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Lasing in nanoparticle arrays with complex unit cells

Rebecca Heilmann?®, Kristian Arjas®, and Paivi Torméa?

2Department of Applied Physics, Aalto University School of Science, P.O. Box 15100, Aalto,
FI-00076, Finland

ABSTRACT

In this work, we study lasing in plasmonic nanoparticle arrays with complex structures. Complex structures can
be formed by unit cells that contain more than one particle or by creating supercells i.e. giant unit cells, which
contain tens of particles. Here, we study lasing in supercell arrays which are based on a square array geometry.
The supercell is created by leaving certain lattice sites empty, creating an aperiodic pattern. This supercell is
repeated to form an array. We calculate the band structures of the arrays by combining the structure factors
of the lattice geometries with an empty lattice approximation. We show that by leaving certain lattice sites
empty, some of the destructive interference is removed, leading to additional dispersive branches. This provides
new band edges that support lasing. We experimentally demonstrate lasing in such supercell arrays which show
interesting lasing emission patterns and multimode lasing.
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1. INTRODUCTION

Arrays of metallic nanoparticles host surface lattice resonances (SLRs) which are hybrid modes of the diffracted
orders of the lattice and the plasmonic resonances of the individual nanoparticles. These SLRs provide narrow
linewidths and at the same time high optical field confinements.”” Combined with a gain medium, such as
organic dye molecules, such plasmonic nanoparticle arrays are an excellent platform to study light-matter inter-
action, including strong coupling, Bose-Einstein condensation, and lasing.® '3

The resonances of plasmonic nanoparticle arrays are controlled by the lattice geometry and lattice period,
where lasing has been realized in the high symmetry points of the arrays, for example in the I'-, K-, and M-points
in different lattice geometries.'*'® The high symmetry points open up band gaps, which in turn provide feedback
for lasing phenomena.

Complex array structures can be created by adding or removing particles in the unit cell. Arrays with more
than one particle in the unit cell have been utilized to realize lasing in bound states in continuum.'® 2% Super-
arrays, i.e. arrays arranged in patches provide multiple band edges as the SLRs of the individual array patches
couple to the Bragg modes of the superarrays. Multimode lasing has been shown in such superarrays.?’?2 In
addition, multimode lasing was observed in supercell arrays.?? Such supercell arrays are created by removing
particles in an array geometry leaving certain lattice sites empty. By removing the particles, larger aperiodic
patterns can be created, which form a supercell. These supercells are then arranged periodically into an array.
Removing particles leads to new dispersive modes as part of the destructive interference is removed, which in
turn provides new band edges where lasing can occur.

Here, we study a supercell array based on a square array geometry. The square array period is tuned over
a wide range of periods, while the supercell array structure stays the same. The presence of the additional
dispersive modes due to the supercell enable us to study lasing phenomena far away from the I'-point defined
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by the period of the underlying square lattice. For this, we combine the arrays with organic dye molecules as
a gain medium for lasing. Although the I'-point that stems from the square array period does not overlap with
the emission spectrum of the dye molecules, we observe lasing in the additional modes caused by the supercell
structure. We calculate k-space images using the empty lattice approximation based on the structure factor of
the supercell array for different square array periods and compare them to experimentally recorded full k-space
images to identify the lasing modes.

2. RESULTS

The complex unit cell nanoparticle arrays are based on a square array geometry with a period p. By removing
particles at specific positions in the square array, we create an aperiodic pattern which in turn creates a supercell
with a period P. The supercell pattern studied here is based on a 2D Thue-Morse sequence®®2® that creates a
supercell period of P = 32p as shown in Fig. 1 a). This supercell is repeated periodically, to form an array.

We study the array structure theoretically by calculating the structure factor and the empty lattice approx-
imation as discussed in detail in Reference [23]. The structure factor is a measure of the scattering properties
of an array of scatterers and contains information on constructive interference for every wave vector k. The
structure factor of the supercell array considered is shown in Fig. 1 b). The bright yellow spot in the center
of the Brillouin Zone (indicated by the blue dashed line) stems from the period of the underlying square lattice
period 27 /p and corresponds to the I'-point of the lattice. There are additional, red, spots visible in other parts
of the Brillouin Zone, albeit of less intensity. Due to the supercell period P the original Brillouin Zone is divided
into smaller Brillouin Zones 27/P and constructive interference is allowed in some of these smaller Brillouin
Zones caused by the missing particles.

The empty lattice approximation considers the free space photon dispersion || k ||= ,/k2Z + k2 = 2E " where

| k || is the in-plane wave vector, n the refractive index of the medium, E the photon energy, i Planck’s constant,
and c the vacuum speed of light. The free photon dispersion corresponds to a conical surface in k., k,, I -space
and is often referred to as a light cone. The simplest approximation of the photonic band structure is obtained
by taking the convolution of the structure factor and the light cones. In practice, this corresponds to placing
light cones in k-space and weighing them by the structure factor at their tip. To study the dispersions the band
structure is calculated for multiple periods as shown in Fig. 1 ¢-d). The I'-point of the underlying square lattice
is at an energy F = 2;—;“3 and is not visible in Fig. 1 ¢) and d) as it is at a higher energy for these periods. For
p = 580 nm, the T-point is located at an energy of 1.406 eV as shown in Fig. 1 e). In addition to the dispersion
branches that stem from the underlying square lattice, additional weaker features emerge due to the removed
particles. By changing the period of the underlying square lattice, the dispersion can be shifted to different
energies which allows for probing different modes experimentally.

Next, we study experimentally lasing in such supercell arrays. We fabricate nanoparticle arrays with an edge
length of 130 pm with electron beam lithography. The arrays consist of cylindrical gold nanoparticles with a
diameter of 110 nm and a height of 50 nm. The period p of the underlying square lattice is varied from 320 to
580 nm. We combine the arrays with a solution of organic emitters (IR 140) dissolved in a 1:2 mixture of benzyl
alcohol and dimethyl sulfoxide to match the refractive index n = 1.52 of the substrate. The concentration of the
dye molecules was 10 mM. We optically pump the system with a laser pulse of 800 nm center wavelength and
1kHz repetition rate. For increasing pump intensity, different lasing peaks are observed for different periods of
the underlying square lattice as shown in Fig. 2. For a period of p = 580 nm we observe one lasing peak at
an energy of £ = 1.404 eV, which corresponds to lasing in the I'-point of the underlying square lattice as the
threshold curve indicates in Fig. 2 a) as well as the spectrometer data in Fig. 2 b). For arrays with an underlying
square array period, where the I'-point does not overlap with the emission spectrum of the gain medium, we
indeed observe lasing in the new modes that stem from the supercell structure. Specifically, there are two lasing
peaks for a square lattice period of p = 500 nm at an energy of E = 1.408 eV (see Figs. 2 d,e)), and, similarly,
for a period of p = 320 nm we observe four lasing peaks at an energy of E = 1.399 eV (see Figs. 2 g)h).
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Figure 1. Schematic of the supercell array. a) Supercell structure of the particle positions, b) structure factor calculated
from supercell, the dashed blue lines indicate the Brillouin Zone caused by the underlying square lattice period p. The
intensity of the allowed constructive interference is indicated by the color scale, where low to high intensity is indicated
from blue to yellow. c-d) Calculated dispersions based on the empty lattice approximation of supercell arrays with different
square lattice periods p = 320, 500, and 580 nm. The refractive index of the medium is n = 1.52.

In addition to the emission spectra, we measured full momentum space images of the lasing emission for
arrays with different underlying square lattice periods p as shown in Fig. 2 ¢,fi) for p = 580 nm, 500 nm, and
320 nm, respectively. These images only contain information on the angular distribution of the lasing emission
from the arrays, however, they do not contain spectral information of the peaks, as only a long pass filter with
a cut-off wavelength of 850 nm was used. The circle in the momentum space images is defined by the numerical
aperture (NA = 0.3) of the objective and the two circles in the center visible in some of the measurements (e.g.
for p = 320 nm) are reflections of the pump beam at the sample substrate. Although most of the pump is filtered
out with the long pass filter, the tail of the pump is still visible, especially if the emission from the array is of
similar intensity such as in Fig. 2 i).

The spectrometer only records the data along 6, = 0, hence we were not able to record the spectra of peaks
that are not along 6, = 0. However, from Figs. 2 f) and i), it is evident, that there are more points, from
which the array emits light. For instance in Fig. 2 f) (p = 500 nm), there are additional peaks at 6, = +13.4°
and 0, = £3.4°. Similarly, weaker peaks are visible at 6, = £13.4° and 6, = £3.4°. For the array with the
period p = 320 nm in Fig. 2 i), the k-space emission pattern becomes more complex: for instance, there are four
additional peaks for combinations of 0, , 4+ 2.6°, as well as peaks at 6, = £10.5° and 0, = £4.1°. In addition, a
cross pattern of weak lines is visible, which corresponds to emission from the SLRs of the array.

Figure 3 shows the full k-space images of arrays that either did not show lasing or showed lasing in modes
that are not along 6, = 0. To understand the nature of the modes, we compare the measured k-space image
with theoretically calculated k-space images based on the empty lattice approximation. Since the empty lattice
approximation only gives information on the dispersions of the array structure and not on the modes that are
lasing, we benchmark the empty lattice approximation with an array that did not show lasing but showed emis-
sion from the SLRs in Figure 3 a) for an array with a period of p = 540 nm. The the experimental k-space data
is shown in the most left image,the simulated k-space image is shown in the most right image and an overlay of
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Figure 2. Lasing in supercell arrays with different periods of the underlying square lattice. Lasing in a supercell array
with a period p580 nm is shown in a) threshold curve, b) spectrometer data, and c) full k-space image. The threshold
curve, spectrometer data, and full k-space image for lasing in an array with a period p = 500 nm are shown in d), e), and
f), respectively. Corresponding images for lasing in an array with a period p = 320 nm are shown in g), h), and i). The
spectrometer and full k-space images are shown for a pump fluence of 0.0444 mJ/cm?.

experimental, and simulated data is shown in the central image and shows excellent agreement. In the case of an
array with p = 420 nm (see Fig. 3 b)), we experimentally observe several sets of four peaks close to each other,
where the sets closer to the center have the highest intensity. As none of these peaks is along 6, = 0, we cannot
study their spectral properties in the spectrometer. However, based on the simulations we find that these sets
of four peaks stem from several SLRs that overlap, creating a band gap that provides a ground state for lasing.
In Fig. 3 ¢), we show an array with a period of p = 380 nm, which again mainly shows emission from the SLRs,
however, this pattern appears much more complex than that in Fig. 3 a). We are able to reproduce the octago-
nal shape with the empty lattice approximation, enabling us to identify the SLRs from which the emission stems.

3. CONCLUSIONS

We experimentally studied lasing in supercell arrays and found that arrays showed lasing, although the period of
the underlying square lattice is far away from the I'-point. The supercell structure of the arrays allows for new
modes that provide feedback for lasing, even off-I'-point as long as they overlap with the emission spectrum of
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Figure 3. Comparisons with the theoretical predictions for systems with three different periods. The first row a)
corresponds to a p = 540 nm which did not show lasing in the experiments. The light cones are modelled as gaussians
with 0 = 4 x 1073 below lasing threshold (a) and ¢ = 4 x 10~* above lasing threshold (b and c¢). The second row b)
shows measurements from p = 420 nm where strong lasing peaks are observed. The lasing peaks can be seen at crossings
of a few of the strongest light cones. The third row c¢) corresponds to p = 380 nm where the octagonal shape observed in
the emission is reproduced by the light cones. It should be noted, that the strongest light cones are ignored in this plot
to highlight this shape. The experimental k-space data (first column) are shown for a pump fluence of 0.0444 mJ/ cm?.

Proc. of SPIE Vol. 12991 129910H-5



the gain medium. In addition, we observed simultaneous lasing from different angles, as well as complex emission
patterns in full k-space. We simulated the dispersions in k-space based on the empty lattice approximation and
found an excellent agreement with the measured k-space emission patterns, enabling the identification of the
modes.

As the empty lattice approximation does not contain any information on the plasmonic nature of the mode,
predictions on which modes will be lasing cannot be made solely based on this method. Although there appears
to be a connection between the lasing modes and the strength of the modes in the empty lattice approximation,?
some of the modes emitting were surprising. For instance, in Fig 3 c), the strongest light cones in the simulations
were ignored, to make the octagonal shape visible.

Nanoparticle arrays with complex structures offer a new degree of freedom in designing the band structure
of nanoparticle arrays. Supercell arrays specifically provide new possibilities for dispersion engineering due to
their rich band structure caused by the arrangement of the particles within the supercell.
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