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An ideal plasmonic system for hot-electron generation allows the optical excitation of
plasmons, limits radiation losses, exhibits strong non-radiative electron damping, and is
made from scalable and cost-effective materials. Here we demonstrate the optical
excitation of dark interlayer plasmons in bilayers of colloidal gold nanoparticles. This
excitation is created by an antiparallel orientation of the dipole moments in the
nanoparticle layers; it is expected to exhibit strongly reduced radiative damping. Despite
the vanishing dipole moment, an incoming electromagnetic wave that is propagating
normal to the surface will excite the dark mode due to field retardation. We observe
a strong peak in the absorption spectrum of a colloidal gold bilayer (nanoparticle
diameter = 46 nm); this peak is absent for a nanoparticle monolayer. The full width at
half maximum of the dark mode is 230 meV for an ideal nanoparticle crystal and 320
meV for the structure produced by self-assembly out of solution. The position and
width of the dark plasmon are efficiently tailored by the interparticle distance within the
layer, nanoparticle size and layer number. We present time-resolved pump and probe
experiments of hot-electron generation by bright and dark bilayer nanoparticle modes.
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Introduction

Plasmons are an excellent source of excited electrons.'? The excess energy of
electrons may be used for driving catalytic reactions, in imaging applications and
in photothermal heat generation, amongst other examples.»*® Maximizing the
yield of hot electrons requires careful engineering of the plasmonic decay chan-
nels so that dephasing is preferred over energy loss. In particular, relaxation
channels that distribute a large amount of energy, such as photon emission or
Auger-type processes, should be minimized.
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Plasmon decay
I'=Ivw+I+1, (1)

occurs via intrinsic (Drude) damping, I',, which includes all of the damping
processes of the bulk metal, surface-mediated (Laundau) damping, I, and
radiative damping, I';, by photon scattering.**** The desired relaxation channel
for hot electron generation is I's, where the surface breaks the conservation of
crystal momentum.™** This mainly leads to dephasing with little energy loss, thus
producing highly excited electrons.

One approach for optimising I's is to reduce the size of the metal nanoparticles
below the electron mean free path."*>*® Since light scattering by metal nano-
particles scales with the volume squared, a small diameter also reduces I';, making
surface scattering a sizable contribution for particle diameters below 10 nm.""*>**
Bulk damping in gold is I', = 100-200 meV below 2.1 eV;* I's will add 20-30 meV
for an effective particle size of 10 nm."”'* However, the small volumes also reduce
the cross section for optical absorption.'” Since optical excitation is the most viable
and economic route for plasmon excitations, a low absorption cross section
reduces the total rate of hot electron generation per nanoparticle, even if the
conversion of plasmons into hot electrons is highly efficient.

Another idea to increase plasmon relaxation via surface scattering is through
the formation of hot spots in nanoparticle agglomerates and plasmonic oligo-
mers."*?*22 If two (or more) particles are in close contact, their plasmonic near
fields interact, thus creating volumes of particularly high field enhancement (hot
spots).”> Hot spots increase the rate of hot electron generation, because damping
by surface scattering depends on the magnitude of the electric field close to the
metal surface."***** A second effect is that the tight focusing of the field in a hot
spot lifts the translational symmetry and thus the conservation of (quasi-)
momentum.”* The drawback of the second approach is the increase in radiative
damping, I';. Optically active, “bright” plasmons decay rapidly by emitting
photons into the far field.'>** Since the radiative decay channel is highly efficient
for coupled nanoparticles, the plasmon lifetime is limited to a few fs and energy is
lost to the radiative processes.>

Dark plasmons are plasmonic excitations with a vanishing net dipole moment,
e.g., higher-order multipole modes in metal nanoparticles such as quadru-
poles.”** Assemblies of nanoparticles possess dark modes that arise by
combining the dipolar plasmons of the individual particles into a collective mode
with a vanishing dipole moment.**° Because dark plasmons have no net dipole
moment, they typically do not interact with far field radiation; light is neither
absorbed nor emitted/scattered.** The absence of light emission is an advantage
for hot-electron generation, because the entire excess energy is channelled into
non-radiative processes, i.e. the creation of excited electrons. The absence of light
absorption, on the other hand, is a major disadvantage because it prevents the
optical excitation of dark modes. This disadvantage may be overcome, e.g. by
exploiting Fano resonances for excitation in plasmonic oligomers, exciting the
plasmon via a magnetic field instead of an electric field in metal-insulator-metal
slabs, or exciting nanoparticle assemblies with cylindrical vector beams.****-**
These routes, however, require the nanofabrication of plasmonic nanostructures
via electron-beam lithography and tailored beams of structured light.
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Here we demonstrate the excitation of dark modes and the creation of hot
electrons using linearly polarized light and scalable, cost-effective plasmonic
surfaces. The surfaces are created via the self-assembly of gold nanoparticles into
colloidal mono- and bi-layers. Above a characteristic diameter (30-50 nm
depending on the surrounding medium), light absorption is altered by retarda-
tion, as we show through our symmetry analysis and numerical calculations.
Light is absorbed by bright dipole modes and a dark mode in the bilayer that
arises through the combination of the dipolar modes of the two layers into an
excitation with a vanishing net dipole moment. We experimentally demonstrate
dark plasmon absorption in gold bilayers. The hot-electron dynamics subsequent
to plasmon excitation are analyzed via time-resolved pump-probe spectroscopy.

Methods

Synthesis of colloidal gold nanoparticle layers

The synthesis and characterization of gold mono- to few-layers is described in
detail in ref. 35 and 36. To summarize, quasispherical citrate-stabilized gold
nanoparticles with a diameter of 40 nm or 46 nm were synthesized based on the
seeded-growth protocol. The particles were functionalized with thiolated poly-
styrene and mixed (6 mL) with polystyrene (0.16 mM) and oleylamine (1 mM) in
toluene (6 mL) as well as ethanol (6 mL). After rapid stirring (30 min) and phase
separation, the organic phase was extracted, concentrated and purified by
centrifugation, resulting in a final gold nanoparticle concentration of 2.1 nM. The
nanoparticle films were prepared via self-assembly at the liquid-liquid interface.
For the transient absorption measurements, the nanoparticle films were depos-
ited on quartz substrates. The gold nanoparticle solution in toluene was pipetted
onto diethylene glycol in a Teflon well. The well was covered with a quartz slide
and left undisturbed at room temperature until the solvent had evaporated and
a gold nanoparticle film had formed.**® For their characterization by trans-
mission electron microscopy (TEM) and microabsorbance measurements, the
films were carefully skimmed off with a carbon-coated copper grid. The proba-
bility of bilayer formation was increased by repeating the procedure. The grids
were dried afterwards on filter paper for at least 24 hours.

Microabsorbance spectroscopy

Optical absorbance and reflectance spectra of the gold nanoparticle layers were
recorded using a home-built microabsorbance spectrometer. For a detailed
description of the optical setup, please see ref. 36. A supercontinuum laser (Fia-
nium) was used as a broadband light source. The light was linearly polarized, the
spectral range was reduced to the measurement range through a combination of
long- and short-pass filters, and the total laser power was reduced to below 100
uUW. An inverted microscope was used to focus the light on the sample and find
the region of interest (see Fig. 4c below). The light was focused on the substrate
either by a 100x objective with a numerical aperture (NA) of 0.9 or by a 20x
objective with an NA of 0.25. The transmitted light was collected by objectives
with a similar numerical aperture and detected by a fibre spectrometer (Avantes).
As a reference for the transmittance, T, we recorded the transmission through the
substrate without nanoparticle layers. The reflected light was separated from the
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incoming light by a beam splitter and guided into the spectrometer via an optical
fibre. A silver mirror was used as a reference to obtain the reflectance, R. The
absorbance spectrum was calculated as 1 — T'— R. To determine the plasmon
peak position and full width at half maximum (FWHM) we first subtracted the
contribution from the gold interband transitions from the measured absorption
spectrum. The absorption by the plasmons was fitted with two Lorentzian peaks
(one peak for the monolayer that has only a bright mode).

Transient absorption measurements

For the transient absorption experiments, a commercial amplified Ti-sapphire
laser system (Spitfire Ace, 800 nm, 1 kHz, 35 fs; Spectra Physics) was employed as
the main excitation source. Its output was split into two parts. One seeded an
optical parametric amplifier (TOPAS-Prime; Light Conversion) that provides
a tunable excitation wavelength over the range of 290-1600 nm. The other output
was used to generate the probe pulses. A commercial TA setup (Helios; Ultrafast
Systems) was used to record the experiment. The quartz slides with the gold layers
were mounted in a non-collinear geometry. The diameter of the focused probe
beam was around 100 pm, whereas that of the pump beam was around 500 um.
Each differential spectrum was referenced by subtracting the ground-state spec-
trum from the pumped spectrum, using a 500 Hz chopper. The pump intensity
was kept constant at 100 pJ cm > (200 nJ per pulse).

Finite-difference time-domain simulations

Simulated spectra were obtained via the commercial software package, Lumerical
FDTD Solutions. The layers were implemented by defining a unit cell and using
periodic boundary conditions. Mesh-override regions of 0.25 nm were used for
greater accuracy. The nanoparticle layers were illuminated by a plane-wave
source. One power monitor was included behind the layers to capture the
transmittance, T, and another was included behind the source to gather the
reflectance, R. The absorbance, 4, was later calculated asA =1 — T — R. The gold
dielectric functions were implemented by fitting the experimental data reported
by Johnson and Christy.’” The nanoparticle layers were placed on top of a 10 nm
thick amorphous carbon layer, as in the experiments, for the simulations shown
in Fig. 5-7. The amorphous carbon was implemented by using the experimental
data of Larruquert et al.*® A gold slab with a thickness of 200 nm was added for the
simulation of the layers over a gold substrate, as shown in Fig. 9. Convergence
tests were carried out by varying the mesh sizes in order to ensure the accuracy of
the simulation results.

Results and discussion
Optical selection rules for dark interlayer modes

In order to understand the optical absorption by nanoparticle layers, we carried
out a symmetry-based analysis of colloidal bilayers or crystals in a hexagonal close
packed (hcp) structure.***® The hcp structure belongs to the D¢y, point group; it
has two nanoparticles in a hexagonal unit cell, one at the origin and the other at
(2/3,1/3,1/2), as shown in Fig. 1a. We will restrict our analysis to plasmon modes
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Fig.1 (a) Unit cell of the hcp crystal with two nanoparticles in the unit cell. Electric field of
the incoming light, assuming normal incidence under the assumption of (b) infinite
wavelength and (c) a wavelength that matches the translational periodicity of the crystal
shown in (a).

that arise as combinations of the dipole excitation in the nanoparticles; this
argumentation extends straightforwardly to multipolar excitations.

The three-fold degenerate dipolar plasmons of the individual nanoparticles
induce four dipole-derived eigenmodes in the bilayer*

deip =A@ Bzg ® E;, ® Ezg. (2)

Two of these modes are non-degenerate, whilst two are two-fold degenerate.
The symmetry-adapted eigenvectors are obtained by projection operators, which
are shown in Fig. 2. Out of the representations detailed in eqn (2), the A,, and Eq,

a bright eigenmodes, finite dipole moment
X -
A2u E1u
(0%9) X —_ -
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b dark eigenmodes, zero dipole moment
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Fig. 2 Dipole-related plasmon eigenmodes of an hcp-stacked nanoparticle bilayer with
a (a) finite and (b) vanishing dipole moment. The irreducible representation of each mode
is shown. The dark (bright) disks represent the nanoparticles in the top (bottom) layer. The
size of the nanoparticles is not to scale.
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representations are normally considered as optically active and have finite dipole
moments, whereas B,, and E,, are considered dark (dipole forbidden). Within
group theory, the selection rules for optical absorption are derived by analysing
the transformation properties of the incoming electric field.** The common
approximations are to consider only the dipole expansion of the electric field and
to assume the light wavelength to be large in comparison to the extension of the
unit cell (Fig. 1b). Under this approximation, the electromagnetic field transforms
like a vector, I'vec = Asy @ Eqy, thus leading to the selection rules listed above.

The assumption of infinite wavelength is justified for molecules and crystalline
solids, because their characteristic lengths (1 nm) are much smaller than the
wavelength of light (100-1000 nm). However, in the case of colloidal layers and
crystals, the much larger extension of the unit cell (10-100 nm) makes retardation
effects dominant. To examine the other limiting case, we consider the wavelength
of the electromagnetic field to be identical to the translational symmetry of
a colloidal crystal (Fig. 1c). For normal incidence, as shown in Fig. 1c, the field
transforms according to E,,. It will be able to excite the in-plane antiparallel dark
mode shown on the right of Fig. 2b.

Symmetry analysis predicted the optical selection rules of the nanoparticle
bilayers to depend on the ratio between the nanoparticle diameter, d, and the
wavelength, A, of the incoming light. For realistic nanoparticles, d will always be
much smaller than A, but for at least some time during its period of oscillation,
the electric field will be anti-parallel in the top and bottom layers. We expect this
to activate absorption by the E,, dark mode.

To study the effect of retardation on the optical spectra, we simulated a gold
nanoparticle bilayer in a vacuum with hcp stacking, a diameter, d, of 20 nm, and

Au nanoparticle bilayers

100 ; : T . .
ad=20nm _bd=50nm

80 + -

Absorption, Reflection (%)

16 20 24 16 20 24
Excitation energy (eV)

Fig. 3 Simulation of the absorption (blue) and reflection (magenta) of hcp-stacked gold
nanoparticle bilayers with particle diameters of (a) 20 nm and (b) 50 nm. The absorption
peak at 1.82 eV is caused by the dark plasmons. Gaps of 2 nm and a background medium
with an index of n = 1 were assumed.
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a gap size, g, of 2 nm." The absorption spectrum (Fig. 3a) is dominated by the step
function in the absorption coefficient due to interband transitions.** The plasmon
peak at 2.24 eV overlaps with the interband transitions. It is strongly damped
(FWHM = y = 450 meV) and is hardly visible in the spectrum. Likewise, the
reflection is broad and unstructured. After increasing the nanoparticle diameter
to 50 nm (Fig. 3b), the simulation predicts a strong (50%) absorption peak at
1.82 eV. It is accompanied by a drop in reflectance to almost zero, thus clearly
identifying it as an electromagnetic resonance. We analysed the induced currents
in the upper and lower layer in order to assign the plasmon eigenmode.** Both
currents point within the plane and are antiparallel. The peak at 1.82 eV thus
corresponds to the E,, eigenmode shown in Fig. 2b.

The FWHM of the E,; mode (y(E,,) = 140 meV) is much narrower than the
width of the bright E;, mode (y(E;,) = 710 meV) which is observed at E(E,,) =
2.07 eV for the 50 nm spheres. The bulk damping, I'y, of the gold nanoparticles is
110 meV at E(E,,) = 1.82 eV and 200 meV at E(E;,) = 2.07 eV." This implies an
additional damping of only 30 meV for the dark E,; plasmon mode, but 510 meV
for the bright E;, mode. The additional broadening is caused by radiative
damping where a large fraction of the absorbed energy is lost in the form of
photons. The dark modes of the colloidal bilayers are potential excitations for
minimizing radiation loss and maximizing the decay of plasmons into hot
carriers for harvesting losses.

Absorption by dark interlayer plasmons

The excitation of dark modes through field retardation was predicted for nano-
particle diameters of =50 nm. We recently developed an advanced synthesis
technique for d = 46 nm gold particles and their assembly into colloidal hcp
structures (see the methods section in ref. 35). Transmission electron microscopy
(TEM) images show hexagonal packing due to self-assembly after drying the
solution on a TEM grid with a 10 nm amorphous carbon film (Fig. 4a).*® Parts of
the sample were areas with bi-, tri- and few-layers (Fig. 4b) that often extended

Fig. 4 (a) TEM image of a colloidal gold monolayer (top) and bilayer (bottom). The
monolayer demonstrates a well-ordered structure with little defects (missing particles and
smaller particles). The Moiré pattern in the bilayer indicates a finite angle of rotation
between the two layers. (b) Survey TEM image of a monolayer (right), bilayer (middle) and
trilayer (left). (c) The number of layers may also be determined via analysis of the change in
contrast in the optical microscopy images, as shown for a sample spot with a monolayer
(1L), bilayer (2L) and trilayer (3L). The scale bars correspond to 1 um.
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over many pum” (Fig. 4¢).*® A change in the optical contrast with changing layer
number was also clearly visible via optical microscopy measurements (Fig. 4c). It
allows the identification of the number of layers during the absorption and
reflection measurements.

Fig. 5 shows the measured and simulated absorption spectra of a gold nano-
particle monolayer. It features a weak plasmon peak in the background of the
interband transitions similar to the bilayer calculations of the 20 nm particles
presented above. For the bilayers (Fig. 6), the absorption spectra are dominated by
the E,, peak at E(E,,) = 1.52 eV. The peak is at a lower frequency than in Fig. 3,
because the nanoparticles are stabilized by polystyrene and oleylamine mole-
cules, thus giving rise to a background refractive index of n = 1.4. We recorded the
spectra of various bilayers and consistently obtained almost identical spectra (see
Fig. 6b and c for two spots measured with a 100x objective). This shows that the
system is insensitive towards crystal imperfections such as missing nanoparticles,
grain boundaries in the hexagonal packing, and the stacking of the two layers.*®
This robust behaviour is understandable when considering the macroscopic
nature of the plasmon mode, whose main feature is the antiparallel dipole
orientation in the two layers. The excitation of dark plasmons due to retardation
is not limited to bilayers, but can be expected for any multilayer arrangement of
plasmonic nanoparticles. In general, a sample with m gold nanoparticle layers
will have (m — 1) absorption peaks by dark plasmons in the visible and near
infrared when excited with linearly polarized light.**

We evaluated the FWHM of the Eq, and E,; plasmons for the gold monolayer
and bilayer (see Table 1). The energetic position of the plasmon shows excellent

Au nanoparticle monolayer
100 . . . . . .

a simulation b experiment

H (o)) o]
o o o

Absorption, Reflection (%)
N
o

0 P T R N P T R B
1.6 20 24 16 20 24

Excitation energy (eV)

Fig. 5 (a) Simulated and (b) measured absorption (blue) and reflection (magenta) spectra
of a gold monolayer with d = 46 nm and g = 2 nm. The simulation used a background
dielectric constant with n = 1.4 and assumed hcp stacking. The nanoparticle layer was
placed on top of a 10 nm thick amorphous carbon film.
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Fig. 6 Absorption (blue) and reflection (magenta) spectra of gold nanoparticle bilayers. (a)
Simulation, (b and c) two spots measured with a 100x objective, and (d) a spot measured
with a 20x objective. The peaks at 1.52 eV are caused by the dark Exg plasmons. The
parameters are identical to those reported for Fig. 5.

agreement between the experimental and simulation results for the gold mono-
layer. For the bilayer, the position of the dark mode was underestimated and the
position of the bright mode overestimated in the simulations. The widths of the
plasmon peaks for the monolayer and bilayer are consistently 100 meV broader in
the experimental results than those predicted by the simulations. The contribu-
tions to this additional width arise from surface scattering and inhomogeneous
broadening due to size and shape variations.'”*3*

Variations in the particle diameter (estimated as 46 + 3 nm from analysis of
the TEM images) lead to variations in the interparticle gap widths (g =2 £+ 1 nm).
The distance between the nanoparticles strongly affects the position of the E,g
mode, thus explaining the larger linewidth.** We find that the spectra measured
with a 100x and 20x objective exhibit identical peak positions and FWHM values
(Table 1 and Fig. 6b-d).** Inhomogeneous broadening must therefore happen at
a length of well below 1 pm. On the other hand, the position of the bright mode is
hardly affected by variation in the particle size and interparticle distance.** The
additional broadening of both modes, therefore, rather points at least partially to
an intrinsic mechanism such as surface scattering enhanced by hot spot

Table 1 Energy, E, and damping, v, of the dark (E;g) and bright (E;,) modes of the
monolayer and bilayer

E(E,g) in eV Y(Ezg) inmeV  E(Ey,)ineV  y(Ey) in meV
Monolayer, 100 x — — 2.18 + 0.05 510 £ 50
Monolayer, — — 2.16 400
simulation
Bilayer, 100x 1.524 £ 0.005 325 + 15 2.04 £ 0.03 630 £ 20
Bilayer, 20x 1.52 + 0.01 330 £ 30 2.07 £ 0.05 620 £ 50
Bilayer, simulation 1.44 230 2.14 510
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formation.** Measurements of the near-field resonance via scanning optical
microscopy as a function of wavelength will help in clarifying this point.

Time-resolved transient absorption spectroscopy

To measure the electron dynamics in the gold nanoparticle layers, we utilized
time-resolved transient absorption (TTA) spectroscopy. In these experiments,
a probe pulse monitors the transient change in absorption in the visible (around
the E;, energy) region in order to follow the temperature increase in the electronic
system after the absorption of a strong pump pulse. Fig. 7a displays exemplary
TTA spectra with excitation at 1.27 eV, i.e. away from any pronounced resonance
of the gold layers. The spectra are dominated by the response of the bilayer (d = 40
nm). The sample consisted of bi- and penta-layer domains, but no visible light
was transmitted through the pentalayers over the spectral range of the probe
pulse. We observe a temperature increase of the electron gas after plasmon
excitation and dephasing; this results in a broadening of the E,, absorption,*
which generates a pronounced bleach with two positive sidebands in the differ-
ential spectrum* (Fig. 7a). The coupled plasmon modes at the long-wavelength
tail behave differently, thus resulting in asymmetry of the positive sidebands.
The intensity of the main bleach can be related to the electron temperature, but it
is sensitive to the experimental conditions.

The dynamics of the main bleach can be separated into three phases with
different timescales: contrast increase after plasmon dephasing and electron-
electron scattering (10 fs), electron-phonon coupling (1 ps), and cooling of the
nanoparticle (10 ps)* (see Fig. 7b). The data were evaluated with a bi-exponential
fit to obtain the characteristic time constants. Due to the linear heat capacity and
constant electron-phonon coupling, the observed electron-phonon coupling
time constant, ¢;, can be directly related to the initial excess temperature in the
electron gas.**** This quantity is less sensitive to experimental variations than the
bleach intensity.
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Fig.7 Time-resolved transient absorption (TTA) spectroscopy of gold nanoparticle layers
(d =40 nm, g =2 nm). (a) TTA spectra with excitation at 1.27 eV for selected pump-probe
delays. (b) Normalized intensity of the main bleach shown in (a). (c) Slope of the electron-
phonon coupling constant, t;, versus pump power for different pump energies measured
for a monolayer (blue) and a bi- and few-layer (red). (d) Absorbance spectra of the
monolayer (top, blue) and the bi- and few-layer (bottom, red).
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As the initial temperature scales linearly with the photon flux, the slope of the
electron-phonon coupling time (initial temperature) with photon input allows us
to assess the efficiency of the hot electron generation (Fig. 7c). We carried out
a general screening of the excitation-dependence between 1.2 and 2.0 eV. The
monolayer shows no dependence on the excitation energy, which is in agreement
with its structure-less absorption spectrum (Fig. 7d). In the bilayer we observe an
increase in the hot-electron generation efficiency at 1.65 eV, which corresponds to
the E,, resonance for this bilayer with d = 40 nm, as shown in Fig. 7d. The exact
dependence and origin of the increase of the slope of the electron-phonon
coupling constant is the subject of ongoing studies.

Optimization of nanostructure design for hot electron generation

Finally, we will show that the nanostructure design can be further optimized to
increase the hot electron yield by dark interlayer plasmon excitation. The surface
mediated damping, I's, which is relevant for hot-electron generation, increases
with decreasing nanoparticle size."***”*®* The quantum yield of hot electrons in
single metal nanoparticles decreases with increasing particle size, but remains
relatively large for diameters up to 30 nm. In Fig. 8a we show by simulation how
the absorbance spectra of gold nanoparticle bilayers evolve with decreasing
particle diameter. The narrow E,, absorbance peak remains well resolved down to
d = 20 nm. This is because the background refractive index (n = 1.4) reduces the
incident wavelength and increases field retardation. With decreasing particle
diameter, radiative damping is further suppressed thus reducing the width of the
dark mode. The dark mode can be characterized by the quality factor Q = E(E,g)/
v(E,g), which is associated with the field enhancement.’®* The highest quality
factor (Q = 22.5) is expected for a nanoparticle bilayer with d = 25 nm (see the
disks in Fig. 8b). This is much larger than the quality factor (Q < 8) of isolated
spherical gold nanoparticles of similar size;" in fact, Q reaches its limit for gold
nanostructures that is imposed by I',." For d = 10 nm, the width of the
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Fig. 8 Excitation of dark interlayer plasmons in gold nanoparticle bilayers with different
particle sizes. (a) Simulated optical absorbance of gold nanoparticle bilayers with different
particle diameters. Interparticle gaps of 2 nm and a background index of n = 1.4 were
assumed. (b) Quiality factor, Q = E(E,g)/v(E2g). and its product with the peak area, A(E;g), as
a function of nanoparticle diameter.
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Fig. 9 Increasing the dark mode absorption to 100% by destructive interference above
a gold mirror. (a) Simulated absorbance (blue) and reflectance (magenta) spectra of
a 46 nm gold nanoparticle bilayer placed on top of a gold substrate with a 102 nm thick
SiO; layer. Interparticle gaps of 2 nm and a background index of n = 1.4 were assumed. (b)
Explanation of the increase in absorbance. The transmitted and reflected light is cancelled
out by destructive interference when the optical distance between the bilayer center and
gold surface is a quarter of the dark plasmon wavelength.

absorption peak strongly increases. This is partially due to the strong damping by
the onset of the interband transitions, but an in-depth analysis of the simulations
is necessary to understand this behaviour.

The second important parameter for the generation rate of hot electrons is the
cross section for optical absorption. Considering both the quality factor and
absorption (see the diamonds in Fig. 8b), we identify 30 nm as the most prom-
ising nanoparticle diameter for the generation of hot electrons in colloidal bila-
yers. Measuring the steady-state and time-resolved absorption of bilayers with
varying nanoparticle diameter will be a way to verify our prediction.

Finally, we demonstrate that the optical absorption cross section of the dark
plasmons can be significantly increased when placed on top of a reflective
surface.*** We simulate the optical absorbance of a gold nanoparticle bilayer on
top of a gold substrate with a 102 nm thick SiO, layer. For a SiO, thickness that puts
the inversion center of the bilayer at A,/4 over the gold surface (A is the plasmon
wavelength), the absorption reaches 100% (Fig. 9a). This striking increase in
comparison with Fig. 6a is explained by a consideration of the destructive optical
interference of the transmitted and reflected light, as illustrated in Fig. 9b. The
colloidal gold surface may be optimized for perfect absorption by nanoparticles
with different diameters by adjusting the thickness of the SiO, layer to the dark
plasmon wavelength. The perfect optical absorption in combination with the sup-
pressed radiative damping will enable the efficient generation of hot electrons for
photocatalysis and plasmon-mediated chemical reactions.

Conclusions

In conclusion, we studied the optical excitation and decay of dark modes as a source
of hot electrons. Dark plasmons may be excited in colloidal gold bilayers through the
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use of linearly polarized light under normal incidence. This activation of optical
absorption is explained by field retardation and the comparatively large size of the
colloidal gold nanoparticles. We showed that the damping of dark modes is strongly
reduced in comparison to that of bright plasmons, because radiative damping is
absent. The generation of plasmonic hotspots in hexagonal close packed crystals
instead favours the decay by surface effects exciting hot electrons. We discussed how
to maximize the rate of hot electron emission by increasing the absorption efficiency
of the dark plasmons to 100% and reducing the nanoparticle size to make surface
effects dominant. Colloidal multilayers can be prepared over larger areas and hold
potential as large-scale and low-cost substrates for hot-electron harvesting.
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