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their properties strongly depend on the size and shape of 
the nanoparticles as well as on the local environment [2]. 
Metallic nanoparticles that are arranged in close-packed 
structures show high-amplitude localized electromagnetic 
fields, which are due to the coupling between neighboring 
nanoparticles [1–3].

Recently, there has been increased interest in plas-
monic nanostructures due to their promising applications 
[4]. Unique possibilities to guide and localize radiation by 
nanoscale structures lead to various applications, such as 
in surface-enhanced Raman scattering [5–10], photovol-
taics [11], and imaging and microscopy techniques, e.g., 
medical diagnostics [12]. For imaging, the detected radia-
tion can come from a range of nonlinear photon emission 
channels including white-light supercontinuum generation 
[13] and second [14, 15], third [16], and fifth [17] harmonic 
generation.

Ordered metallic nanostructures on the nanometer scale 
are generally prepared using either of two preparation 
schemes: (1) lithographic methods, in which, e.g., photon, 
electron, or ion beams are used to prepare ordered nano-
structures starting from solid films [3, 15, 18, 19] or (2) 
using modern methods of colloidal chemistry [20], where 
the nanoparticles are formed from readily available stock 
chemicals and the nanostructuring is achieved using self-
organization [10, 21]. In addition to these general schemes, 
combinations of both approaches have been reported, such 
as the formation of ordered nanostructures by using peri-
odic arrays of colloidal nanoparticles as masks for lithogra-
phy [22, 23] or by combining colloidal self-assembly with 
microcontact printing techniques [24].

Lithographic methods yield well-defined nanoscopic 
systems of various morphologies, size, and chemical 
composition. However, the devices used for lithography 
are complex and expensive [25–30], and the preparation 
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The experiments are accompanied by finite-difference 
time-domain simulations, which quantify the dependence 
of the field enhancement on the interparticle distance.

1 Introduction

Electromagnetic fields of suitable frequency can induce 
the collective oscillation of the conduction band electrons 
in materials, which is known to be due to the excitation of 
surface plasmons [1]. For metal nanoparticles, the localized 
surface plasmons appear near the nanoparticle surface and 
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of samples sizes of the order of several mm2 can be chal-
lenging [3, 19, 25–28]. Preparation of nanostructures from 
colloidal chemistry and self-organization appears to be a 
straightforward way to prepare inexpensive nanostructures 
of well-defined morphology where the arrays can exhibit 
large areas reaching into the square centimeter regime. 
However, the preparation of highly ordered nanostructures 
of large size may also be challenging [10]. This is the major 
motivation for the present work.

Modern methods of colloidal chemistry yield metallic 
and metal-dielectric nanoparticles in narrow size distribu-
tion [31–37]. These colloids are synthesized with well-
defined and controllable internal structure, shape, chemi-
cal composition, and surface functionalization. This also 
allows for tailoring the optical properties of the nanoscopic 
objects according to their specific use [38–46]. Examples 
of the various nanoparticle architectures that have been 
reported before include metal particles with silica shells 
[39, 40], dielectric cores with metallic shells [47], rods 
[43, 44], cubes [48, 49], prisms [50], and cages [51]. Self-
organization of such nanometer to micrometer particles 
yields highly ordered two- or three-dimensional struc-
tures. These are required for plasmonic applications, where 
metallic nanoparticles are used. Ordered arrays of nanopar-
ticles prepared by colloidal chemistry have been prepared 
and characterized before [52, 53]. It was shown that this 
approach offers also a convenient way to tune the nanopar-
ticle properties, such as their shape [54, 55] and chemical 
composition [56, 57].

Kim et al. [18] reported on the generation of XUV 
radiation in gaseous argon when the gas is in the vicinity 
of plasmonic bow-tie structures. The intensity of the laser 
radiation was orders of magnitude lower than the intensity 
generally needed for high harmonic generation in a gase-
ous sample, so that a femtosecond oscillator was sufficient 
for generating XUV radiation. This was interpreted as an 
indication for the process being initiated through locally 
enhanced electric fields at the corners of bow-tie struc-
tures. The plasmonic coupling between these structures 
increases the local electric field amplitude to intensities that 
are sufficiently high for XUV generation. Reproduction of 
the plasmon-enhanced high harmonic generation reported 
by Kim et al. has been proven to be difficult [58], and an 
alternative interpretation of the measured XUV photon 
emission has been proposed [17, 59]. Distinct lines in the 
emission spectrum evidently do not stem from the coherent 
process of high harmonic generation rather than from field-
enhanced atomic line emission due to relaxation of excited 
neutral and ionic argon atoms in the gas. Despite this, the 
principle of coherent XUV light generation in rare gases 
due to plasmonically enhanced near fields in nanostruc-
tures was recently studied theoretically by Yang et al. [60], 
where simulations employing the finite element method 

indicate that self-organized spherical Au nanoparticles give 
rise to greatly enhanced near fields. These are in principle 
sufficient for the formation of harmonics radiation. In the 
present work, experimental evidence for electric near-field 
enhancement is presented, which supports the theoretical 
predictions of Yang et al. [60] that arrays of self-organized 
Au particles represent a feasible way to achieve locally 
enhanced electric near-field amplitudes due to nanoplas-
monic coupling.

2  Experimental method

The experimental setup is schematically shown in Fig. 1. 
A Ti:sapphire oscillator (Vitesse-800, Coherent) is used 
to generate radiation pulses with a central wavelength of 
800 nm and a pulse length of 85 ± 5 fs. The photon band-
width is 11 nm (full width at half maximum) at a repetition 
rate of 80 MHz [61, 62].

An 8-mm-focal length lens is used to focus the femto-
second laser pulses onto the ordered Au nanoparticles, 
which are arranged as a thin film on a sapphire substrate. 
The peak intensity in the laser focus is estimated to be 
108 W/cm2, which is below the damage threshold of the 
nanoparticles [63]. The photon emission from the ordered 
gold nanoparticles is parallelized using a lens and is sub-
sequently focused onto a multicore fiber after removal of 
the scattered 800-nm radiation using a band-pass filter. The 
analysis of the spectral distribution of the photon emission 
is performed by using a fluorescence spectrometer (iHr 
550, Jobin-Yvon), where the photon emission is dispersed 
using a 300 lines/mm grating and the monochromatized 
radiation is detected by a charge-coupled device (CCD) 

Fig. 1  Schematic view of the experimental setup for detecting spa-
tially resolved photon emission from ordered nanoparticles excited by 
femtosecond laser pulses. See text for details
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camera (Symphony, Jobin-Yvon). Spatially resolved pho-
ton emission is detected by placing the sample on a mov-
able support in the plane that is perpendicular to the laser 
propagation direction. This is accomplished by using a 
translation stage.

The shape of the nanoparticles is an important param-
eter for plasmonic applications. Therefore, citrate-func-
tionalized spherical gold nanoparticles with a diameter of 
50 ± 4 nm are purchased from British BioCell Interna-
tional. The shape and size distribution are determined by 
electron microscopy.

The formation of smaller nanoparticles with diameters in 
the range of 10–20 nm is realized by sodium citrate reduc-
tion [64]. Ultrapure water and 1 % HAuCl4 aqueous solu-
tion are stirred and heated in a glass flask. When the solu-
tion boils, 1 % sodium trihydrate solution is quickly added, 
which turns the initially colorless solution swiftly red. The 
mixture is heated for 10 min to ensure complete nanoparti-
cle formation and is then placed to cool over night.

The spherical nanoparticles are arranged into arrays on 
a sapphire substrate by colloidal self-assembly at a water–
toluene interface [21]. Gold nanoparticles dispersed in 
water are covered by a layer of toluene. Ethanol is added 
until the gold nanoparticles are captured on the water–tol-
uene interface. The toluene is then removed by a syringe 
until the gold nanoparticles captured on the interface form a 
close-packed monolayer. A sapphire substrate is immersed 
into the mixture at an angle of 5°–10°, and the nanoparti-
cle monolayer film is attached to the substrate by lifting it 
out of the mixture. This yields a close-packed monolayer 
of nanoparticles on the substrate. The ordering of the nano-
particles in the arrays is characterized by scanning electron 
microscopy (Hitachi SU-8030). The electron beam is typi-
cally accelerated by 5 kV, yielding a typical spatial resolu-
tion of 1.5 nm.

A commercial simulation software is used to perform 
the simulations [FDTD Solutions V8, Lumerical Inc., Van-
couver (Canada)] using the finite-difference time-domain 

method, which solves the time-dependent Maxwell equa-
tions on a discrete mesh [65].

3  Results and discussion

The spectral characterization of photon emission from an 
ordered array of gold nanospheres is shown in Fig. 2.

This signal is due to nonlinear optical processes when 
the nanospheres are irradiated by weak femtosecond laser 
pulses at a central wavelength of 800 nm. The Au nano-
spheres have a diameter of 20 ± 3 nm and are surface func-
tionalized by citrate ligands. An electron micrograph of a 
section of the investigated array of nanospheres is shown 
in Fig. 2c, which indicates that the particles are mostly 
close packed and some defects are observed. It cannot be 
entirely ruled out that no multilayers occur at all within 
the square centimeter area of the arrays. However, elec-
tron microscopy clearly reveals that monolayers domi-
nate. Figure 2a shows the spectral regime corresponding 
to the third harmonic of the fundamental frequency, which 
is found at 267 nm, indicating that the local electric field 
at the surface of the Au nanospheres is sufficiently high 
to support this nonlinear photon conversion process. In 
Fig. 2b, the spectral regime containing the second har-
monic of the fundamental frequency (located at 400 nm) is 
found to be superimposed to a broad emission band, which 
is assigned to 2-photon photoluminescence. This band 
is observed between 400 and 650 nm. The assignment of 
second and third harmonic generation in Fig. 2 is based on 
the observed wavelengths of the sharp emission features, 
which corresponds to half and one-third of the wavelength 
of the incoming laser pulses, respectively.

The emission spectrum is recorded in two spectral 
regions. Third harmonic generation (see Fig. 2a) is moni-
tored by using a laser line filter centered at 266 nm [New-
port, Irvine (CA)]. Furthermore, second harmonic genera-
tion and 2-photon photoluminescence are recorded without 
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Fig. 2  Emission spectrum from ordered Au spheres (d = 20 ± 3 nm) 
excited by femtosecond laser pulses (λ = 800 nm, peak intensity 
I = 108 W/cm2, repetition rate = 80 MHz): a spectral region of the 
third harmonic of the fundamental frequency; b spectral region of 

the second harmonic of the fundamental frequency (sharp line) and 
2-photon photoluminescence (broad feature); c electron micrograph 
of the nanospheres under study
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this filter. A second filter for suppressing the scattered 800-
nm fundamental was used in both cases.

Second harmonic generation, as shown in Fig. 2b, cor-
responds to a surface-selective process occurring on spheri-
cal Au nanoparticles. Since the process is dipole forbid-
den in a sample containing inversion symmetry within the 
dipole approximation, it takes place only at the gold–air 
interface where the inversion symmetry is broken [66]. In 
addition, imperfections deviating from the spherical shape 
of the nanoparticles are known to enhance the second har-
monic signal [67]. In contrast, third harmonic generation 
is dipole-allowed [16]. The incoherent nonlinear 2-photon 
photoluminescence process is known to be a useful method 
for the characterization of plasmonic field enhancement 
in metal nanostructures [68]. The broad emission feature 
shown in Fig. 2b is attributed to a two-step process of two 
sequential one-photon absorption events followed by elec-
tron–hole recombination under emission of a photon [69]. 
Similar findings are observed for 50 ± 4 nm, which are dis-
cussed in the following, focusing specifically on the 2-pho-
ton photoluminescence.

In Fig. 3, the intensity-dependent photon yield in the 
emission wavelength range between 470 and 650 nm 
is presented from a self-organized array prepared from 
50 ± 4 nm spherical Au nanoparticles while varying the 
laser pulse energy using a λ/2 plate and a polarization filter. 
Fitting a power law to the experimental data yields I2-PPL α 
ILaser

2.1±0.1, where I2-PPL is the photon yield in the wavelength 
regime under study and ILaser is the power of the exciting 
laser pulses. The observed quadratic relationship fully sup-
ports the assignment of 2-photon photoluminescence [70]. 
The magnitude of the plasmonic coupling between adja-
cent nanoparticles is known to depend critically on the 
size, shape, surface roughness, chemical composition, and 
interparticle distance [4, 71, 72], which indicates that it is 
required to adjust reliably the interparticle distance by cit-
rate ligands, where also electrostatic repulsion is expected 

to play a role. The enhanced electric fields are certainly 
located between the particles, but also at the nanoparticle 
surface. Therefore, the nonlinear relationship between the 
2-photon photoluminescence yield and the field intensity 
(see Fig. 3) makes it a well-established tool to study local 
field enhancement at the surface of nanostructures [73, 74].

We also investigated the laser power dependence of the third 
harmonics, which yields for a sample that was slightly larger 
than the (60 ± 5 nm) particles under study ITHG α ILaser

2.8±0.3. The 
strong SHG signal from nanoparticles, as shown in Fig. 2, may 
appear counterintuitive at first glance. Evidently, this is due to 
the nanoparticle surface which provides the symmetry break-
ing needed for the SHG channel to be opened. In addition, 
any imperfections in spherical shape of the nanoparticles will 
enhance the SHG signal.

Figure 4 shows the spatial distribution of photon emis-
sion from nanostructured arrays of spherical Au nano-
particles (d = 50 ± 4 nm) that are self-organized on a 
1 × 1 cm2 sapphire wafer. The diameter of the laser beam 
is estimated to be 100 ± 10 µm, and the mesh size for map-
ping the 2-photon photoluminescence response is chosen to 
be identical to the laser spot size.

The focal peak intensity of the laser spot is chosen to be 
2 × 108 W/cm2, which is below the damage threshold for 
Au nanoparticles that has been reported to be 1011 W/cm2 
[75]. This is consistent with our experimental results, indi-
cating that no degradation in photon count rate is observed 
when returning to previously illuminated spots on the array.

Figure 4a displays regions of highly enhanced 2-photon 
photoluminescence emission, which is attributed to regions 
of the sapphire wafer where ordered Au nanostructures are 
found, and nanoplasmonic coupling between the nanopar-
ticles leads to a field enhancement at the nanoparticle sur-
face. This gives rise to nonlinear 2-photon photolumines-
cence (cf. Fig. 3). In order to have a robust measure of the 
enhancement due to plasmonic coupling, the photolumines-
cence intensity shown in Fig. 4a is compared to that of an 
aqueous dispersion of isolated Au nanoparticles of the same 
size. The concentration of nanoparticles in this dispersion 
is adjusted to 3 × 1013 particles/mL, yielding a mean inter-
particle distance of 261 ± 26 nm. This large interparticle 
distance ensures that plasmonic coupling between adjacent 
nanoparticles can be neglected. For the ordered nanoparti-
cles, the interparticle distance is estimated to be 5 ± 1 nm 
and plasmonic coupling is expected to play a significant 
role for the emission of 2-photon photoluminescence. 
Therefore, the fluorescence signal on isolated particles 
defines the photon emission signal per nanoparticle that is 
free of collective effects. A comparison of the fluorescence 
count rate from isolated particles and ordered nanoparticles 
on a sapphire wafer yields the enhancement factor, which is 
attributed to nanoplasmonic coupling between neighboring 
nanoparticles in the nanostructure. The number of isolated 
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Fig. 3  Intensity dependence of photon emission from ordered 
Au nanoparticles (d = 50 ± 4 nm) in the wavelength regime 470–
650 nm, which corresponds to 2-photon photoluminescence
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nanoparticles in the laser focus in the dispersion [cuvette 
length: 1 mm, laser focus: 100 ± 10 µm (full width at half 
maximum)] is estimated to be (2.6 ± 0.3) × 108 parti-
cles, which contribute to the photon emission signal. The 
spectral shape of the photon emission from colloids and 
arranged nanoparticles is identical, leading to the conclu-
sion that both contribute to 2-photon photoluminescence. In 
the laser focus on the substrate for a close-packed assem-
bly of d = 50 ± 4 nm Au nanoparticles and a spot size of 
100 ± 10 µm, the number of excited particles contributing 
to the 2-photon photoluminescence signal is estimated to 
be 4 × 106. The enhancement factor α is then defined by 
the count rate per second normalized to the number of nan-
oparticles contained in the focal volume:

Here, IOrdered and IIsolated refer to the 2-photon photolu-
minescence yield per nanoparticle in ordered arrays and 
from isolated nanoparticles in an aqueous dispersion, 
respectively.

As the yield of 2-photon photoluminescence depends 
quadratically on the electric near-field intensity (see Fig. 3), 
the enhancement factors shown in Fig. 4 correspond to the 
mapping of the electric near-field enhancement for each 
position in the nanoparticle array, where the local ordering 
of the nanoparticles plays a crucial role. The variation in 
the emission enhancement shown in Fig. 4a is understood 
to reflect variations in efficiency of the plasmonic coupling 

(1)α =

IOrdered

IIsolated

within the sample. Thus, regions of higher two-photon 
emission correspond to strong field enhancement, which is 
due to efficient nanoplasmonic coupling between particles. 
This property depends on the interparticle distance which 
evidently varies within the sample, as can be seen from the 
electron micrograph shown in Fig. 4d. There, regions of 
close packing of the gold nanospheres, as well as regions of 
less efficient packing with remarkable variety of distances 
on the nanometer scale are observed. Clearly, deviations 
from close packing are expected to result in less efficient 
nanoplasmonic coupling between the nanoparticles, which 
is due to the longer mean interparticle distance and leads in 
turn to a lower enhancement of the 2-photon photolumines-
cence. These variations in distance are far below the spatial 
resolution of the 2-photon photoluminescence map shown 
in Fig. 4a.

Figure 4a reveals an up to 600-fold enhancement of the 
2-photon photoluminescence per nanoparticle in arrays, as 
compared to the colloidal solution samples. If the distance 
between the Au nanoparticles in the ordered nanostructures 
is sufficiently short, the near fields of individual nanopar-
ticles overlap, which results in efficient enhancement of 
nonlinear optical processes. The interparticle distance is 
influenced on the one hand by the length of the organic 
ligands which determine the closest packing of the ordered 
nanoparticles on the substrate. An analysis of the interpar-
ticle distance in electron micrographs (see Fig. 4d) yields 
mean interparticle distance for close-packed Au spheres of 
5 ± 1 nm along the interparticle axis. On the other hand, 
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Fig. 4  Two-photon photoluminescence emitted from ordered spher-
ical Au nanoparticles (d = 50 ± 4 nm) irradiated by 800-nm laser 
pulses of 2 × 108 W/cm2: a spatial distribution of 2-photon photolu-
minescence from an 8 × 8 mm2 sample. The false color scale refers 
to an enhancement relative to a sample containing aqueous colloids of 
identical Au nanoparticles with a concentration of 3 × 1013 particles/
mL, where plasmonic coupling between the nanoparticles does not 
occur due to large interparticle distances; b emission spectrum from 

the ordered Au nanoparticle sample shown in (a), where the emission 
is attributed to 2-photon photoluminescence recorded at the position 
of the red circle shown in (a); c photograph of the sapphire wafer. 
The dark regions correspond to areas with significant coverage of 
ordered nanoparticles. d Electron micrograph of ordered Au nanopar-
ticles reveals predominantly a close-packed monolayer structure of 
gold nanoparticles. In addition, some defects are observed
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structural defects lead to a distribution of larger distances, 
as can be seen in Fig. 4d, which correlates qualitatively 
with a lower efficiency of 2-photon photoluminescence.

A comparison of the photoluminescence map shown 
in Fig. 4a to a photograph of the sapphire wafer (Fig. 4c) 
reveals a close correlation between regions of enhanced 
2-photon photoluminescence in the map (see Fig. 4a). The 
darker regions in the optical photograph (see Fig. 4c) are 
assigned as regions with significant coverage of ordered 
nanostructures, whereas lighter gray tones correspond to 
regions exhibiting less coverage due to defects. Darker 
regions in Fig. 4c may also be attributed to multilayers 
of nanoparticles, but the analysis by electron microscopy 
indicates that the self-organization process strongly favors 
monolayers of nanoparticles. These similarities support 
the assignment of the enhanced 2-photon photolumines-
cence as being due to field enhancement in the ordered 
nanostructures.

Finite-difference time-domain calculations are con-
ducted in order to simulate the electric near-field enhance-
ments by plasmonic coupling between ordered Au nan-
oparticles. The simulations are conducted for 50-nm 
particles using incident radiation with a central wave-
length of 800 nm and a spectral width (full width at half 
maximum) of 11 nm. Thus, both the size of the nanopar-
ticles and the laser parameters used for the simulation 
are similar to those used in the experiments. An array of 
spherical 50-nm Au nanoparticles is simulated for dif-
ferent distances between the close-packed spheres. The 

surroundings are taken to be air, and the refractive index 
of gold (0.16 + 5.083i) is taken from Ref. [76]. Further-
more, a mesh size of 0.5 nm is used for the simulations. 
The results of the simulation are shown in Fig. 5. For the 
simulations of the near-field enhancement in Au arrays, 
the nanoparticle surroundings are assumed to be air, rather 
than being dominated by the sapphire substrate. Diefen-
bach et al. [55] reported recently surface plasmon induced 
photoconductance in gold nanorods where optically 
induced heating of the array substrate was found to influ-
ence the plasmonic coupling between the nanoparticles. In 
our experiments, however, the highest field enhancements 
are expected between two nanoparticles, i.e., at the air–Au 
interface. Therefore, we do not include possible changes to 
the refractive index of the substrate due to heating in the 
present simulations.

Figure 5a shows a cut through the simulation results in 
the plane which contains the centers of the spheres, where 
the highest field enhancement is expected. The black dou-
ble-headed arrow indicates the polarization axis of the 
laser pulses. The simulation reveals the maximum electric 
field enhancement to be observed when the axis connect-
ing the nanoparticle centers is parallel to the polarization 
axis of the radiation. Electric near-field enhancement is 
also observed at the interparticle axis that has an angle of 
45° to the polarization axis, but of significantly lower mag-
nitude. For a comparison, Fig. 5b shows a similar simu-
lation for an isolated Au nanoparticle contained in water, 
which corresponds to the reference system used to derive 

Fig. 5  Simulation of the experi-
mental results on spherical Au 
nanoparticles (d = 50 nm, see 
text for further details). The 
incident light propagates from 
above the plane of the paper, 
and the polarization axis of the 
radiation is set to be vertical and 
is indicated by arrows: a simu-
lation of maximal electric field 
amplitudes in an array with an 
interparticle distance of 8 nm; 
b results for a single spherical 
Au nanoparticle embedded in a 
water matrix; c maximum elec-
tric near-field enhancement in 
self-organized arrays of spheri-
cal Au nanoparticles. Right 
hand axis maximum electric 
near field relative to the field 
amplitude of the incoming laser 
pulses. Left hand axis maximum 
electric near field relative to 
isolated particles in dispersion. 
The black line serves as guide 
to the eye
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the experimental enhancement factor. For the simulation 
shown in Fig. 5b, the refractive index of water (n = 1.329) 
reported by Hale and Querry [77] is used.

The results of the simulations for the maximum elec-
tric near-field enhancement in arrays of Au nanoparticles 
are displayed in Fig. 5c as a function of interparticle dis-
tance between the nanoparticles along the axis parallel to 
the polarization axis of the laser pulses. For the interpar-
ticle distances simulated, the coupling between the elec-
tron clouds of adjacent particles is significant, leading to 
electric near-field enhancement. The field enhancement 
decreases exponentially as the distance is increased, which 
is in agreement with previous findings [78].

The left-hand axis in Fig. 5c indicates the electric near-
field enhancement in arrays compared to the near-field 
enhancement in identical isolated nanoparticles. The near-
field intensity enhancement reaches up to 25 times the 
enhancement of isolated particles if the interparticle dis-
tance is around 5 nm.

Since the yield of 2-photon photoluminescence is 
expected to increase quadratically with the field intensity, 
a photon emission yield enhancement of 625 is expected, 
if the field enhancement factor is 25. This agrees well 
with the experimental findings, where an optimal emis-
sion enhancement from ordered Au spheres of 600 ± 60 
times relative to that of isolated Au spheres is found for 
conditions in which the interparticle distance is deter-
mined to be 5 ± 1 nm. The photon emission enhancement 
from nanoparticles with small interparticle distances, i.e., 
around 4 nm, is expected to be higher, but since the focal 
spot is estimated to excite about 4 × 106 particles, the pho-
ton emission signal will largely reflect the most probable 
interparticle distance, i.e., 5 nm. Although the experimen-
tal findings indicate a maximum photon emission enhance-
ment of 600 ± 60, several regions of lower photon emission 
enhancement are observed in the experimental results (see 
Fig. 4a). The simulations indicate that the electric near-field 
enhancement depends critically on the interparticle dis-
tance, and thus the experimental regions of lower photon 
emission enhancement are rationalizedas regions where the 
packing of the Au spheres deviates from close packing and 
may include defects, as shown in Fig. 4d. The highest field 
enhancements were found near nanoparticle surfaces using 
the FDTD method. The results depend slightly on the size 
of the grid that was chosen for the simulations. A choice 
of a smaller mesh size usually leads to higher maximal 
field enhancements at the nanoparticle surface. The mesh 
size of 0.5 nm used for the present simulations was cho-
sen such that the experimentally observed photon emission 
enhancement can be reliably explained, while keeping the 
required computing time, which scales with the inverse 
third power of the mesh size, to a few hours using a per-
sonal computer. Since a smaller mesh size would result in 

even higher maximal field enhancements, the simulations 
indicate that the near-field enhancement due to plasmonic 
coupling is still a plausible explanation for the experimen-
tally observed increase in photon emission.

In the context of the recent theoretical predictions of Yang 
et al. [60] who simulated field enhancement in arrays of 160-
nm Au nanoparticles with interparticle distances of 2 nm, the 
interparticle distance regime explored in the present work is 
slightly larger. Shorter interparticle distances are expected to 
lead to higher electric near-field enhancements and in turn to 
higher photon emission yields. However, the present findings 
can be seen as an experimental verification of the predictions 
of Yang et al. [60] despite the interparticle distances in the 
present work being slightly larger.

4  Summary and conclusions

In conclusion, electric field enhancement in self-organ-
ized arrays of spherical Au nanoparticles (20 ± 3 and 
50 ± 4 nm) due to nanoplasmonic coupling is studied. 
The field enhancement is quantified by measuring spatially 
resolved photon emission from the nanoparticle arrays, 
which exhibits 2-photon photoluminescence as well as 
second- and third harmonic generation. The photon yield 
of these emission channels is a sensitive probe of the effi-
ciency of nanoplasmonic coupling between nanoparticles. 
An up to 600-fold increase in 2-photon photoluminescence 
per nanoparticle in a nanostructure is observed as com-
pared to the yield of isolated nanoparticles in an aqueous 
dispersion, where the long distance between the nanoparti-
cles rules out efficient plasmonic coupling. The results are 
rationalized by finite-difference time-domain simulations 
of arrays of self-organized Au nanoparticles. The simula-
tions reveal a field enhancement at the surface of the nano-
particles that are arranged in an array. The field enhance-
ment decreases exponentially with increasing distance 
between the nanoparticles. In the present work, the distance 
between the nanoparticles is 5 ± 1 nm, which reflects the 
choice of surface-bound ligands stabilizing the nanopar-
ticles. There is an agreement between the present simu-
lations and the experimental results, demonstrating that 
strong nanoplasmonic field enhancement explains in arrays 
of self-organized Au nanoparticles the 2-photon photolumi-
nescence in arrays of nanoparticles, which cover an area of 
several mm2. The present findings demonstrate an efficient, 
simple, and low-cost method to generate mm2-sized arrays 
of ordered nanoparticles for plasmonic applications.
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