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Abstract

Metal photoluminescence is of great interest as a probe for studying excited charges

in plasmonic nanostructures. However, the nature of the emission process is still

strongly debated. Here, we employ emission spectroscopy with various excitation

wavelengths to investigate the excitation pathway in films of gold nanoflowers. The

obtained data provide spectroscopic evidence that the luminescence is dominated by

Auger-excited intraband emission from gold nanoflowers. While the excitation spec-

trum clearly demonstrates absorption by interband transitions, the emission spectra

could be unequivocally assigned to intraband recombination. Our conclusion is cor-

roborated by a simulation of the wavelength-dependent inter- and intraband emission,

that excludes the interband recombination as a source for the observed emission. These

results suggest that Auger excitation is a promising route to generate energetic ”hot”

electrons with energies substantially above the Fermi level. Exploiting this effect could

strongly benefit applications for nano-luminescent probes and the progress of plasmon

catalysis.
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Figure 1: Possible emission processes in metal nanostructures: interband recombination of a
d -band hole, after exciting an electron to the conduction band (a), intraband excitation and
recombination from and to the Fermi level within the conduction band (b), Raman scattering
at electrons at the Fermi level (c), intraband recombination after Auger excitation by non-
radiative recombination of a d -band hole (d)

Introduction

Photoluminescence (PL) is usually associated with materials possessing an optical band gap,

such as molecules and semiconductors. It is less well-known that metals can also exhibit PL,

even though the first reports date back more than half a century ago.1–3 The recent progress

in the development of plasmonic metal nanostructures however increasingly draws attention

to the topic.4–8 Emission processes are enhanced by a locally increased photonic mode density

in the presence of surface plasmons.2,5,9 As a consequence, luminescence processes, negligible

for bulk metals, become relevant for nanostructures.

Early interest in metal luminescence arose from the desire to remove the spurious back-

ground observed in many surface-enhanced Raman (SERS) experiments.10–15 With increas-
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ing insights into emission processes, newer studies also attempt to utilize the light emission

from metal nanostructures, e.g. for imaging16–18 and sensing purposes.19–21 In particular, in

the rapidly growing field of plasmon-assisted chemistry, metal emission is employed as ex-

perimental probe to access charge density in plasmonic nanoparticles22,23 and study charge

transfer.24–27 Its temperature dependence moreover makes it a promising candidate for nano-

localized temperature measurements.28–32

For the continued development of these applications, a detailed understanding of the

emission process in different situations is critical. Despite the growing body of work, a vivid

debate surrounds the nature of the emission process. Early works described the high-energy

PL from bulk metals by interband transitions. Excitation of electrons from the d -band

leaves behind energetic holes that radiatively recombine with conduction-band electrons1,2

(Figure 1 a). In nanostructured metals, an additional low-energy, broadband luminescence

was frequently reported, that cannot be assigned to interband luminescence. Several authors

attribute this emission to surface-assisted recombination of electrons and holes within the

conduction band.4,5,33,34 This intraband luminescence requires the presence of a non-thermal

charge distribution in the conduction band, often referred to as ”hot” electrons5,8,34,35 (Fig-

ure 1 b). An alternative explanation argues that the signal arises from Raman scattering from

conduction band electrons, and does not involve an excited charge distribution15 (Figure 1

c).

In addition to these emission processes, a growing amount of evidence suggests the pres-

ence of Auger processes (Figure 1 d). This type of process describes the recombination

of electron-hole pairs, where the released energy is transferred non-radiatively to a third

charge.36 Auger recombination is widely studied in semiconductors,37–40 as a loss-process in

light-emitting devices39,40 and solar cells. In metals, Auger recombination has been proposed

for the recombination of a d -band hole with a conduction band electron that transfers its

energy to another conduction-band electron. Transient two-photon photoemission and lu-

minescence up-conversion measurements indeed suggest that the lifetime of d -band holes is
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determined by Auger recombination,36,41,42 limiting the radiative yield of interband recombi-

nation processes. Building on this insight, ”Auger excitation” of conduction band electrons

was proposed to explain an increase in the radiative quantum yield of intraband recombina-

tion for the excitation of single gold nanorods in the region of interband absorption.5 The

extent by which Auger processes influence the light emission remained however unclear.

In the present study, we provide evidence that the emission from disordered films of gold

nanoflowers (AuNFs) is dominated by the recombination of Auger-excited electrons in the

conduction band. AuNF films are well known for their high Raman surface enhancement, but

also for their considerable broadband background signal.31,43 To investigate the luminescence

process from absorption to emission, we performed a systematic study on the excitation

wavelength dependence of the luminescence. Comparing the emission and excitation spectra

to simulations of inter- and intraband emission and absorption revealed a luminescence

process in which photons are absorbed by interband transitions and emitted by intraband

recombination. We interpret these results as clear evidence for the presence of a highly

efficient Auger process that generates excited electrons in the conduction band.

Results and Discussion

Emission from gold nanoflower thin-films

The extinction spectrum of the AuNFs in aqueous solution exhibits a broad, but well-defined

surface plasmon resonance with a maximum at approximately 550 nm (Figure 2 a, black,

dashed line). In contrast, the absorption spectra of the films, obtained with an integrating

sphere, did not show a distinguishable plasmon resonance (Figure 2 a, orange line). Instead,

a very broad continuous absorption at longer wavelengths resembled the response of a quasi-

closed surface.44 Despite the lack of a distinguishable plasmon resonance on the macro-scale,

these films are known to support a strong SERS enhancement31,43,45 (see also Figure SI3),

demonstrating the presence of local hot-spots. Below 480 nm, the increasing absorption is
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similar for both the particle and the film and can be assigned to absorption by interband

transition.46,47

Figure 2 b presents the emission spectrum of the AuNF film for an excitation wavelength

of λex = 355 nm (blue line). The emission strongly resembles the plasmon resonance of the

AuNFs, as observed in the extinction spectrum of the particles in solution (black, dashed

line). This correlation between emission and plasmon resonance was reported for many

particles in literature.4,5,7,9,33,48–50 It is generally interpreted as evidence for Purcell enhanced

emission that results from locally increased photonic mode density connected to the plasmon

resonance.7,8 Interestingly, while λex was well below the onset for interband absorption in

this measurement, only a very weak emission was observed at the blue side of the emission

spectrum, where one would expect interband emission to occur. Interband emission from the

bulk of the film, that was reported by Mooradian 1 and Boyd et al.,2 seems to be insignificant

in our samples. We thus conclude that the emission spectrum is dominated by the emission

from isolated single particles or hot spots.

This observation is distinctly different from earlier studies on the emission of gold nanorods

and rough surfaces,1,2,4,7,38 which reported luminescence from interband recombination in the

bulk of the metal at wavelengths below the plasmon resonance. The sole investigation on

the luminescence from AuNFs we know of,49 only reported the emission for wavelengths

above 530 nm, for which the reported spectra were comparable to our measurements. The

irrelevance of interband emission from the bulk could thus be connected to the particle

geometry.

Integrated emission intensity: excitation processes

A deeper insight into the luminescence process can be obtained by studying the excitation

wavelength dependence of the emission spectrum. We recorded emission spectra for different

excitation wavelengths ranging from 425 nm, the minimum wavelength achievable with our

setup, to 620 nm in intervals of 5 nm (Figure 3 a)). The emission was separated from the
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excitation laser by longpass filters with a fixed cut-on wavelength. Because these filters limit

the possible excitation wavelength, we used two different filter stets with cut-on wavelengths

at 550 nm (window I: excitation: 410 nm to 540 nm, emission: 550 nm to 800 nm) and at

650 nm (window II, excitation: 500 nm to 620 nm, emission: 650 nm to 800 nm), to optimize

the trade-off between large spectral emission window and possible excitation wavelength.

The excitation power was carefully adjusted before each measurement to obtain the same

excitation density.

Most notably, increasing the excitation wavelength decreased the luminescence over the

entire spectrum. We would have expected the emission to increase for excitation wavelength

in the range of the plasmon resonance, if it originated from the excitation of energetic

electrons within the sp-band.7 However, no such behavior was observed. A model study by

Cai et al., on the emission quantum yield for four different wavelengths5 found a decreasing

yield for higher excitation wavelengths. They speculated that the involvement of Auger

processes might explain this trend. However, no evidence further supporting this claim was

presented.

Here, the continuous tunability of our laser allowed us to measure the luminescence for a

large number of excitation wavelengths (Figure 3 a). Moreover, by measuring the emission

intensity for different excitation wavelengths, we could determine the excitation spectrum

related to the emission of our samples (Figure 3 b). To this end, we integrated the emission

spectra over all wavelengths for each λex. The consistency between the spectra obtained from

both emission windows was ensured as we collected the emission for an excitation wavelength

of 525 nm in both spectral windows and adjusted the integrated emission from window II to

the emission from window I (see also SI for a detailed procedure).

Different from the absorption spectra in Figure 2, excitation spectra only reveal absorp-

tion processes preceding the observed emission signal. Here, we employed excitation spec-

troscopy to distinguish between the possible excitation pathways of gold nanostructures.

Figure 3 b) presents the excitation spectrum obtained from the emission in Figure 3 a).
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The excitation in Figure 3 b monotonically decreases with increasing wavelength and does

not exhibit any correlation to the plasmon resonance. Such a decreasing absorption towards

higher wavelengths is expected for absorption by interband excitation of d -band electrons.2

The excitation spectrum related to the possible processes involving sp-band electrons, i.e.

intraband absorption and electronic Raman scattering, on the other hand, should follow the

plasmon absorption (intraband) or scattering (Raman) spectrum.7,15 Therefore, the excita-

tion spectrum in Figure 3 b strongly suggests that the observed emission is preceded by

interband absorption. Moreover, in the case of electronic Raman scattering, the emission

should rapidly decrease away from the Raman laser wavelength. We would therefore expect

an additional strong decrease in the emission intensity of lower excitation wavelengths. This

is however clearly the case for the observed emission (Figure 3 b). We can therefore exclude

with a high degree of certainty electronic Raman scattering as the origin of the emission

from our AuNF samples.

To further investigate the absorption process, we compared the excitation spectrum to the

interband absorption of gold. Because the pure interband absorption spectrum is difficult to

determine experimentally, we employed a well-established method to simulate the interband

transitions.46,47,51,52 In short, the absorption was expressed via the dissipative, imaginary

permittivity connected to the interband transitions. Based on Fermis’ golden rule for a

system with a continuum of states, the imaginary permittivity can be expressed as:53

Im(ϵ(ωabs)) =
4π2q2e
ϵ0m2

eω
2

∫
A(Ef , Ei)ρAbs(Ef , Ei) · [fe(Ei, T )fh(Ef , T )]dE. (1)

Here, Ei and Ef = Ei+ℏωabs are the initial and final states connected by the photon energy

ωabs, and A(Ef , Ei) is an oscillator strength comprising the transition dipole moment. The

joint density of states (JDOS) for absorption, ρAbs(Ei, Ef ), gives the combined density of

d -band states with initial energy Ei and sp-band states with final energy Ef . The electron,

fe(Ei, T ), and hole, fh(Ef , T ) = 1−fe(Ef , T ), distribution functions describe the probability
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of finding an electron at the energy Ei and no electron (i.e. a hole) at the energy Ef .
52 As

the electrons are in thermal equilibrium before the absorption process, fe(E, T ) is given by

the Fermi-Dirac distribution for a temperature T .

To calculate Im(ϵ(ωabs)) at a given frequency ωabs, the integral in Equation 1 must in

principle be evaluated over the entire k -space. It can however be greatly simplified, as ρAbs

is strongly dominated by contributions from van-Hove singularities at critical points in the

band structure.54 The van Hove singularities relevant to the investigated energy range are

located close to the L- and X-points of the reciprocal lattice (Figure 4 a,b). Their absorption

edges are located at energies of approximately 2.2 eV and 1.8 eV. As F (Ef , Ei) varies only

marginally around the critical point, it can be viewed as constant and be removed from

the integral. The remaining integral was evaluated numerically. Further details on the

calculations can be found in the original Rosei references.46,47,55

Figure 3 b presents a comparison of the experimental excitation spectrum with the simu-

lated imaginary permittivity representing the interband absorption. The experimental data

exhibit a remarkable correspondence to the progression obtained from our simulation, up to

the form of the characteristic M1-type van-Hoove singularity at the X-point.54 From this

correspondence, we conclude that the observed emission is preceded by the absorption of

photons via interband transition.

Interestingly, the emission spectrum presented in Figure 2 b, did not exhibit emission at

the typical interband wavelengths. Moreover, the prominent presence of absorption at the

X-point is puzzling. Generally, emission at the X-point is considered unlikely. Interband

emission occurs if a d -band hole recombines with an arbitrary conduction band electron. At

close the X-point the excited hole relaxes towards the symmetry point in k-space, where no

electrons in the conduction band exist. At the same time the excited electrons relax away

from the symmetry point and are subsequently not available for recombination any longer.

Thus recombination can only occur for a small energy region, close to the wavelength of the

absorption2 (see also Figure 4 a)). Accordingly, literature does not report interband emission
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of gold in the NIR region.2,5,50 These discrepancies in the experimental observations indicate

a complex process for the emission. We propose that the observations can be reconciled,

if we assume a very efficient excitation of conduction band electrons by Auger excitation

(Figure 1 d).

Luminescence spectra: recombination mechanism

In the last section, we proposed that the excitation of electrons in the sp-band by Auger

recombination could explain our seemingly contradictory conclusion obtained from the emis-

sion and excitation spectra. In an Auger process, a d -band hole recombines with an sp-band

electron, but instead of releasing its energy by emitting a photon, excess energy and mo-

mentum are transferred to another electron in the sp-band (Figure 1 d). The energy of the

excited electron can be as high as the energy of the hole with respect to the Fermi level.

It can thus reach values comparable to those achieved by direct intraband excitation. A

fraction of the excited (or ”hot”) conduction band electrons subsequently relaxes radiatively

by surface-assisted recombination with holes at the Fermi level. The luminescence intensity

of the process is proportional to the number of photons absorbed by interband transitions,

while the emission spectrum resembles plasmon-enhanced intraband luminescence. As it is

in direct competition with the radiative recombination, a very efficient non-radiative Auger

recombination of d -band holes suppresses the interband luminescence.

To clarify whether the recorded emission spectra (Figure 3) indeed originate from intra-

band recombination, we simulated the excitation wavelength-dependent emission spectra for

inter- and intraband recombination processes. In general, the emission originating from the

recombination of electrons and holes can be calculated with a procedure similar to the one

we used to calculate absorptive transitions in the last section. To simulate the emission, we

explicitly calculated Fermis’ golden rule for systems with a continuum of states. Different

from Equation 1 the initial, Ei, and final, Ef = Ei − ℏωem, states are now connected via

the energy of the emitted photon, ℏωem.
2,8 Moreover, the emission also depends on the sur-
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rounding photonic mode density, ρphot, which is strongly increased by the plasmon resonance.

Therefore the emission rate reads:8

Γem(ωem) ∝ ρphot(ωem)|µ⃗|2 ·
∫

ρJ(Ei, Ef )fe(Ei, T )fh(Ef , T )dE (2)

The integral in Equation 2 can once again be limited to the critical X- and L-points and µ⃗

is assumed to be constant. The excitation wavelength dependence of the emission spectrum

then originates from the population-weighted joint density of states inside the integral, which

strongly differs for intra- and interband recombination. In particular, fe and fh become

non-equilibrium distributions different from the Fermi-Dirac distribution. We thus need to

compare the value of this integral between simulation and experiment.

The prefactors in Equation 2, in particular ρphot, strongly depend on the local environ-

ment. As these factors are constant in λex, we canceled their influence by calculating the

ratio of the emission for all λex to the emission spectrum excited at λex = 425 nm:

I

I425
=

Iem(λex > 425)

Iem(λex = 425)
(3)

The resulting spectrum is a measure of the change in the population-weighted JDOS that

can be readily accessed both by experiment and simulation.

Figure 5 b) presents I/I425 for all λex measured in window I. For all λex the amplitude

remains below one, reflecting the decreasing intensity of the emission, and the spectrum is

characterized by a slowly varying, flat progression. The weak minimum around λem < 560 nm

becomes more pronounced for higher λex. To clarify the emission mechanism, we compared

the I/I425 spectrum to simulations of interband and intraband emission.

We simulated the interband emission employing a model introduced by Boyd et al.2 In

short, it assumes that the electrons that are excited to the sp-band and the holes remaining

in the d -band can relax within their respective band before they recombine. This leads to

distributions, for both electrons (fe(E)) and holes (fh(E)) that exponentially decay away
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from the initial excitation energy (see Figure 4 c). For electrons it reads:

fe(E) = fT (E, T ) + Θ(E − E0) exp
E − E0

γe
−Θ(Eh,0 − Eh) exp

Eh,0 − Eh

γh
(4)

and accordingly for holes:

fh(Eh) = 1− fT (Eh, T ) + Θ(Eh,0 − Eh) exp
Eh,0 − Eh

γh
−Θ(E − E0) exp

E − E0

γe
(5)

Here, fT (E, T ) denotes the Fermi-Dirac distribution, Θ(E) the Heaviside function, E0 the

initial energy of the excited electrons,Eh,0 = E0 − ℏωabs the initial energy of the excited

holes and Eh = E − ℏωem the energy of emission. The parameters γe and γh are adjustable

exponential widths, representing the relaxation of electrons and holes before recombination.

We used a rough estimate of about 80meV, obtained from the lifetime of d -band holes of

τh < 50 fs.36,42

Using these charge distributions, we calculated the emission rate via Equation 2, where

ρJ(ωem) is identical to the JDOS determined for the absorption process, only now we use

the energy of the emitted photons ℏωem instead of ℏωex. Finally, we obtained the emission

spectrum taking into account the changing absorption for the different ωex as:

I(ωex) ∝ A(ωex) · Γem(ωem). (6)

The factors A(ωex) describe the change in the absorption relative to the absorption at λex =

425 nm, as determined from the excitation spectrum in Figure 3. The only variable factors

in this calculation are γe and γh.

The simulated I/I425 spectra for interband recombination are presented in Figure 5 a).

Most notably, for large λex the maximum of I/I425 increases significantly above one, even

though the relative absorption A(ωex) decreases. This behavior can be rationalized taking

into account the progression of the emission spectrum for interband recombination. Inter-
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band emission decreases exponentially away from the excitation wavelength.2,5 Thus, as λex

approaches the cut-on wavelength of the filter, the emission spectrum increasingly shifts into

the observation window and a larger fraction of the emission can be observed. A second

remarkable feature of the I/I425 spectra is the sharp drop above 600 nm. This observation

reflects the empty sp-band at the X-point (Figure 4 a), which prevents emission at ener-

gies below the onset of the interband absorption. The simulated interband emissions differ

strongly from the I/I425 spectra calculated from the experimental data. This confirms the

conclusion already drawn from the emission spectrum in Figure 2: the observed luminescence

does not originate from interband recombination.

Contrary to interband recombination, intraband recombination violates momentum con-

servation unless the missing momentum is provided by scattering at phonons or the surface

of a nanostructure.7,56,57 As a result, ρJ(Ei, Ef ) in Equation 2 can be assumed to be approx-

imately constant in ωex.
8,58 The form of the non-equilibrium electron and hole distributions

has been extensively discussed in literature by several groups. Most authors agree on a

flat distribution of excited electrons and holes, directly above and below the Fermi level

as depicted in Figure 4. Here, we applied the analytical formulation proposed by Dubi &

Sivan:8

f(E) = fT (E, T ) + ∆fNT
e (E)−∆fNT

h , (7)

∆fNT
e (E) = δE(E, T )

[
(1− fT (E, T )) · fT (E − ℏωex, T )

]
, (8)

∆fNT
h (E) = δE(E, T )

[
fT (E, T ) · (1− fT (E + ℏωex, T )

]
. (9)

The non-equilibrium terms ∆fNT
e (E) and ∆fNT

h (E) represent the excited distribution of

electrons and holes. They correspond to thermally smeared-out step functions, whose energy

width is given by the excitation energy. The parameter δE represents the strength of the
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population inversion (Figure 4) and is determined by the ratio of the excitation and decay

rates.8 As in particular the former depends on the absorbed light intensity, we assumed that

δE(ωex) = ζA(ωex). The proportionality constant, ζ, presents the sole fudging factor in the

model and was assumed to be identical for all ωex.

The simulated I/I425 spectra (Figure 5 c)) reproduce the general behavior of the ex-

perimental spectra (Figure 5 b)) surprisingly well. In particular, the flat behavior and the

gradual decrease for higher wavelengths are accurately described. The broadband emission

originates from the broad non-equilibrium charge distribution above and below the EF while

the gradual decrease towards lower wavelengths reflects its cut-off of the electron distribution

at the excitation energy (Figure 4 d). The lower the excitation energy, the further the cut-off

shifts to higher wavelengths. We achieved the best agreement between experiment and data

for ζ = 1×10−2 and resulting values for δE(ωex) between 2×10−3 and 10−2. This population

inversion is considerably larger than the inversion estimated for direct intraband excitation

of around δE ≈ 10−3 - 10−9 as predicted by Dubi & Sivan 58 for an 2.6× lower excitation

intensity.

The most notable deviation between experiment and simulation is a minimum between

550 nm and 560 nm in the experimental data the simulation could not reproduce. At this

wavelength, emission by interband transitions is expected. Hence, we attribute this deviation

to the presence of a weak additional interband recombination process.

The comparison between simulation and experimental data clearly confirms surface-

assisted intraband recombination as the origin of the observed luminescence. Thus, we

conclude that the most likely explanation for the luminescence observed from AuNF films is

indeed the recombination of charges within the conduction band that were excited by an effi-

cient Auger process. This interpretation is supported by several transient measurements that

cite Auger recombination as the lifetime-limiting process for d -band holes in gold,36,42 and

hence indicate that Auger recombination is more efficient than radiative interband recom-

bination. This also confirms speculations about the increase in quantum yield of interband
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luminescence by Auger processes.7 Why the Auger recombination process in the investigated

AuNF films is seemingly more efficient than in other nanostructures, up to a degree where

it fully suppresses bulk-interband recombination, remains unclear and should be the subject

of further investigations.

Finally, we want to note that in our opinion Auger excitation might also be of importance

for plasmon-driven photocatalysis. For example, the group of Baldi observed an isotropic

growth of a silver shell around a gold nanorod if the particle was illuminated at a wavelength

overlapping with the interband transitions while no growth was observed for excitation at

the longitudinal resonance of the rod at energies below the interband onset.59 The observed

growth however requires the presence of energetic electrons. These are not provided in an

interband transition but might be generated by Auger excitation. As our simulations indicate

that the population inversion in our samples is higher than expected from direct intraband

excitation, Auger excitation could be a feasible route to enhance the generation of ”hot”

electrons.

Conclusions

In this article, we investigated the origin of the strong luminescence from disordered films

of gold nanoflowers. To this end, we studied the excitation wavelength dependence of the

emission spectrum for excitation wavelengths from λex = 425 nm to 630 nm. The strong

correlation of the excitation spectrum extracted from this data with the interband absorption

of gold demonstrated that the emission is preceded by the excitation of an electron from

the 5d -band above the Fermi level. On the other hand, the spectral evaluation of the

luminescence with varying excitation wavelengths could only be explained by intraband

recombination within the conduction band as it could not be brought into agreement with

simulations of interband luminescence. We explain these observations with the presence of

an efficient Auger scattering process that produces an excited charge distribution in the
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conduction band by recombination of d -band holes.

These results shed new light on the debate on metal-luminescence. On the one hand, be-

cause the emission involves a real state, we can also exclude the involvement of an electronic

Raman scattering with a high degree of certainty. Moreover, the selection of an excitation

wavelength alone is not sufficient to conclude the presence or absence of interband lumines-

cence. Finally, in the investigated samples, the Auger excitation process is more efficient

than interband recombination or direct intraband excitation of ”hot” electrons. It is unclear

if this result can be generalized. However, it might potentially show a route to generate

energetic charges above the Fermi level more efficiently and hence could be of great interest

for luminescence or photostatic applications involving metal nanostructures.

Methods

Sample Preparation

We prepared thin films of gold nanoflowers (AuNF) according to a previously reported wet-

chemical method using a HEPES buffer solution as a structure-directing agent.43 Initially,

200µL of 100mM of HEPES buffer solution (pH 7.4 ± 0.5) were thoroughly mixed with

1.8mL water for 5min. Subsequently, 40µL of 25mM HAuCl4(aq) solution were quickly

added and the mixture was aged undisturbed for 2 h. The color change from pale yellow via

colorless to dark blue confirmed the growth process. The final AuNFs were centrifuged and

washed three times by re-dispersion in 500 µL water. Transmission electron-beam microscopy

(TEM) showed that the resulting particles resemble spheres with a diameter of (60± 5) nm

and an irregular surface with sharp edges (see Figure SI1).

Disordered films were prepared by drop-casting AuNFs onto Si substrates and drying the

samples for at least 3 h at room temperature. The latter were previously cleaned first by

30min UV-ozone plasma cleaning and subsequently by washing in ethanol and water. The

films show a high particle density with no regular structure (Figure SI2). After drop-casting,
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we cleaned the samples of any residuals by 60min UV-ozone plasma cleaning. Previous ex-

periments demonstrated a strong surface enhancement for Raman scattering (SERS) on these

types of samples, pointing to the presence of regions with high field enhancements.31,43,45

Raman measurements on the cleaned samples did not show signs of remaining contaminants.

Emission and Excitation Spectroscopy

Emission and excitation spectroscopy was performed using a home-built micro-spectrometer.

The samples were excited by a laser through a 60x objective (Nikon 60x Plan Fluor ELWD,

N.A. = 0.75) and the emission was collected in a reflection geometry through the same

objective. Excitation and emission were separated by a filter assembly (dichroic beamsplitter,

plus emission and excitation filters). The characteristics of the filter were chosen according

to the excitation wavelength. We used filter sets with cut-off wavelengths of 550 nm and

650 nm. The collected luminescence was detected by an EMCCD camera (Andor Newton)

behind a grating spectrograph (Andro Kymera 328i). For tunable visible excitation we

utilized a supercontinuum laser (NKT SuperK EXTREME) coupled to a monochromator

(NKT SuerpK Varia). The excitation power was fixed to 16 kW cm−2 (0.5mW @ 2µm

spot size) for all measurements and the spectral bandwidth was 10 nm. UV-excitation at

λex = 355 nm was performed with a separate cw-laser (Coherent GENESIS-355-150) adjusted

to the same excitation power.
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duces the experimental spectrum rather well (c). The spectra were determined for excitation
wavelength from λex = 430 nm to 550 nm.
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