly polarized plane wave excitation by
being set as either a perfect electric conductor (PEC) or perfect
magnetic conductor (PMC).
The simulation proceeds in two stages, similar to a previous

study of 3D nanocavities in a solid.48 In the first step, the
electric field is solved for a system comprising only a thin
continuous Au film, with the grid mesh points defined as if the

nanoholes were present. The resulting solution is found to
match the analytic solution for a plane wave impinging on a
thin film. The advantage of performing the simulation this way
is to guarantee that the incident field is self-consistent at every
mesh point, with no numerical artifacts that might arise from an
analytic solution being applied to an arbitrary discrete mesh.
The resulting electric field is then used as the background field
in a scattering calculation, where the desired nanohole
geometry is defined, thereby determining the spatial depend-
ence of the electric field enhancement due to the nanohole
architecture. The exterior boundary condition for this second
simulation step is represented by perfectly absorbing layers that
absorb all outgoing waves without reflections. The resulting
field enhancements are extracted as 2D slices through relevant
planes, typically the topmost surface of the film, and analyzed/
processed in Matlab.

III. MONOMERS
A. Experiment. A sample AFM of a Au thin film section

containing d = 60 nm nanoholes is shown in Figure 2A, with a
scan at higher spatial resolution of an individual nanohole
displayed as inset in the upper left corner. The corresponding
SPIM image (recorded with circularly polarized light) is shown
in Figure 2B, which confirms that the photoemission signal
arises primarily from the nanoholes, with a 100-fold lower
background signal emitted from the gold film itself. As
mentioned above, signals from the nanoholes are found to
scale quite closely as I4 (inset Figure 2B), consistent with the
four λ ≈ 800 nm photons needed to overcome the work
function for Au (ΦAu ≈ 5 eV). The spatial fwhm of the
photoemission signal, obtained from a two-dimensional
Gaussian fit to the data, is 445(8) nm. The one-photon
diffraction limit of D = 1.22λ/(2 NA) ≈ 750 nm (NA = 0.65, λ
= 800 nm) is 67% larger than observed experimentally, due to
the multiphoton nature of the excitation event. Specifically, a
Gaussian spot size for an N-photon process scaling with IN

should be approximately Dn = D/√N ≈ 375 nm, which is
much closer to and even slightly smaller (−19%) than the
observed experimental value.
As a result of the shadow mask lithography method and

uniformity of the polystyrene spheres, the nanohole monomers
exhibit a high degree of cylindrical symmetry. By way of
confirmation, the photoemission signal strengths for the
nanoholes have been explored as a function of incident laser
polarization. A subset of these data for d = 60 nm nanoholes is
shown in Figure 3 for both circular (B) and four different linear
polarizations (C−F), which indicates no preferred dependence
on polarization for photoemission current. More quantitatively,
we can integrate these signals for the full set of data to obtain
the total photoemission rate. The polar plot (in Figure 3G)
represents the full polarization data set as a function of linear
polarization, which within uncertainty confirms that the
emission is independent of the incident laser polarization
angle, as expected for a cylindrically symmetric object.
Corresponding studies of the much larger (i.e., nondiffraction

limited) d = 500 nm nanoholes provide additionally interesting
behavior as a function of laser polarization. First of all, the AFM
images are now of sufficiently high resolution to reveal, as
anticipated, a nearly perfect circular shape with edges that
appear quite smooth down to <5 nm scale. A SPIM image
recorded with circularly polarized light is presented immedi-
ately below (Figure 4B) and reveals a single broad, cylindrically
symmetric feature with a spatial fwhm of 900(30) nm. This is in
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reasonably good agreement with expectations, as the SPIM
signal arises from the convolution of a cylindrically symmetric
top hat function of width 500 nm with a diffraction limited spot

size of fwhm ∼400 nm. However, a qualitatively different spatial
image is observed when this same nanohole feature is
investigated with linearly polarized light. Specifically, sample
images (shown in Figure 4B−D) reveal that the photoemission
signals split into two lobes localized on opposing sides of the
500 nm nanohole, with each lobe exhibiting near diffraction
limited fwhms, comparable to 60 nm nanoholes. Interestingly,
the two lobes in the SPIM images are always oriented parallel to
and therefore always rotate with the incident linear laser
polarization, which will be explored further below with
theoretical simulations. Nevertheless, the integrated photo-
emission signal (Figure 4G) is still described by a perfectly
isotropic distribution, which is again similar to our previous
observation for the 60 nm nanohole samples (see Figure 3). It
is worth noting that there is a small increase in the signal at
both 90° and 270°, which indicates a deviation from a purely
isotropic distribution. Interestingly, this appears to correspond
to a slight bump noticeable on the leftmost edge of the AFM as
well. The deviation from isotropic is most likely due to this type
of fabrication defect and motivates future studies of these
structures.

B. Theory. In order to interpret these results, we have
implemented a detailed numerical modeling of the exper-
imental signals based on finite element simulations, which
permit us to explicitly incorporate plasmonic, laser polarization,
and finite spatial resolution effects of the experiment. First of
all, the expectation from simple linear superposition arguments
is that the spatial distribution of the plasmon (and thus electric
field enhancement) around a nanohole should be closely
related to that of a nanodisk.36 Indeed, experiments have shown
that the resonances of comparable sized nanodisk and nanohole
structures do have similar resonance wavelengths.34 However, it
is worth stressing that this is only rigorously true in the thin
film limit for a dipolar plasmon mode. For example, Ka  ll and
co-workers have done several optical characterizations of
different disk/hole systems and compared their results to a
simple electrostatic theory for an oblate spheroid.34,35,49 In
actuality, they find that the true inverse of a nanodisk would be a
nanocavity embedded in a 3D solid, for which the plasmon
resonance is strongly blue-shif ted to higher frequencies.
Furthermore, their work has determined that nanoholes and
nanodisks have similar resonances simply because the nanohole
is unable to support significant polarization in the z-direction
due to its 2D geometry. This absence of polarizability leads to a
correspondingly strong red-shif t in the plasmon peak, which

Figure 2. Sample AFM and SPIM images of small nanohole
monomers with diameter below the diffraction limit (d ≈ 60 nm ≪
δ). (A) AFM image: dark and light represent bare ITO substrate and
25 nm thick Au. Inset: 1 μm × 1 μm zoom of an individual nanohole.
(B) Correlated SPIM image of the same set of nanoholes recorded
with circularly polarized λ = 800 nm light at I = 1.4 × 1010 W/cm2.
Under these conditions typical peak signals and background of 106 e−/
s and 102 e−/s, respectively, are observed. Inset: log−log plot of the
photoemission yield versus incident power showing a slope of 3.9(3).
This matches the predicted 4 photons necessary to overcome the work
function of gold.

Figure 3. Representative laser polarization dependent photoemission data for a small nanohole monomer (d ≈ 60 nm). (A) 1 μm × 1 μm AFM
image of a 60 nm diameter nanohole. SPIM images for circular (B) and a series of linear (C−F) polarization directions indicated by arrows. (G)
Polar plot of photoelectron yield as a function of incident polarization angle, revealing a nearly isotropic dependence on laser excitation.
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tends to make thin nanodisks and 2D nanoholes resonate with
a more similar plasmon frequency.
Interestingly, the Ka  ll studies also point out that nanoholes

should have much broader resonances than nanodisks of the
same size, which can be attributed to surface plasmon
polaritons (SPPs) that provide an additional relaxation pathway
present only in nanoholes. SPPs have a decay length that can
exceed 10 μm in some 3D systems; however, in thin 2D films,
the decay length is found to be much less than 1 μm due to
scattering off the nearby glass surface.49 The presence of a SPP
has been found to be particularly relevant for experiments at
high nanohole spatial density, where the average distance
between objects is less than 500 nm and therefore the holes are
optically coupled.50 In the present samples, however, the
average experimental distances between nanoholes are
considerably in excess of 1 μm; thus SPP coupling between
nanoholes can be neglected, though the spectral resonance of
an isolated nanohole should still be slightly broadened.34

To facilitate a more detailed comparison with experiment, we
model electric fields in the vicinity of a nanohole with finite
element electrodynamics simulations, and use these results to
accurately predict multiphoton photoemission properties of
studied plasmonic nanoarchitectures. In particular, we are
interested in the spatial dependence of the local electric field
enhancement, ηENH = |E/E0|, i.e., the ratio of field in the presence
of the nanohole to the reference field for a continuous
film.51−53 These enhancement factors are calculated in
COMSOL at λ = 800 nm for small (d = 60 nm) and large
(d = 500 nm) nanoholes. The results are shown in Figures 5A
and 5C, respectively, for an xy-slice through the top surface of
the film (i.e., h = 25 nm) under various incident laser
polarization conditions (depicted schematically in the center
row), with intensity scale bars shown on the right-hand side.
Interestingly, the plasmonic enhancements are quite similar in
each of the two cases, i.e., ηENH is approximately 5-fold larger at
opposite edges of the circle where the local tangent is
perpendicular to the incident polarization compared to the
edges for which the local tangent is parallel to the incident
polarization (Table 1). This immediately explains the lack of
any laser polarization sensitivity to the integrated photo-
emission signals for both nanohole sizes, since circular
symmetry always provides nanohole tangent edges pointing
in the right direction for such enhancements to promote

photoemission. Second, it provides a simple explanation for
why the alignment in the spatial images for the larger nanoholes
rotates with the laser polarization. Finally, it clearly identifies
the essential reason for the absence (d = 60 nm) or presence (d
= 500 nm) of spatial variation in the corresponding SPIM
images. Specifically, the opposing regions of peak enhancement
(ηENH ≈ 25) for the small nanoholes are too close to be
resolved, whereas for the larger nanohole species, the sources of
photoemission signals are sufficiently far apart to begin
contributing independently.
To interpret the observed spatial dependence of the

nanohole MPPE images more quantitatively, we propose a
model based on the multiphoton nature of the emission that
also includes the spatial dependence of the plasmon excitation.
In the simplest picture, the observed photoemission yield (PE)
will be proportional to the local field enhancement raised to the
(2n)th power (i.e., PE ∝ ηENH

2n), where n is the order of the
photoemission process, multiplied by the differential area over
which these enhanced fields are maintained.32,33 Therefore, 2D
SPIM images can be simulated by a series of calculations at
each point in the image. First, the enhancement factor (ηENH)
image is multiplied by a Gaussian centered at a given xy-
coordinate, which represents the incident laser electric field,
and yields the map of the local electric field under diffraction-
limited illumination. Each pixel in this image map is then raised
to the eighth power, due to the 4-photon nature of the
photoemission process. Finally the image is integrated to obtain
the expected photoemission yield for the laser centered on that
xy-coordinate. This procedure is repeated on a 2D grid across
the feature to generate a map that corresponds to the expected
MPPE image. This process is equivalent to convolution of the
electric field enhancement factor raised to the eighth power
with the Gaussian instrument response function for a
diffraction limited 4-photon process (FHWM = 375 nm),
which is computationally faster and thus used for the
generation of all simulated MPPE spatial images.
The results of these calculations are summarized in Figure 5

for the two different sized nanoholes. In Figure 5A, we present
spatial heat maps of ηENH(x,y) for small (d = 60 nm) nanoholes
at a series of incident laser polarizations, which clearly reveals
the synchronous rotation of the field enhanced region with
polarization angle. By way of contrast, however, Figure 5B
illustrates the spatial convolution of ηENH

8(x,y) over the

Figure 4. Sample laser polarization dependent photoemission data for a large nanohole monomer, with dimensions comparable to the diffraction
limit (d ≈ 500 nm ≈ λ). (A) 1 μm × 1 μm AFM image of a 500 nm diameter hole. (B) SPIM image recorded with circularly polarized incident
excitation. (C−F) SPIM images recorded with linear polarization. Note that the integrated photoelectron yield as a function of incident polarization
(G) is insensitive to the laser polarization axis, despite the clear anisotropy evident in the spatial images.
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instrument response function. Note that the spatial extent of
the “hot spot” ridge regions (ηENH ≈ 20) for a d = 60 nm
nanohole is considerably smaller than the diffraction limit, and

thus the image appears as a single diffraction-limited, nearly
isotropic spot. For the larger nanoholes, on the other hand, the
distance between the opposing hot spot ridge regions in
ηENH(x,y) is ≈500 nm (see Figure 5C), which makes the
predicted photoemission images appear as two readily resolved
peaks when excited with a linearly polarized focused laser beam
at λ = 800 nm. Once again, the directional alignment of the two
“hot spots” in the enhancement field directly tracks the incident
polarization, but they are now at sufficiently large distances to
remain resolved after convolution of ηENH

8(x,y) over the
instrument response. As a result, the SPIM images of large Au
nanoholes are predicted to exhibit bilobal photoemission spatial
patterns that rotate synchronously with laser polarization, in
perfect agreement with experimental observations. Further-
more, the separation between peaks is quite uniformly 530(5)
nm, which is of course consistent with the 500 nm nanohole
size monitored by AFM. In summary, these results clearly

Figure 5. COMSOL predictions for polarization dependence of a small (d ≈ 60 nm ≪ λ) nanohole monomer (upper panels A, B) and a large (d ≈
500 nm ≈ λ) nanohole monomer (lower panels C, D) for the selected polarizations shown schematically in the middle panel. (A) For small
nanohole monomers, the field enhancement factor (ηENH, color scale to right) aligns perfectly parallel with the incident laser, with peak values of
ηENH ≈ 26. (B) When modeled by ηENH

8 averaged over the incident 2D electric field distribution, the SPIM predictions (normalized to the maximum
value over the full panel) correctly reveal zero anisotropy with respect to laser polarization. For large nanohole monomers, both field enhancement
factors (C, peak ηENH ≈ 7) and normalized SPIM signals (D) reveal spatial variations in the images with the same integrated total intensity for each
polarization, as expected for cylindrically symmetric nanostructures. See Figure 8 and Tables 1 and 2 for further details and comparisons.

Table 1. Peak COMSOL Field Enhancement Factors for
Small (d ≈ 60 nm ≪ λ) and Large (d ≈ 500 nm ≈ λ)
Nanohole Monomers at Specific Locations for Laser
Polarization Perpendicular to the Nanohole Tangent Edge at
Point A
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indicate that photoemission for both small and large nanohole
monomers occurs from the tangent edge regions aligned
perpendicular to the incident laser polarization, where the
electric field enhancement factor is largest.

IV. NANOHOLE DIMERS
A. Experiment. As a rare but welcome accident, two

polystyrene spheres occasionally adhere in the spin coating
process and fortuitously result in a “nanohole dimer” after
deposition. While conditions are such that this is an
intentionally low probability Poisson occurrence (λ < 0.01),
registry of the sample permits convenient return to and study of
specific nanodimers identified by dark field microscopy or
AFM. By way of example, an AFM image of such a nanohole
dimer formed from two 60 nm nanoholes is shown in Figure
6A, along with the corresponding SPIM images of the same
dimer under a variety of circular (B) and linear (C−F)
polarization conditions. Due to the lower point group
symmetry of the dimer, a strong polarization dependence is
now observed, in which the photoemission signal peaks for
laser polarization perpendicular to the dimer axis. This
dependence is more quantitatively captured in the rightmost
panel (Figure 6G), which reveals a sharply peaked angular
distribution well described by cos8(θ). This is of course entirely
consistent with (i) an |E0|·cos(θ) projection of the incident field

along the preferred photoemissivity direction, in conjunction
with (ii) sensitivity in photoemission to the eighth power of the
laser electric field enhancement factor ηENH(x,y). This angular
behavior is also similar to the polarization dependence noted
for gold nanorods, where the photoemission event is
dominated by resonant plasmonic excitation along the rod
long axis.31

Although the exact same plasmonic considerations are at
play, the corresponding behavior for larger nanohole dimers (d
= 500 nm) is fundamentally different, as summarized in Figure
7 for a near horizontal dimer alignment. Indeed, guided by the
previous nanohole monomer studies, the reasonable expect-
ation might be that, for circularly polarized excitation, the
photoemission feature would cover the entire dimer structure
and therefore be broadened horizontally by almost 2 × 500 nm
=1000 nm. Instead, we experimentally see a vertically elongated
feature, perpendicular to the dimer axis that is considerably
smaller than the entire nanohole structure, with a horizontal
fwhm closer to 450 nm (see Figure 7B). Second, similar to the
behavior of large nanohole monomers, two peaks in the images
are observed for linearly polarized excitation. Interestingly,
however, these two peaks now maintain a f ixed relative
orientation perpendicular to the dimer axis, which does not rotate
with the incident laser polarization, as illustrated in Figure 7C−
F. However, the most dramatic change is in the integrated

Figure 6. Correlated AFM and SPIM images for a small (d ≈ 60 nm ≪ λ) nanohole dimer. (A) 600 nm × 600 nm AFM image. SPIM images with
circular (B) and various linear (C−F) polarizations of incident excitation, each spatially isotropic with respect to the nanohole dimer axis. (G)
Integrated photoelectron yield as a function of incident laser polarization θ, demonstrating a strong cos8(θ) sensitivity, with strongest photoemission
resulting for the electric field vector aligned perpendicular to the nanohole dimer axis.

Figure 7. Sample data for a large (d ≈ 500 nm ≈ λ) nanohole dimer. (A) 1.2 μm × 1.2 μm AFM of a 500 nm hole dimer. SPIM image with circular
(B) and various linear (C−F) polarization orientations, each spatially perpendicular to the nanohole dimer axis. (G) Integrated photoelectron yield as
a function of incident laser polarization which reveals a strong cos8(θ) sensitivity parallel to the nanohole dimer axis.
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SPIM intensity as a function of incident laser polarization, as
summarized in a polar plot in Figure 7G. Note that the AFM of
this exact dimer is shown explicitly in Figure 7A, which is also
in the same sample orientation as the subsequent SPIM images
in Figure 7B−G. Remarkably, now the laser polarization

alignment producing the highest photoelectron emission yield
for the larger nanhole dimers is parallel to the dimer axis, i.e.,
exactly opposite to what is witnessed for the smaller nanohole
dimers. Furthermore, the corresponding SPIM images reveal a
clear propensity for spatial photoemission (i) from the central

Table 2. Peak COMSOL Field Enhancement Factors for Small (d ≈ 60 nm≪ λ) and Large (d ≈ 500 nm ≈ λ) Nanohole Dimers
and Laser Polarization Parallel/Perpendicular to the Dimer Axisa

aA and B are regions of local curvature similar to the monomer in Table 1; C (wedge) and D (cusp) are unique to dimers, where largest
enhancements are found. Note that the maximum value in small nanohole dimers is for perpendicular excitation at the cusp, while with larger dimers,
the peak field enhancement is for parallel excitation in the vicinity of the wedge.

Figure 8. COMSOL simulations for a small (d ≈ 60 nm ≪ λ) nanohole dimer (upper panels) and a large (d ≈ 500 nm ≈ λ) nanohole dimer (lower
panels) for selected polarizations shown schematically in the middle panel. (A) Field enhancement factor (ηENH) for small nanohole dimers as a
function of incident polarization (scale bar to right), with max ηENH ≈ 180 for perpendicular excitation in the cusp region. (B) SPIM predictions
(ηENH

8 convoluted over the 2D incident electric field) normalized to max value over the full panel correctly reveal strong variation with polarization,
but no anisotropy in the resulting image. (C) Spatial enhancement field images (ηENH) for large nanohole dimers as a function of incident
polarization (scale bar to right; peak ηENH ≈ 12 in wedge region for parallel excitation). (D) SPIM simulations predict polarization dependent
intensity variations opposite to smaller nanohole dimers, as well as a spatial anisotropy perpendicular to the nanohole dimer axis. See Figure 5 and
Tables 1 and 2 for further details and comparisons.
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region and (ii) along an axis perpendicular to the nanohole
dimer. Such a major reversal in MPPE angular behavior for the
larger (d = 500 nm) vs smaller (d = 60 nm) nanohole dimers
suggests a qualitative difference in the physical site for electron
photoemission, which we explore further below with COMSOL
simulations.
B. Theory. Details of the dimer theoretical analysis are the

same as previously discussed with respect to the nanohole
monomers. Simulation of the local electric fields reveals the
origin of the profound differences observed between the small
and large dimers (Table 2). Figure 8A displays the calculated
electric field enhancement for a small nanohole dimer upon
excitation with various incident polarization directions relative
to the dimer axis. Note that the color scales are all substantially
expanded from those in Figure 5 (see caption). Enhancement
factors for laser excitation parallel to the dimer axis (leftmost
panel in Figure 8A) are ≈40, which are larger than, although
still comparable to, the maximum values observed in the
corresponding nanohole monomers.
However, what is even more remarkable is the dramatic

increase in electric field enhancement as a function of laser
polarization. For the case of perpendicular excitation, the
COMSOL calculations predict an order of magnitude greater
enhancement factor of ηENH ≈ 400. For a 4-photon
photoemission process and a 10-fold difference in electric
field enhancement factor, one therefore already predicts a 108-
fold modulation in SPIM signals between horizontal and
vertical polarization. This is nicely demonstrated in Figure 8B,
which presents a spatial convolution of (ηENH(x,y))

8 over the
instrument response function, and thereby illustrates the
enormous contrast in signal for excitation perpendicular vs
parallel to the nanohole dimer axis. We note that this behavior
is in excellent agreement with the polar SPIM data plot in
Figure 6G, which is consistent with a perpendicular/parallel
contrast in excess of 100:1.
The enhancement fields for the d = 500 nm nanohole dimers

(Figure 8C) reveal many qualitative differences and similarities
with respect to the d = 60 nm diffraction limited counterparts.
Most importantly, the electric field enhancement factors are
now maximized for excitation parallel to the dimer axis and in
excellent agreement with what is observed experimentally.
Indeed, although the hot spots are clearly predicted to be much
more broadly distributed than in the case of the d = 60 nm
nanodimer species, the region of greatest electric field
enhancement still occurs predominantly near the dimer cusps.
These regions along the sides of the cusp (i.e., wedges) become
the source of strongest enhancement, with enhanced electric
fields comparable to those observed at the cusps for the
orthogonal laser polarization alignment. Additionally, the region
over which the enhancement occurs is significantly larger in
area, leading to greater integrated photoemission yield
predicted for incident electric field parallel to the dimer axis,
as shown in Figure 8D. The predicted images agree well with
the experimental data presented in Figure 7, where the two
peaks do not rotate with incident polarization. Furthermore,
photoemission signals for excitation perpendicular to the dimer
axis are predicted to be diminished with respect to parallel
excitation, as indeed observed in the actual SPIM data images.

V. DISCUSSION
The multiphoton photoionization of isolated nanoholes
provides many interesting results that reveal details on the
local electric field enhancements of various structures. The

easiest understood system is the nanohole monomer, as
summarized in Figures 3 and 4. These simple structures reveal
considerable differences in the MPPE spatial maps between
small and large sizes. As expected, however, the total electron
yield is experimentally found to be independent of incident
polarization. Finite element electrodynamics simulations
confirm this observation by revealing identical polarization
dependence for the enhancement fields in the case of both
small and large sizes. A clear spatial dependence upon changing
polarization arises when the physical size of the nanohole
monomer is included relative to the diffraction-limited
resolution. The same spatial dependence has also been
observed in related experiments using SHG in thick films
(>100 nm Au) containing large (>500 nm diameter) holes.37

Specifically, quite similar spatial maps were observed with peak
SHG signal arising from nanohole edges perpendicular to the
incident electric field vector. Note that the lower image
resolution in earlier work arises due to the two-photon nature
of the SHG technique, where signal is proportional to ηENH

4

compared to ηENH
8 in our case. As expected, the underlying

spatial difference of the enhancement between small and large
nanohole monomers is found to be quite minimal.
Nanohole dimers, on the other hand, provide a richer and

more complex architecture with qualitative differences in the
polarization dependent photoemission behavior observed both
experimentally and theoretically. First of all, a strong depend-
ence of total electron yield on laser polarization is
experimentally observed for both small and large nanohole
dimers, as identified in Figures 6 and 7. However, this
dependence on laser polarization angle is clearly qualitatively
different (specifically, shifted by 90°) for the small vs large
nanohole dimer architecture, as also evident in Figures 6G and
7G. We can make a more quantitative comparison between our
theoretical modeling and experimental results by closer
inspection of the polarization dependence of the total
photoelectron yield relative to the dimer axis. To be consistent
with the experiment, the theoretical images are integrated at
each angle to determine the total signal level from an individual
nanohole dimer as a function of incident polarization, with the
theoretical and experimental results summarized in Figure 9A,C

Figure 9. Theoretical (A, C) and experimental (B, D) polarization
dependences for horizontally aligned nanohole dimers. Small nanohole
dimers (60 nm, A) reveal a strongly perpendicular anisotropy, in
excellent agreement with experiment (B). For the larger nanohole
dimers (500 nm), theory (C) correctly predicts a predominantly
parallel anisotropy in agreement with experiment (D), but under-
predicts small nonzero contributions at perpendicular direction.
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and Figure 9B,D for the small and large nanohole dimer,
respectively. From a least-squares fit to cos2n(θ), theoretical
results for the small nanohole dimers (Figure 9A) are found to
be very closely proportional to cos8(θ), with a parallel/
perpendicular contrast ratio in excess of ∼105 for the two
orthogonal directions. This is in excellent agreement with the
experimental data (Figure 9B), which can also be nicely fit by a
cos8(θ) distribution, as shown in the upper right panel. This
can be most simply interpreted as arising from two facts: (i)
that the photoionization process scales with the eighth power of
the local electric field and (ii) that the plasmonic excitation for
a small nanohole dimer below the diffraction limit arises from a
single dipole-like excitation, similar to that previously observed
in gold nanorods.32

The results for the large nanohole dimers are qualitatively
similar but differ in two important ways. In the case of large
nanohole dimers, the least-squares fits to the theoretical results
predict a polarization dependence slightly better described by a
cos7(θ) instead of cos8(θ) distribution. Simply stated, this is
due to the longer range spatial extent of the predicted electric
field enhancements, which brings the system further away from
the strict dipole-like excitation limit and therefore slightly
softens or blurs the angular dependence. This blurring is of
course also true for excitation at the orthogonal polarization,
which for any purely dipole-like dependence would be
identically zero but in fact is now finite. Indeed, as shown in
Figure 8C, this is due to the presence of nonzero electric field
enhancement factors for both polarizations. We can take this
into account by summing a constant isotropic term into our
cos7(θ) model, which yields theoretical contrast between the
two orthogonal directions only on the order of ∼50:1. Though
small, the presence of such an isotropic term is clearly real, as
can be seen in the experimental data for the large nanohole
dimer in Figure 9D. Consistent with our treatment of the
theoretical predictions, the red line represents a similar fit to a
cos7(θ) distribution superposed with an additional angle
independent term. Note that the magnitude of the isotropic
offset observed experimentally is considerably larger (approx-
imately a factor of 10) than that predicted by the theory, but
the cos7(θ) angular dependence is described relatively well.
In contrast with monomer-based architectures, the corre-

sponding nanoparticle dimers are often found to behave rather
uniquely in many experimental venues, such as luminescence,54

fluorescence enhancement of molecules,55 or surface enhanced
Raman scattering.9,14,56,57 One often quoted reason for the
unusually high photophysical activity of dimers is that the
physical gap between dimers is where the largest enhancement
fields are predicted to be observed.58−60 Moerner and co-
workers exploited this local electric field enhancement in
bowtie nanoantennas to detect single molecule fluorescence,
implying enhancement factors as large as 1340.55 High local
electric fields have also been suggested to generate ion
fluorescence in the extreme-ultraviolet (λ = 47 nm) from a
bowtie nanoantenna array with an enhancement factor of near
380,61−64 with initial claims of the EUV arising from high
harmonic generation not fully resolved.65 Other closely related
systems are the triangular “bowtie apertures”, which have been
studied thoroughly by Xu and co-workers with near-field
methods and which reveal maximal electric field for laser
polarization aligned across the gap.66−69 One common feature
in all these previous studies is the nanoparticle size; these
bowtie structures, typically with less than 100 nm edge lengths,
are most comparable to our 60 nm nanohole dimers. One

might therefore expect a similar electric field enhancement
behavior in the 60 nm nanohole dimers to that seen in bowtie
systems, since an effective bowtie is formed in our architectures
by the gap structure located at the cusps. From such a picture,
the most intense local electric field enhancement factors would
be achieved when the incident polarization is perpendicular to
the dimer axis, and therefore aligned with the gap, which is in
excellent agreement with both experimental photoemission
yields and theoretical predictions.
Though clearly governed by the same plasmonic physics, the

larger nanohole dimers behave quite differently, where now the
strongest total electron yield occurs for incident electric field
parallel rather than perpendicular to the dimer axis. It is still the
case that the bowtie type excitation of the cusp regions is
present for excitation perpendicular to the dimer axis; however,
excitation parallel to the large nanohole dimer axis results in
enhancement factors of at least comparable magnitude.
Furthermore, as discussed previously, the total electron yield
is determined not merely by the absolute magnitude of these
enhancement factors but also by the effective photoemission
area over which this occurs. Indeed, this latter contribution
proves to be the dominant reason for the different polarization
dependent photoemission behavior between the large and small
nanohole dimers. This is beautifully confirmed by the
COMSOL calculations shown in Figure 8C, which reveal a
very strong and highly localized hot spot in electric field
enhancement precisely at the bowtie-like cusps for perpendic-
ular excitation (right side panel), but which is simply
overwhelmed by the much larger areas of comparable electric
field enhancement at the wedges obtained for parallel excitation
(left side panel). This is in good agreement with the effect
observed in SHG studies from large (>500 nm diameter)
dimers in thick films by Onuta et al.37 In these studies, nearly
equal SHG signal intensities were noted for this two-photon
process upon both parallel and perpendicular excitation
directions, with spatial maps resembling those in Figure 8C.
This further supports that nanohole dimer structures with
dimensions near or above the diffraction limit can lead to local
field enhancement patterns fundamentally quite different from
those of smaller nanohole dimers, where more purely dipole-
like excitation patterns prevail.
As a final comment, it is also worth noting that neither small

nor large nanohole dimers behave as a simple linear
combination of two nanohole monomers. By way of example,
consider two touching nanoholes aligned horizontally, as shown
in Table 2. For vertically polarized excitation, i.e., perpendicular
to the dimer axis, the simple superposition of two monomers
would lead to a pair of enhancement fields located at the upper
and lower curved regions and displaced by the nanohole
diameter (i.e., region B with corresponding symmetry
reflections). By way of contrast, the COMSOL simulations
predict the region of maximum electric field enhancements to
be at the cusps (region D) for small dimers or an expanded area
surrounding the cusps (regions D and C) for the larger dimers.
In neither size limit is the maximum enhancement localized
around region B. Alternatively, if we consider excitation parallel
to the dimer axis, a simple superposition expectation would be
for the left/right edges (region A and its mirror image) to be
most intense. For the small nanohole dimer, this is indeed
where the local electric fields are maximal: albeit at
approximately half of the isolated nanohole value. On the
other hand, the left/right electric field enhancement regions for
the large nanohole dimers are now considerably weaker than
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the cusp regions and thus do not contribute significantly to the
spatial photoemission images observed. Of course, this is not
any violation of the superposition principle, which is exact for
static fields, but simply a matter of retardation effects for optical
fields with nanoarchitectures near or above the diffraction limit.
Nevertheless, this clearly supports that overlapping and
nonoverlapping dimer structures can be quite different. In
fact, studies have confirmed that the transition in electric field
behavior from nearly touching to electrically contacted
nanoobjects can even be discontinuous and therefore lead to
unusual plasmonic behavior.70,71 In any event, the present
comparison between scanning photoelectron emission micros-
copy and COMSOL calculations for nanohole monomers and
dimers provides benchmark examples of the underlying electric
field enhancement dynamics of such simple yet novel
plasmonic architectures.

VI. SUMMARY
Metal nanoholes and nanohole dimers formed by shadow mask
lithography on Au films have been exploited as unique
nanoobjects for investigating multiphoton photoemission
(MPPE) from plasmonic materials, as well as simple yet
tractable test systems for direct calculation of plasmonic near-
field enhancements. Small nanoholes substantially below the
diffraction limit (d ≪ λ) are found to yield significant electric
field enhancements both parallel (ηENH ≈ 20) and perpendic-
ular (ηENH ≈ 5) to the laser polarization axis. These
enhancements are responsible for producing strong scanning
photoionization microscopy (SPIM) signals under conditions
of ultrafast laser excitation, with overall photoemission yield
exhibiting isotropic dependence on laser polarization due to a
combination of (i) sub-diffraction limited size and (ii) near
perfect azimuthal symmetry. Corresponding studies of nano-
holes with sizes near the diffraction limit (d ≈ λ) also reveal
large electric field enhancements near tangent edges of the
cylindrical hole aligned perpendicular to the laser polarization.
Since the larger nanohole diameters are now comparable to the
excitation wavelength, the photoelectron source regions can be
clearly resolved in SPIM image maps as two lobes that (i) are
parallel to and (ii) rotate with the incident electric field
polarization. However, the integrated SPIM photoemission
signal magnitudes for both small and large nanohole monomers
remain completely isotropic with respect to polarization angle
by virtue of azimuthal symmetry. Predictions of a simple model
based on (i) detailed COMSOL simulations of the electric near
field ηENH, (ii) sensitivity of a 4-photon photoemission process
(n = 4) on ηENH raised to the (2n)th power, and (iii) properly
accounted for instrument response function prove to be in
outstanding agreement with the experimental data.
Subsequent reduction of the azimuthal symmetry for

nanohole dimers reveals a significantly richer spectrum of
plasmonic and photoemission behavior, which we have
explored for the two limiting cases of small (d ≪ λ) and
large (d ≈ λ) holes. COMSOL simulations of the electric fields
around these dimer nanostructures reveal strongly spatially
dependent enhancement fields that vary sensitively with
incident polarization. Small nanohole dimers are found to
behave qualitatively like “bowtie” nanoantennas of Moerner
and co-workers, whereby the enhancement field is largest at the
central cusps for laser polarization perpendicular to the dimer
axis.55 This is in clear contrast to the larger nanohole dimers,
which exhibit pronounced photoemission signals from regions
around the cusp edges, but which are primarily excited for

polarization vectors parallel to the dimer axis. In all cases, the
same model of field enhancement raised to the eighth power
(ηENH

8) convolved over the instrument response function yields
excellent agreement with all experimental data. As one critical
factor in the SPIM image predictions, maximum photoemission
yield is found to depend not only on the magnitude of the local
field enhancement to the eighth power but also on the relative
areas for potential photoelectron emission over which this
enhancement occurs.
Directions for future studies include experimental and

theoretical studies into the size regime between small (60
nm) and large (500 nm) dimers, where the polarization
dependence of the maximum photoemission signals is found to
transition from perpendicular to parallel with respect to the
dimer axis. Additionally, it would be quite interesting to further
study the wavelength dependence of the SPIM signals, in order
to correlate (i) near field MPPE wavelength dependence with
(ii) the far field scattering spectra and thereby further
investigate the synergism between near field enhancement,
photoemissivity, and far field optical properties. Lastly, these
nanohole lithography methods can be simply extended with off-
axis metallic film deposition to formation of nearly perfect
elliptical holes, which should of course exhibit additional
sensitivity to wavelength and polarization of the photoemission
laser light. In summary, the ability to both (i) measure
photoemission from nanoobjects with SPIM and (ii) model the
detailed plasmonic response of these species from first
principles electrodynamics calculations opens a wealth of new
opportunities for exploring near-field characteristics of nano-
systems with spatial resolution that extends far below the
conventional diffraction limit.
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