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ABSTRACT: Plasmonic lasers have traditionally been built on flat Plasmonic hinge mode  Gold-coated CsPbBrs

metal substrates. Here, we introduce substrate-free plasmonic lasers
created by coating semiconductor particles with an optically thin layer of
noble metal. This architecture supports plasmonic “hinge” modes highly
localized along the particle’s edges and corners, exhibiting Purcell factors
exceeding 100 and Q-factors of 15—20 near the plasmon resonance
frequency. We demonstrate hinge-mode lasing in submicron CsPbBr;
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perovskite cubes encapsulated with conformal 15-nm-thick gold shells.

The lasing is achieved with 480-nm nanosecond pumping at 10 pJ/um” through the translucent gold layer, producing a line width of
0.6 at 538 nm. Their rapidly decaying evanescent fields outside the gold coating show distinct sensitivities to long- and short-range
external perturbations. Our results suggest the potential of these novel laser modes for sensing and imaging applications.
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lasmonic lasers utilize surface plasmon polaritons (SPPs)

at the interface between metals and high-gain media to
achieve lalsing.l_16 The Purcell effect enhances the interaction
between the plasmonic modes and the gain medium within a
small volume to overcome absorption and radiation losses.
This process enables lasing from resonators with subwave-
length volumes. The most common device structure for
plasmonic lasers is the semiconductor-insulator—metal (SIM)
configuration, where a semiconductor gain medium is paired
with a flat metal substrate separated by an insulating layer. This
approach has facilitated plasmonic lasing across a wide range of
wavelengths, from ultraviolet to near-infrared, using various
semiconductor materials and noble metals.

Recently, there has been growing interest in developing
micro- and submicron-sized lasers in particle forms, referred to
as laser particles (LPs), for biomedical applications such as cell
tracking and single-cell analysis.'"’~>' The narrow laser
emission, compared to fluorescence, is advantageous for
creating extensive color palettes for combinatorial barcoding
of individual cells and multiplexing. While particle sizes of 1—2
p#m have been found to minimally perturb cells and exhibit low
cytotoxicity, smaller sizes are desirable for associating multiple
particles with cells'”*® and for tagging subcellular structures.
Among conventional semiconductor materials, metal-halide
perovskite offers potential to produce LPs through large-scale,
low-cost solution-based methods.”*~** Our previous work with
CsPbBr; gain media on semi-infinite gold substrates
demonstrated submicron perovskite lasers.” This result
inspired us to explore a new design where CsPbBr; gain
particles are entirely encapsulated by metal.

In this Letter, we present our theoretical and experimental
results on gold-coated CsPbBr; nanolasers, focusing on the
characteristics of their lasing modes in the three-dimensional
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core—shell structure. Our research reveals plasmonic “hinge”
modes, which are localized along the 90-deg folded hinges of
the metal shell near the plasmon resonance frequency and have
an advantage over traditional surface or bulk plasmonic modes,
leading to lasing at lower thresholds than other bulk and
surface modes. The hinge modes are similar to channel
plasmon polaritons (CPP) previously studied in plasmonic
waveguides”>*® and nanowires placed on gold V-grooves.”’
Further, from the perspective of plasmon polaritons tightly
bound to the metal-semiconductor interfaces, the semi-
conductor-core metal-shell architecture is analogous to three-
dimensional topological insulators,”*** which guide the hinge
as well as surface modes. While topological edge—mode lasers
have been realized in flat 2D-like structures,”’>° lasing of
hinge modes, either topological or plasmonic, in 3D structures
has not been reported.

Figure la illustrates the schematic of a semiconductor cube
coated with dielectric insulator and metal. When the gold
shell’s thickness is approximately equal to the skin depth of the
metal or less, it is translucent. Therefore, external optical
pumping may be used to excite the semiconductor gain
medium, allowing the amplification of SPP waves in the gold-
semiconductor interface. The dielectric insulator, with a
thickness of approximately 5 nm, plays a critical role of
reducing carrier quenching from the semiconductor core to the
gold shell. This study concentrates on the CsPbBr; gain
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Figure 1. Theoretical cavity modes of a metal-coated perovskite
particle. (a) Schematic of a perovskite semiconductor particle
encapsulated by an insulator layer, followed by an outer gold shell.
(b) Three distinct types of modes (left: Bulk hybrid, middle: Surface,
and right: Hinge modes) supported within the metal-coated laser
particle with a side length (L) of 400 nm and a gold thickness of 15
nm. These modes are observed in the CsPbBr;’s gain range between
520 and 545 nm.

Surface mode
(Q= 15, Fy=10)

Hinge mode
(Q= 14, Fy= 150)

medium, which exhibits a gain peak around 540 nm.”* This
wavelength is close to the dispersion asymptote of gold SPP for
maximizing field localization, considering the perovskite’s
refractive index (n) of 2.3.

Figure 1b shows three distinct types of modes supported by
the structure, identified through Finite Difference Time
Domain (FDTD) simulations of a perovskite cube with a
side length (L) of 400 nm and a gold thickness of 15 nm. The
bulk mode is spread over the volume, while the surface and
hinge modes are particularly confined to the sides and edges,
respectively. The hinge mode is characterized by opposing
charges on the facing gold layers (Figure S1), similar to CPP
waves”””° in metal bracket waveguides and short-range SPP
waves”> in metal—insulator—metal waveguides.36_39 The hinge
modes form Fabry—Perot-type resonance in the three-dimen-

sional structure. The quality factor (Q) of the hinge mode is
comparable to those of the bulk and surface modes. However,
the significantly smaller mode volume of the hinge mode offers
a greatly higher Purcell factor (Fp). We introduce a figure-of-
merit (FOM), defined by the product of these two factors for
evaluating the performance of nanoscale lasers: FOM = Q*F,,.
According to a simple laser theory (see Note S1),” this FOM is
inversely related to the spatially averaged carrier density at the
lasing threshold (py,): Q*F, & wy/pyV, where @, represents
the mode frequency and V denotes the effective volume of the
gain medium. Here it was assumed that the threshold carrier
density is much higher than the carrier density to reach the
optical transparency in the perovskite (<10'® cm™). The FOM
of the hinge mode is calculated to be approximately 2100,
significantly higher than 20 for the bulk mode and 150 for the
surface mode, highlighting its potential for lasing at lower
thresholds.

Using FDTD, we examined how the thickness of the gold
layer impacts the properties of the hinge modes across a
thickness range from zero (uncoated) to 100 nm. At the
interface with the perovskite, the theoretical skin depth is 12
nm, while the skin depth at the air-facing interface is 17 nm.
Figure 2 shows simulation results for a CsPbBr; core with a
dimension of 600 nm by 600 nm by 200 nm. Notably, field
localization at the hinges is pronounced for gold thicknesses of
15 and SO nm (Figure 2a). The resonance peak wavelength,
starting at 510 nm for optically thick gold, undergoes
increasing red-shifts with decreasing gold thickness, movin%
toward 570 nm at nearly zero gold thickness (Figure 2b).*
The Q factor experiences a decrease 18 for thick gold to 10 at
zero thickness (Figure 2c). The Purcell factor peaks at
approximately 200 for gold layers around 10 nm thick but
drops sharply for thinner and thicker layers*' (Figure 2d).
When the dielectric insulation layer is introduced between
metal and perovskite, the Purcell factor drops to 100 for an
insulator thickness of S nm and reaches near unity for the
insulator thickness of 15 nm. To estimate the efficiency of
optical pumping through the metal layer, we calculate the
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Figure 2. Impact of the gold-shell thickness. (a) The electrical field profiles (IEl in a logarithmic scale) for particles with different gold thicknesses
from 0 (no gold) to 100 nm. (b) Mie-scattering profiles; (c) Q factors; (d) Purcell factors for a perovskite size of 600 X 600 X 200 nm depicted in
(a). (e) Percentage absorbance of 480-nm pump energy within the perovskite core. Inset, schematic of the model used in (e). The yellow bands
shown in (b)—(e) indicate an approximately optimal gold thickness range of 7—18 nm.
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Figure 3. Laser output characteristics. (a) SEM image of a gold-coated CsPbBr; microparticle. (b) Time-resolved photoluminescence decay of
gold-coated particles versus nongold coated particles. Lines show double-exponential fits. (c) Image of a submicron lasing sample. (d) Output
emission spectra from the device in (c) pumped by 480-nm nanosecond laser. (e) Measured threshold pump fluence for samples with different
PNE layer thicknesses. Error bars indicate the standard deviation of five samples per group. (f) Far-field intensity profiles from four samples with
different aspect ratios, compared to FDTD simulation results. (g) Schematic of the polarization measurement setup. (h) Comparison of simulated
(sim) and experimentally (exp) measured output polarization states from gold-coated and uncoated samples.

absorbed pump energy in a 500-nm-thick gain slab between
two metal layers. For a pumping wavelength of 480 nm, the
absorption by the perovskite core starts at 80% without metal,
with the rest 20% accounting for both the reflection and
transmission of unabsorbed light. The amount of absorption
diminishes exponentially with the metal thickness, correspond-
ing to a skin depth of 25 at 480 nm (Figure 2e).

For smaller CsPbBr; core sizes, the hinge modes are no
longer supported. The cutoff of hinge modes occurred at the
plasmonic asymptote wavelength of ~510 nm. For example,
when one of the side length was reduced from 600 nm, the
smallest core sizes that supported hinge modes were
approximately 600 X 120 X 200 nm in the simulation (Figures
S2 and S3).

Experimentally, CsPbBr; particles were synthesized using a
sonochemistry method, with poly norepinephrine (pNE)
layer"” serving as a dielectric insulating layer before adding a
gold-shell coating. This coating was achieved by reducing Au
(11I) ions with gold nanoparticle seeds (see Note S2). The size
of the perovskite crystals was controlled by adjusting the
sonochemistry conditions. A scanning electron microscopy
(SEM) image shown in Figure 3a reveals a cuboidal-shaped
particle, with the pNE and gold layers aimed to be 5 and 15
nm thick, respectively. Compared to nonmetal-coated samples,
which exhibited a photoluminescence decay time of ~ 150 ns,
the gold-coated samples demonstrated significantly accelerated
decays (Figure 3b), with a lifetime of 0.83 ns corresponding to
a Purcell factor of 180 (Table S1). The fluorescence quantum
yield of uncoated CsPbBry microcrystals was previously
recorded at 1.5% due to defects created during the
sonochemistry process.”” The Purcell-enhanced emission is
thought to increase the quantum yield to nearly 100% during
laser oscillation.”

The samples were dispersed on thermal-oxide silicon
substrates and exposed to S-ns pump pulses at 480 nm
wavelength. Emissions were analyzed using a hyperspectral
microscope at room temperature (Figure S4). Postoptical

measurements involved marking particle locations on the
substrate with high-energy 480-nm pulses, followed by SEM
imaging to determine their particle sizes. Figure 3c shows one
of the smallest devices measured (680 X 530 X 490 nm?) that
showed lasing. Notably, pristine CsPbBrj; crystals of similar and
even much larger sizes® without gold coating did not exhibit
lasing. The observed single-mode spectra had a line width of
0.6 nm at pump fluences beyond the threshold (Figure 3d),
which is about 40 times narrower than the below-threshold
fluorescence (25 nm). The pump threshold fluences measured
from several submicron particles ranged 9 + 4 pJ/um> Despite
approximately 50% loss of pump light through the gold layer,
the absorbed pump energy at threshold was similar to that of
uncoated perovskite particles on a flat gold substrate. Figure 3e
shows threshold pump fluences for samples with varying pNE
thicknesses, identifying S nm as the optimal thickness. Without
the pNE layer, the pump threshold increased due to carrier
tunneling to the gold.

The far-field intensity patterns observed in the experiments
were consistently replicated by the FDTD simulation of hinge
modes (Figure 3f). The two-photon excited fluorescence
imaging of the samples yielded distinct patterns, markedly
different from those of nonmetal-coated counterparts (Figure
SS). The experimental setup for measuring far-field polar-
ization states is depicted in Figure 3g. The simulation shows a
45-degree tilt polarization state of the lasing hinge mode with
respect to the major axis, whereas the emission polarization
from uncoated particles are aligned parallel to the substrate
plane as expected from transverse-electric whispering gallery
modes (Figure 3h)."”” The experimentally measured polar-
ization profiles agree with these simulation results, although
some discrepancy is observed for plasmonic particles
presumably due to structural deviation from perfectly
symmetric hinges (Figure 3h).

The strong localization of the plasmonic hinge modes and
their rapid decay outside the metal suggests that these modes
should be insensitive to long-range external perturbations.
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Figure 4. Sensitivity of the plasmonic-hinge and photonic laser modes to external perturbations. (a) Field distributions for the hinge modes of two
gold-coated particles (left) and the photonic modes of two uncoated devices (right) in air, across varying intraparticle distances (1000, 600, 250, S0
and 0 nm). (b) Resonance wavelength shifts measured from the simulations in (a). Insets show field amplitude profiles across the mid sections
(dashed line in top left picture) for gap distances of 1000, 50, and O ym, respectively. (c) Estimated Q-factors; (d) Resonance wavelengths; (e) The
fraction of field energy in the gold-perovskite materials for gold-coated (yellow circles) and uncoated (green circles) particles with a side length of 1
um when immersed in media of different refractive indices. (f) Lasing spectra of two experimental plasmonic LPs when placed in mineral oil (n =
1.47) and poly phenyl ether (PPE) lipid (n = 1.69). Arrow indicates the lasing peak in PPE.

Figure 4a illustrates the resonant mode profiles of two lasing immersed in high-index mineral oil (n = 1.47) and poly
particles as their gap separation progressively decreases to zero. phenyl ethers (n = 1.69) lipid (Figure 4f).* Uncoated
The plasmonic modes showed minimal interactions with photonic LPs, despite being large (up to 4 gm) and stable in
nanoscale gaps, and their spatial patterns largely unchanged organic fluids, did not achieve the lasing threshold in these
even at the contact. By contrast, the photonic modes of high refractive-index media.
noncoated particles exhibit dramatic changes as the gap is In conclusion, we have explored plasmonic hinge modes in a
reduced to less than a half of free-space wavelength. The semiconductor-core metal-shell structure and investigated their
energy density is localized in the inner surface of the metal, lasing characteristics in goold-coated CsPbBr; cuboidal particles
giving significant field energy outside the metal, while the at room temperature.”’ At wavelengths close to the plasmon
energy is distributed throughout the large particle volume for resonance frequency, the hinge modes are significantly
the photonic mode. Figure 4b illustrates the corresponding localized at the edges and corners. This localization gives the
evolution of resonant wavelength. hinge modes a distinct advantage for lasing in submicron-scale
Next, we examined the effect of surrounding index changes devices. Their narrow-band emission characteristics and range-
on the cavity modes of gold-coated and uncoated particles with dependent sensitivit?f to extern?.l pe.rturbatio.ns suggest Fhe
a side length of 1 ym. In contrast to photonic modes with Q pote.ntla.I of plasmonic LPs for biological imaging and sensing
factors decreasing exponentially with increasing refractive applications.

index, the plasmonic hinge mode maintains Q-factor values
of 21 to 28 nearly constant across different refractive indices
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ranging from 1.0 to 1.6 (Figure 4c). Interestingly, as the © Supporting Information

refractive index was changed, we observed significant wave- The Supporting Information is available free of charge at

length shifts for both hinge and photonic modes (Figure 4d). https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03485.

This is because the surrounding index increases, the fraction of Methods, plasmonic hinge mode in 2D waveguide, laser

mode energy outside the metal layer increases with the index rate equation model, electric dipole simulation while

and changes the cavity boundary conditions (Figure 4e). reducing the particle along its short axis, simulations of

Experimentally, we achieved lasing of metal-coated LPs Mie scattering by reducing the particle along its long
13650 https://doi.org/10.1021/acs.nanolett.4c03485
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