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We demonstrate a surface lattice resonance (SLR)-based plasmonic
nanolaser that leverages bulk production of colloidal nanoparticles
and assembly on templates with single particle resolution. SLRs
emerge from the hybridization of the plasmonic and photonic
modes when nanoparticles are arranged into periodic arrays and
this can provide feedback for stimulated emission. It has been
shown that perfect arrays are not a strict prerequisite for producing
lasing. Here, we propose using high-quality colloids instead. Silver
colloidal nanocubes feature excellent plasmonic properties due to
their single-crystal nature and low facet roughness. We use
capillarity-assisted nanoparticle assembly to produce substrates
featuring SLR and comprising single nanocubes. Combined with
the laser dye pyrromethene-597, the nanocube array lases at
574 nm with <1.2 nm linewidth, <100 pJ cm™2 lasing threshold,
and produces a beam with <1 mrad divergence, despite less-than-
perfect arrangement. Such plasmonic nanolasers can be produced
on a large-scale and integrated in point-of-care diagnostics, photo-
nic integrated circuits, and optical communications applications.

Introduction

The demand for miniaturization and improved efficiency of
coherent light-emitting devices has steadily increased over
time." Small lasers operating at the nanoscale can benefit
applications such as optical communications, sensing, bioima-
ging, photonic circuits, etc.,> where a superior size-to-efficiency
ratio and decrease in power requirements are particularly
attractive. Making nanolasers requires ultimate control of light
fields at the nanoscale, and metasurfaces, 2D collections of
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New concepts

Small plasmonic nanolasers based on surface lattice resonance are a
unique counterpart to 2D distributed feedback lasers by exclusively
utilizing localized surface plasmon resonance supporting scattering
units. Although they have been extensively researched since 2013, these
nanolasers have predominantly been fabricated using bottom-up
techniques like physical vapor deposition, resulting in polycrystalline
nanoparticles. This universally leads to diminished scattering properties
compared to those calculated in numerical models, introducing
additional absorptive losses due to grain boundary scattering of
plasmons. Moreover, a critical question in the field has been: how
much order is necessary for these plasmonic systems to sustain lasing
modes? Interestingly, it has been found that perfect order is not essential;
in fact, a certain degree of disorder can enhance lasing characteristics.
Thus, our work demonstrates a conceptually new way of thinking about
the fabrication of these systems: employing mass-produced
monocrystalline silver nanocubes as building blocks and assembling
them on templates for plasmonic nanolasers. Using template-assisted
assembly with single-particle resolution on a large scale, our systems
provide lasing feedback and coherent light emission on-par with
polycrystalline counterparts in the existing research—but on a scalable
platform. This insight challenges the conventional need for highly
ordered, cleanroom-produced systems and presents a new method to
create more cost- and time-efficient, robust plasmonic nanolasers.

nanostructures, are excellent at this task. In particular, plas-
monic metasurfaces enable precise control over light-matter
interactions leading to enhancements in light emission, con-
finement, and manipulation by squeezing electromagnetic
fields to subwavelength scales in the near field.?

Plasmonic metasurfaces can feature surface lattice reso-
nances (SLRs) - collective in-phase excitations formed by
localized surface plasmons (LSP) of nanoparticles and diffrac-
tive photonic modes of the lattice. These SLRs have been
extensively studied and reviewed.* One of the applications of
these hybrid plasmonic-photonic modes is light amplification
and stimulated emission.”>® When a SLR-supporting plasmo-
nic system is in contact with a medium that can provide gain,
the lattice resonance acts as a feedback mechanism, amplifies

This journal is © The Royal Society of Chemistry 2025
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photoluminescence (PL) and can generate light that is both
spatially and temporally coherent.

The first SLR-based nanolasers were made using electron
beam deposited gold” and silver® nanocylinders and organic
dyes. Subsequent research expanded on this foundation to
achieve wavelength tunability via the refractive index’ and
stretching of elastomer substrates,'® direction of emission
control via multiple lattice modes,"" ™" and switching using
magnetic fields."* Apart from dyes, quantum dots*>™*® and up-
converting nanoparticles'® have also been used as gain materi-
als. Emission wavelengths from UV using aluminum nano-
particles to NIR using gold have been demonstrated, and a
combination thereof accomplished white-light lasing.>°

While most reported SLR-based nanolasers are fabricated
using either e-beam lithography”®'>'42°2% or the PEEL
method (a combination of phase-shifting photolithography,
etching, electron-beam deposition and lift-off of the film),*
recent studies have shown that nanolasing can still occur even
when a significant fraction of nanoparticles is absent from the
array or the lattice order is decreased.'>**** Interestingly,
removing some fraction of particles can even help to outcouple
light and increase the slope of the input-output curve while
maintaining a similar threshold.>® This intriguing finding
suggests that defect-free lattice fabrication through lithography
may not be strictly necessary and opens the door to bottom-up
methods that can offer improved scalability and cost at the
expense of accuracy and precision.

An attractive prospect in this regard is the use of colloidal
nanoparticles.>® Highly crystalline colloids can be synthesized
on a large scale.”” Crystallinity ensures superior scattering-to-
absorbance ratios versus physically deposited polycrystalline
materials with grain boundaries and rough facets that generate
absorptive damping.”®*° Furthermore, these colloids are avail-
able in a variety of shapes, which could enable intelligent
engineering of hot spots and facilitate anisotropic Purcell
enhancement of the gain media for tunable devices.>**" The
challenge then lies in arranging these nanoparticles in a
manner conducive to providing lasing feedback.

Template-assisted nanoparticle assembly is a robust techni-
que that can address this task.**”>* A variation of it has been
used to produce a colloid-based nanolaser, where drop casting
in combination with stamping of a patterned elastomer mold
yielded clusters of nanoparticles.>® Capillarity-assisted particle
assembly (CAPA) is another variation that allows a high degree
of control of the number of particles per unit cell, down to
single particle precision.>*?® In earlier work, we have shown
that this method can produce nanoparticle assemblies on a
large scale (>1 cm?) and can feature high-quality SLRs.>*”

In this study, we exploit the template-assisted approach to
fabricate nanolasers using single, monocrystalline Ag nano-
cubes arranged in a subwavelength lattice (Fig. 1). By leveraging
CAPA we successfully formed square plasmonic arrays featuring
a sharp SLR. We then demonstrate lasing in the presence of
a fluorescent dye with a threshold comparable to that of
substrates developed using lithography-based methods. We
comprehensively characterize the lasing emission, including

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 A nanolaser based on assembled colloidal nanoparticles. Sche-
matic of an optically pumped nanolaser device comprising a self-
assembled array of monocrystalline Ag nanocubes and organic dye. When
pumped beyond the threshold using 515 nm light, the device lases at
574 nm, consistent with the fluorescence of the pyrromethene-597 dye
and surface lattice resonance-based feedback.

parameters such as emission spectra, threshold, beam profile,
and polarization.

Results
SLR-based feedback design and nanolaser fabrication

Nanolaser design. The design of a nanolaser with SLR-based
feedback, not unlike any other optically pumped laser, requires
a good match between material properties and excitation con-
ditions. Achieving population inversion and stimulated emis-
sion at the designed wavelength relies on engineering a spectral
overlap of the three major components: the pump needs to
coincide sufficiently with the absorption of the gain medium,
and the photoluminescence (PL) of the gain needs to match the
resonant frequency of the resonator. We chose the pumping
source to be our entry point to this problem and opted to use
the second harmonic of the Yb:KGW laser at 515 nm, emitting
270 fs pulses. Pyrromethene 597°%3° (P597) was then an excel-
lent spectral match for the pump wavelength with a high
conversion rate (>30%) and a proven track record as a laser
dye.’®*! P597 has a strong emission peak centered at ~580 nm,
which is attainable for silver photonics.

The next step is designing the feedback mechanism, which
in this case is the SLR of the plasmonic Ag nanocube array. The
empty lattice band structure (Fig. 2A) of a square array with a
periodicity of 400 nm in the PDMS environment (n = 1.42)
features a flat band (zero group velocity) at the I' point with a
wavelength of ~ 562 nm, matching the PL of the dye (Fig. 2B). A
high density of optical states is thus expected at this point,
which may be sufficient to provide lasing feedback.” We then
populate this lattice using plasmonic nanoparticles to form a
high-quality SLR.

The quality factor of the SLR is highest when the localized
surface plasmon resonance (LSPR) of individual nanoparticles
is somewhat blue-shifted with respect to the Rayleigh anomaly
(RA) of the lattice (marked as solid lines in Fig. 2A and dashed
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Fig. 2 Nanolaser design. (A) Empty square lattice band structure (A = 400
band at the T' point. Nanolaser pumping wavelength is indicated by

nm, n = 1.42) with an indicated SLR location (dashed red line) forming a flat
a dashed green line, overlapping the absorbance of the dye. (B) The

photoluminescence and absorbance of the gain (P597 laser dye). (C) Calculated scattering cross-section spectrum of a = 65 nm edge length Ag
nanocubes. The vertical dashed line indicates the location of the RA at the T" point. (D) Calculated transmittance spectrum of Ag nanocubes in the array
(shaded curve is a Lorentzian fit and the location of the Rayleigh anomaly is indicated by a vertical dashed line). (E) Calculated electric field intensity
distribution of Ag nanocubes in the array at the SLR wavelength (4 = 581 nm) when illuminated by a normally incident, x-polarized plane wave.

lines in Fig. 2C and D). Since we have established the spectral
location of the flat band in the previous step, the target is to
find nanoparticles with a blue-shifted scattering peak and
minimal absorption. We use Ag nanocubes because they can
be synthesized in a monocrystalline form with smooth facets
and we expect them to have an improved scattering-to-
absorbance ratio compared to vacuum-deposited material.*?
We ran electromagnetic calculations using a nanocube geome-
try and found that @ = 65 nm edge length particles will fit the
scattering requirement (blue shift with respect to the RA) very
well (Fig. 2C shows the calculated scattering cross-section). In
subsequent calculations, we set periodic boundary conditions
with a periodicity of 400 nm. Unsurprisingly, the system
features a strong resonance at 581 nm (Fig. 2D), and the electric
field intensity distribution at this wavelength (Fig. 2E) showed a
standing wave pattern as well as strong hot spots around the
nanoparticles, characteristic of the delocalized photonic-
plasmonic SLR mode. The calculated dip in transmittance
has a FWHM of ~5.8 nm, resulting in a theoretical Q factor
of ~100 and overlapping the PL of the gain.

Nanolaser fabrication. We used CAPA to position the synthe-
sized colloidal nanoparticles with single-particle resolution (see
the ESIt for the synthesis method).** To use this technology, a
patterned template is required, which we produce by molding a
PDMS replica from a silicon master prepared by common
nanofabrication routes (Fig. 3A). A distinct advantage is that
the replication process can be repeated multiple times without
compromising the structure, minimizing the need for expen-
sive lithography processes associated with nanofabrication
while ensuring reproducibility (Fig. 3B). A scheme of the CAPA
deposition process is shown in Fig. 3C, where the colloidal
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solution is injected between the PDMS template and a station-
ary glass slide. The template is then translated relative to the
latter, and its temperature is elevated until nanoparticles
accumulate at the meniscus. The nanocubes are coated by a
thin layer of poly-vinyl-pyrrolidone (PVP, ~2 nm). This aids the
stability of the colloid, especially since dimethylformamide that
we use is a theta-solvent for PVP. Colloidal stability is of utmost
importance for single particle assembly, as agglomerating
nanoparticles can either get stuck in the colloidal solution
and prevent single particles to access the template, or get
deposited on the template as a large defect, which also distorts
the assembly process around it. Under optimal conditions, the
nanoparticles are trapped in the pattern on PDMS with a single-
particle resolution as the solution withdraws. An SEM micro-
graph of an assembly is shown in Fig. 3D and a full sample
camera photograph, optical dark-field micrograph, and a large
area SEM micrograph are displayed in the ESI,{ Fig. S1.

There is some unintended disorder within these arrays,
similar to the purposely introduced disorder reported in pre-
vious work.”® The measured extinction of the assembly
(Fig. 3E, red curve) still showed a high-quality SLR resonance
(4 =572 nm, Q = 66), which matches the calculation in Fig. 2D
and overlaps the gain PL (Fig. 3E, pink curve).

After assembly, the substrates are preemptively soaked in a
5 mM P597 solution in DMSO: EtOH (2 : 1) overnight, improving
stability and preventing dye diffusion into PDMS during experi-
ments (Fig. 3C). Finally, a drop of dye solution is placed on the
substrate and covered with a cover slip. We found that the
nanoparticles stay in place because the trap size is very close to
the dimensions of the particles, leaving no room for movement
and even requiring substantial persuasion to remove them.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Nanolaser fabrication based on nanoparticle self-assembly. (A) A master stamp is designed for a lattice resonance at a target wavelength and
fabricated following standard lithography patterning and etching routines. (B) The pattern is transferred to a PDMS film via soft-lithography and this
process can be repeated many times, providing templates for numerous devices. (C) Ag nanocubes featuring a LSPR close to the target wavelength are
assembled into the template using CAPA. The devices are then soaked in a dye solution before being interfaced with an additional drop on top, confined
by a glass cover slip. (D) An SEM micrograph of assembled nanocubes in a PDMS template. Inset shows a TEM micrograph of the nanocubes.
(E) Experimental spectra of nanocubes in solution vs. in array, and the PL spectrum of the dye. The vertical dashed line indicates the location of the RA at
the T point in PDMS. (F) The nanolasers are characterized after pumping with a 270 fs 515 nm laser using a spectrograph and a CMOS camera (L — beam

reducer; /2 — half-waveplate, M — mirrors, NF — neutral density and notch filters).

Fig. 3F shows the experimental setup to evaluate nanolasing
characteristics. We pump our devices with a collimated,
Yb:KGW second harmonic 515 nm wavelength, 2.4 mm (1/e?)
size beam spot with a controlled linear polarization state. We
used 50 Hz frequency to avoid excessive dye bleaching and
collect normal emission from the sample in free space using a
fiber-coupled spectrograph and a CMOS camera.

Nanolaser characterization

Claims of lasing typically require three key features indicating
the required level of spectral and temporal coherence of the
emitted light: (i) a clear threshold of pumping power beyond
which the slope of the input-output curve changes; (ii) a
significant narrowing of the PL peak as the system crosses
the lasing threshold, indicating the transition from sponta-
neous to stimulated emission; (iii) the emitted light must form
a beam typical of the resonator.** Fig. 4 summarizes our results
regarding each of these points.

Threshold and linewidth. We ran all characterization experi-
ments using two pump polarizations: TM and TE, schematically
shown in Fig. 4A and E, respectively. The characterization of
lasing threshold is shown in Fig. 4B and F. As the pump fluence
increased above the threshold value, the intensity of the

This journal is © The Royal Society of Chemistry 2025

emission increased faster than that of the PL emission back-
ground, which is attributed to the nonlinearity associated with
stimulated emission. The PL intensity before the threshold is
very small in our data because of how the experiment is set up -
the spectrograph is coupled with a low-NA fiber coupler and
located far from the sample, effectively eliminating all highly
divergent PL signals. We recorded a threshold of 80 pj cm >
using both polarizations by repeatedly scanning the fluence
close to the threshold to acquire more data points. These
results could be further improved by precision engineering
the overlap between the SLR and the gain emission, as well
as experimenting with pumping strategies.

We believe we achieve this competitive, and in many cases
superior, threshold compared to reports of similar
systems' 2129334346 (gee the ESI, Table S1, where we sum-
marize the characteristics of similar systems in the literature),
despite the unideal nanoparticle lattice because of enhanced
plasmonic nanoparticle qualities enabled by monocrystallinity
and low facet roughness, which decrease if not eliminate
electron scattering at crystal boundaries and associated absorp-
tive damping.”® This experimental observation positions our
work as a significant step forward towards scalable alternative
to standard lithography based solutions, connecting the dots

Nanoscale Horiz., 2025,10,142-149 | 145
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Fig. 4 Nanolaser characteristics. (A) and (E) The nanolaser emits a beam that follows the polarization of the pump and is extended in the same direction.
(B) and (F) The dependence of emission intensity and the FWHM of the lasing peak on the pumping fluence, exhibiting a clear threshold behavior. (C) and
(G) Emission spectra collected normal to the nanolaser plane above the lasing threshold. (D) and (H) The beam profile of the nanolaser in angular
coordinates captured by a CMOS camera 22.5 cm away from the device with no collection optics.

between SLR-based light-emitting nanophotonics, nanoparticle
statistics, and colloid based template-assisted nanoparticle
assembly.

The rapid increase in intensity beyond the threshold is
accompanied by the emergence of a narrow peak around the
SLR wavelength, suggesting the onset of lasing (Fig. 4C and G).
Lasing occurred close to the flat band edge (~574 nm) of the
lattice as intended (Fig. 2A). We observed slight wavelength
variations because of the open cavity system, leading to
instability of the refractive index environment during the
experiment, ie., evaporation and diffusion of the dye solvent.
The PL linewidth starts at ~45 nm FWHM (Fig. 2B) and rapidly
decreases above the threshold to <1.2 nm, limited by our
spectrograph resolution. In some cases, we observe a slight
increase in linewidth with pumping power, but this is not
uncommon for similar nanolasers.*> Spectral narrowing is a
telltale sign of temporal coherence, although a better evalua-
tion is using the second-order correlation function g. Unfor-
tunately, this measurement was not available at this time, and
even if it was, it is challenging to acquire accurate results for a
plasmonic nanolaser with gain materials composed of organic
dye.”

Beam profile and polarization. The images of the laser beam
were taken above the threshold by placing a CMOS camera at
varying distances. Fig. 4D and H show these images taken at
22.5 cm for the two orthogonal polarizations, converted to
angular coordinates (images at different distances are shown
in Fig. S2, ESIt). In both cases, the beam consists of a multitude
of horizontal or vertical lines, indicating that the device oper-
ates similarly to 1D distributed feedback (DFB) lasers.>>*” We
believe that the number and density of lines are associated with
the quality of the nanoparticle lattice. We measured 1/e> of the
narrow dimension of one of the lines (which remains almost

146 | Nanoscale Horiz., 2025, 10, 142-149

constant at varying distances) profile in angular coordinates
and estimated the divergence of individual lines to <1 mrad.

The output beam of the nanolaser above the threshold was
strongly linearly polarized and followed one of the square
lattice directions. If the polarization of the exciting beam did
not match the lattice orientation, the emission still did,
with variations in intensity corresponding to the projection of
the electric field vector of the pump onto the lattice direction.
A characterization of the polarization state is displayed in
Fig. S3 (ESIY).

Discussion

Apart from the characteristics discussed above, other phenom-
ena similar to lasing must be ruled out.*****° Specifically,
amplified spontaneous emission (ASE) can appear similar to
lasing. It involves the stimulated amplification of PL by a single
pass through the gain volume, irrespective of the feedback
mechanism.’® This effect can especially be difficult to discri-
minate against lasing if the designed wavelength is very close to
the PL peak of the emission, such as in our case (Fig. 2B). Like
lasing, ASE can show a threshold behavior (albeit weaker and
less consistent), linewidth narrowing, and produce somewhat
directional emission. But the FWHM is usually in the range of a
couple of tens of nm, the emitted wavelength does not depend
on resonator configuration and the emission is unpolarized,
contrary to the data presented here.

In our results, the FWHM is consistently <1.2 nm, which is
the resolution limit of our spectrograph. We also tested our
setup using a slightly different resonator (420 nm lattice, same
nanocubes). The lasing peak followed this change (Fig. S4,
ESIt), indicating that emission strongly depends on the

This journal is © The Royal Society of Chemistry 2025
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resonator. Moreover, the beam our devices emit is clearly
linearly polarized and follows the resonator geometry. Finally,
in some cases we could observe the emergence of ASE at higher
pumping powers, when it starts to outcompete lasing (Fig. S5,
ESIY). This observation allows us to unambiguously distinguish
between these emission modes.

Another process that may be mistaken for lasing is the edge-
emission of waveguided modes. In this case, the threshold
behavior is unexpected, which we consistently observe in our
system. Moreover, we collect our data at the normal to the
device surface. 1D distributed feedback (DFB) lasers emit
elongated beams with low divergence along the feedback axis
and high divergence perpendicular to it, which emerges as a
fan-like beam.**>" We observe similar fan-like emission with
orientation aligned to one of the lattice directions. This obser-
vation strongly suggests that the 2D array of nanoparticles
essentially behaves as a collection of 1D arrays and emits a
set of these fan-like beams. Plasmonic nanoparticles predomi-
nantly support electric modes, and dipolar electric modes
mainly radiate, couple, and provide feedback in directions
orthogonal to the axis of the induced dipole. 2D feedback
and annular beams can be achieved by simultaneously provid-
ing TM and TE excitation by switching to waveguide-hybridized
SLR modes (nanoparticles on a thin film)'® or high-NA
objective-based excitation.>*

Finally, we left our devices operating and measured the
expected lifetime (Fig. S6, ESIT). Although we were using an
open system and a liquid dye solution, these nanolasers still
maintained narrow linewidth emission for 15-30 minutes,
depending on polarization. TE configuration extended the life-
time approx. 2-fold, but at a lower overall intensity. Replace-
ment of the dye solution allows the used devices to regenerate
and they can be operated again, indicating that the resonator is
not damaged and the nanoparticles stay in place. Nanoparticle
assemblies themselves and the resulting SLR stay stable for a
long time.*® Unless the nanoparticles are locally affected by
pumping radiation—either changing shape and consequently
losing the SLR, or getting dislodged from the template, the
device can be operated indefinitely, as long as the dye solution
is stable as indicated above.

The performance of our devices could be further improved:
the threshold could be lowered by fine-tuning the interplay
between the dye emission and the SLR, by setting up more
efficient pumping schemes and conditions, as well as enhan-
cing the experimental methods to more accurately estimate the
onset of lasing; the efficiency could be further improved by
selecting more efficient fluorescent materials, such as quantum
dots as well as envisioning more efficient pumping and device
schemes to suppress the loss channels such as amplified
spontaneous emission, edge emission, waveguided in-plane
emission, etc.

Overall, the demonstrated results clearly show that the
emission from our devices strongly corresponds to the resona-
tor used with a clearly defined threshold and polarization state.
Therefore, our experimental observations strongly favor the
claim of nanolasing from these assembled colloidal nanocube

This journal is © The Royal Society of Chemistry 2025
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arrays. We believe our results tie together the three important
facets of light-emitting nanophotonics devices: SLR-based
coherent light emission, large scale colloid-based template-
assisted nanoparticle assembly, and nanoparticle statistics
indicating the small relevance of disorder in these systems.
We showed experimentally, that such devices can be produced
on a cm” scale, maintaining good light emission characteristics
that are comparable or in some cases superior to lithography-
based polycrystalline counterparts. We expect important appli-
cations using such platforms to follow in areas like sensing, on-
chip communications, integration with flexible substrates, and
structured light,>>>* especially where our technology can be
leveraged for large scale production.

Conclusions

We presented a novel approach to develop a surface lattice
resonance-based plasmonic nanolaser with competitive char-
acteristics. We used a template-assisted technique to assemble
highly crystalline silver colloidal nanocubes into periodic
arrays. These plasmonic substrates featured a high-quality
SLR, which served as a feedback mechanism for stimulated
emission. We demonstrated a nanolaser with a narrow line-
width of <1.2 nm, a lasing threshold of <100 puJ cm 2, and a
beam characteristic of the resonator with minimal divergence
and a clear polarization state. We claim that our devices are
comparable to lithography-made counterparts by exploiting the
enhanced emission by defects in the lattice while maintaining a
low threshold and scalability. These attributes, coupled with
the potential for large-scale production leveraging colloidal
methods and template-assisted assembly techniques, position
our devices as promising candidates for applications. Such
plasmonic arrays can be inexpensively transferred onto almost
any substrate, allowing easy integration in applications ranging
from point-of-care diagnostics to photonic integrated circuits
and optical communications systems.
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