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Half-wave nanolasers and intracellular 
plasmonic lasing particles
 

Sangyeon Cho    1,2, Nicola Martino    1,2 & Seok-Hyun Yun    1,2,3 

The ultimate limit for laser miniaturization would be achieving lasing 
action in the lowest-order cavity mode within a device volume of ≤(λ/2n)3, 
where λ is the free-space wavelength and n is the refractive index. Here 
we highlight the equivalence of localized surface plasmons and surface 
plasmon polaritons within resonant systems, introducing nanolasers that 
oscillate in the lowest-order localized surface plasmon or, equivalently, 
half-cycle surface plasmon polariton. These diffraction-limited single-mode 
emitters, ranging in size from 170 to 280 nm, harness strong coupling 
between gold and InxGa1−xAs1−yPy in the near-infrared (λ = 1,000–1,460 nm), 
away from the surface plasmon frequency. This configuration supports 
only the lowest-order dipolar mode within the semiconductor’s broad gain 
bandwidth. A quasi-continuous-level semiconductor laser model explains 
the lasing dynamics under optical pumping. In addition, we fabricate 
isolated gold-coated semiconductor discs and demonstrate higher-order 
lasing within live biological cells. These plasmonic nanolasers hold promise 
for multi-colour imaging and optical barcoding in cellular applications.

Every resonant system has its fundamental oscillation frequency,  
at which the entire resonator precisely contains the half-wave of 
oscillation (or the quarter-wave for asymmetric resonators). Most 
electrical, acoustical and mechanical oscillators typically operate at 
these fundamental frequencies. In an optical laser, the fundamental 
oscillation corresponds to a mode with a wavelength (λ) that is equal 
to half (or a quarter) of the resonator’s length divided by its refractive 
index (n). However, all previously demonstrated lasers have operated 
in higher-order modes or with multi-wavelength-sized resonators. For 
a given wavelength, the smallest laser size would be achieved using the 
fundamental half-wave mode.

Photonic lasers that incorporate periodic reflections into the 
cavity, such as distributed feedback lasers1, photonic crystal lasers2,3 
and moiré lattice lasers4,5, achieve a high-quality-factor (high-Q) Bragg 
reflection and routinely operate with their lowest-order photonic cav-
ity modes. However, although these modes, which are formed via the 
coupling of a central defect core mode with the stop band of a periodic 
crystal structure or Bloch mode coupling induced by moiré reciprocal 
lattice vectors4,5, could have near-diffraction-limited mode volumes, 
their electric fields extend multiple half-wavelengths into the periodic 
structures, requiring multi-wavelength device sizes.

Metallic reflectors have proved to be useful for laser miniaturiza-
tion. Notably, the lasing of an HE11-like mode at a cryogenic temperature 
(77 K) has been achieved in a metal-coated Fabry–Pérot (FP) pillar 
laser with a diameter of 260 nm and a height of approximately 500 nm 
(ref. 6). In addition, an FP cavity with metallic end-mirrors, measuring 
406 nm in diameter and 230 nm in height, achieved lasing of a trans-
verse magnetic TM111-like mode under cryogenic conditions7. However, 
whereas these modes represent the lowest ‘photonic like’ modes, they 
are not the fundamental modes, as the metal-incorporated structures 
support plasmonic modes of lower orders along the metal–semicon-
ductor interfaces.

The tight binding of photons and plasmons, or plasmon 
polaritons8, offers a promising approach for developing small lasers 
when their volumes approach the diffraction limit, where photonic 
modes cannot be confined. Surface plasmon polaritons (SPPs) facili-
tate achieving subwavelength mode volumes (Vm), which, through the 
Purcell effect, enable higher gain extraction from gain media. Since 
the initial demonstrations of plasmonic lasing6,9,10, numerous avenues 
have been explored11–22. However, whereas the transverse dimensions 
of these lasers are typically at a subwavelength scale, their longitudi-
nal mode order has not yet reached the fundamental limit. Resonator 
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with Δω = 3 × 1014 Hz, τ0 = 10−9 s, λ/2n = 180 nm and Q = 10, ρmin is approx-
imately 5 × 1018 cm−3. Achieving this density with fluorophores or quan-
tum dots without substantial non-radiative quenching is challenging31. 
Moreover, deep-subwavelength metallic nanospheres would require 
a greater pump energy due to their large M (>40), which could lead to 
excessive heating32.

Our strategy focuses on avoiding non-radiative coupling to 
higher-order plasmonic modes by operating in the NIR region, away 
from the surface plasmon frequency (ωSP), to achieve M = 1. In addi-
tion, we aim for high gain from bulk III–V semiconductors driven sub-
stantially above their bandgap. This principle is applicable to various 
semiconductor–metal particle structures. For instance, consider a gold 
sphere immersed in a medium with an effective refractive index (nm) of 
2.5. Figure 1a shows the resonance wavelengths of various plasmonic 
modes33. For deep-subwavelength values of the particle diameter (d), 
the electric dipole (ED) and higher-order modes (that is, electric quad-
rupole (EQ), electric octupole (EO), E16 and E32) converge near 600 nm, 
corresponding to LSP resonances near ωSP. As the diameter exceeds the 
quasi-static limit, the resonance curves shift due to phase retardation34. 
Beyond this transition, the magnetic modes (that is, magnetic dipole 
(MD), magnetic quadrupole (MQ) and magnetic octupole (MO)) develop, 
and both electric and magnetic modes follow linear dispersion curves. 
Besides this LSP picture, the dispersion can be explained from the per-
spective of SPP waves. Further away from ωSP, the refractive index of the 
SPP wave approaches nm. The asymptotic line for the ED corresponds to 
the half-wavelength FP resonance given by λ ≈ 2.81nmd, whereas EQ has 
a slope of λ ≈ 1.41nmd, and so on (Supplementary Note 4)35. Near ωSP, the 
SPP wavelength is significantly reduced, causing the dispersion curves 
to bend. In this context, the LSP can be viewed as the half-wave resonance 
of the SPP near ωSP, and previous nanolasers that utilized higher-order 
SPP waves can be interpreted as the lasing of multipole LSP modes in the 
FP regime. An important insight gained is that whereas the ED is spec-
trally close to other modes in the quasi-static regime, modal separation 
increases in the FP regime, allowing only the lowest-order mode to fall 
within the wide bandwidth of a gain medium (Extended Data Fig. 1a–c).

lengths longer than the half-wavelength, λ/2n, have commonly been 
used to take advantage of the extended amplification length and higher 
quality factors of the higher-order modes. The concept of surface plas-
mon amplification by stimulated emission of radiation (or spaser)23 has 
prompted considerable interest, but the convincing experimental reali-
zation of a deep-subwavelength spaser has remained elusive24–26. The 
lowest plasmonic mode order ever demonstrated was second-order 
from coaxial13 and nanorod27 lasers, both at cryogenic temperature.

Here we report our observation of the fundamental mode oscilla-
tion from half-wavelength nanolasers at room temperature. Our laser 
consists of a III–V semiconductor particle, as small as 190 nm in lateral 
size and 130 nm in thickness for λ = 1,190 nm, on a gold substrate28,29. We 
describe the key design principles and operation in the near-infrared 
(NIR). In addition, moving away from the substrate-based design, we 
develop substrate-free plasmonic laser particles. Using submicrometre 
particles which emit single peaks that are tunable across a wide spectral 
range, we demonstrate plasmonic lasing within live cells.

Design of half-wave laser
The challenges for previous attempts at nanoscale spasers based on 
localized surface plasmons (LSPs)24,25,30 can be understood through 
a simple gain–loss analysis. To reach the lasing threshold, the theo-
retical minimum pumping rate required is Mω/Q, where M denotes 
the number of modes over which the pump energy is distributed, ω is 
the optical frequency and Q is the cavity quality factor. At least ωτs/Q 
gain emitters are needed to absorb the pump energy, where τs is the 
spontaneous radiative lifetime, modified from its free-space value τ0 
by a Purcell factor:

Fp =
3

4π2
Q
Vm

( λn )
3
. (1)

When the gain bandwidth (Δω) is broader than the cavity bandwidth 
(ω/Q), the minimal emitter density (ρmin) must exceed ∼ Δωτ0

Q ( λ
2n )

−3
 (Sup-

plementary Note 1). For instance, for a single-mode (M = 1) resonator 
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Fig. 1 | Strong coupling of plasmonic and semiconductor dipolar modes.  
a, Theoretical peak wavelengths for different resonance modes at various 
diameters of the gold sphere in an environment with a refractive index of 2.5. 
The solid curves represent gold, whereas the dashed curves are for a perfect 
conductor with an infinite plasma frequency. For the ED mode, the insets show 
the electric field amplitude (|E|) profiles in the quasi-static (left) and dynamic 
(right) regimes, where the colour scale applies to both profiles. In the FP regime, 
only the ED mode can be placed within the gain bandwidth, excluding all higher-
order modes. b, Simulated Mie scattering spectra of a complex comprising a 

III–V semiconductor (n = 3.5) and a gold nanodisc, with a diameter of 250 nm 
(both) and a height of 130 nm (semiconductor) and 100 nm (gold), for various 
gap distance (g) values. The arrow indicates the lowest-order mode at contact. 
Inf., infinite distance. c, Top and side views of the electric field amplitude profiles 
of the semiconductor–gold particles in contact (dashed outline). d, Simulated 
Mie scattering spectra of a semiconductor nanodisc (n = 3.5) on a flat gold 
substrate for different gap distances. The arrow indicates the lowest-order mode 
at contact. e, Top and side views of the electric field amplitude profiles of the 
semiconductor-on-gold structure (outlined with the dashed line).
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The same principle applies to gold nanodiscs, to which III–V semi-
conductor discs are attached. Figure 1b depicts the Mie scattering 
spectra of a gold disc (diameter (D), 250 nm; thickness, 100 nm) and a 
semiconductor disc with a refractive index of 3.5, with an identical diam-
eter and a thickness of 130 nm. When the two discs are well separated, 
each exhibits its fundamental dipolar mode at 1.69 eV (λ = 730 nm). 
As the two discs are brought closer, their modes increasingly couple, 
and the lowest-order hybrid mode emerges at 0.9 eV (1,380 nm) upon 
contact. This fundamental mode localizes at the metal–semiconductor 
interface (Fig. 1c). Our finite-difference time-domain (FDTD) analysis 
demonstrates that the strong mode coupling results in a cavity Q of up 
to 20. Strong coupling is also observed when the gold disc is replaced 
by an oversized substrate (Fig. 1d,e and Extended Data Fig. 1d), with 
Q ≈ 10. Similar mode coupling is observed with non-circular shapes36, 
such as rectangles and rhombi (Extended Data Fig. 1e–i).

Laser experiment and modelling
We fabricated particles of In0.53Ga0.47As0.92P0.08 semiconductor using 
both dry and wet etching (Extended Data Fig. 2). By controlling the 
etching time, we achieved rhombus-like particles ranging from 100 
and 300 nm in size and with a thickness of 130 nm. They were placed 
on a high-quality polycrystalline gold substrate manufactured using a 
template-stripping method29 (Fig. 2a). We used a 1,064 nm pump laser 
(2.5 MHz repetition and 2 ns pulse width) and a grating-based InGaAs 
camera spectrometer (0.8 nm resolution) (Extended Data Fig. 3a). 
Figure 2c displays the emission spectra collected from 32 particles at 
pump fluences of ~2 mJ cm−2. The spectra are arranged along a theoreti-
cal tuning slope described by λ = 3.09L + 596 (nm), where L represents 
the side length of the rhombus. Particles smaller than 250 nm exhibit 
single emission peaks at wavelengths as short as ~1,200 nm (the band-
gap is near 1,570 nm). For larger particles, second peaks are observed, 
which are attributed to dipolar modes oriented along the shorter axes 

of the particles. We also conducted experiments with InGaAsP particles 
coated with a 5-nm-thick insulating layer of silica (SiO2) and obtained 
similar results. This is probably due to the surface roughness of the 
particles, which provided an insulating air space.

As the pump fluence was varied, each particle showed a nonlinear 
growth in intensity, linewidth narrowing and a single-polarization 
spectral peak over a quasi-unpolarized background (Extended Data 
Fig. 3). For instance, at room temperature, one device with a size of 
about 245 nm displayed a threshold at 350 μJ cm−2 with a fitted spon-
taneous emission factor (β) of 0.06 (Fig. 2d). Across the threshold, 
abrupt spectral narrowing was observed (Fig. 2e). The linewidth of 
the lasing mode was 45 nm at the threshold but decreased to 27 nm at 
higher pump powers (Extended Data Fig. 3b–d).

In the FDTD simulation, only one resonance mode was found 
within the broad fluorescence bandwidth. Its electromagnetic field 
is strongest near the metal plane, with the electric field primarily ori-
ented perpendicular to the metal surface. Within the semiconductor, 
the electric field forms a loop from one side to the other, encircling 
the magnetic field, which oscillates along the minor axis. This con-
figuration results in radial energy radiation (leakage) from the metal–
semiconductor laser (Fig. 2f and Supplementary Fig. 3). The far-field 
emission can be efficiently collected in the vertical direction (Fig. 2g). 
With a dipolar charge distribution (Fig. 2h), this half-wave mode corre-
sponds to an MD mode (Fig. 2i). It is important to note that a similar MD 
mode is the lowest mode in cylindrical dielectric resonators37, whereas 
spheres exhibit an ED mode as the lowest. In our geometry, with the 
metal surface acting as a mirror, the MD mode can be interpreted as an 
ED mode in a flattened coordinate system (with the polar angle mapped 
to the x axis and the azimuthal angle to the y axis) or as the lowest-order 
Mie-like transverse magnetic (or TM) mode37.

Building on a standard semiconductor laser model (Fig. 3a), we 
formulated quasi-continuous-level rate equations in the spectral 
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Fig. 2 | Characteristics of semiconductor-on-gold nanodevices. a, Schematic 
of the semiconductor-on-gold design. b, Scanning electron microscopy (SEM) 
image of an In0.53Ga0.47As0.92P0.08 particle with a side length of 170 nm (280 nm 
from corner to corner) and a height of 130 nm. c, Emission spectra from particles 
of different sizes, with the dotted line indicating the FDTD-derived tuning curve. 
d, Measured light–light curve (circle symbols) of a sample, with the theoretical 

fit shown by the solid curve (β = 0.06). e, Measured linewidth at different pump 
fluences. f, Top to bottom: top-view schematic of the half-wave device, and the 
electromagnetic fields in an x–z cross-section of the mid plane for the electric 
field (E), magnetic field (H) and Poynting vector (P = E × H). g, Computed far-field 
pattern. h, Induced charges (∇·E). i, Schematic of the lowest-order MD mode.
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domain (Methods and Supplementary Note 3). The model did not 
consider any expected spatial dependence in the spontaneous and 
stimulated emission rates, nor the accompanying depletion and 
diffusion38 of electron–hole pairs, treating them as spatially aver-
aged parameters. Given the bandgap edge at 1,570 nm and optical 
pumping at 1,064 nm, the total number of gain emitters available is 
estimated to be ~1 × 1019 cm−3. This large carrier concentration is nor-
mally not achievable due to Auger recombination (~2.3 × 10−29 cm6 s−1 
for InGaAsP), but is attained in plasmonic cavities due to enhanced 
radiative emission. Within the mode bandwidth ΔΩ (= ω/Q) centred at 
1,240 nm, the number of gain emitters is 3.4 × 1018 cm−3 for Q = 10. In a 
bulk semiconductor, the theoretical maximum free-space gain would 
be around 3,000 cm−1 at 1,240 nm, which is insufficient to compensate 
for the cavity loss (2nπ/λQ) of ~17,700 cm−1 (Supplementary Note 2). 
The gain enhancement provided by the Purcell factor Fp for subwave-
length modes makes it possible to reach the threshold (Extended 
Data Fig. 4).

Remarkably, our numerical simulation closely reproduced the 
experimental results. Figure 3b illustrates the measured and simu-
lated spectra of two half-wave devices and a one-wave device. At low 
pump power values, only spontaneous emission near the band edge 
is evident. As the pump power is increased, the excited band fills 
up, and the spontaneous emission peak shifts towards higher ener-
gies. With stronger pumping, photons (polaritons) accumulate in the 
cavity and, eventually, stimulated emission surpasses spontaneous 
emission within the mode’s spectral bandwidth. On reaching this 
threshold, the linewidth decreases and the number of output photons 
increases nonlinearly (Extended Data Fig. 5). A kink, characteristic of 
a small spontaneous emission factor (β ≪ 1), appears even when only 
one mode is present in the gain bandwidth. This apparent kink in the 
light-in–light-out curve results from level-filling; the amplification of 
the mode must wait until the quasi-Fermi level of the emitter energy 
reaches the mode resonance. The so-called threshold-less lasing is not 
possible in this case. The roll-off of the output power at higher pump 
levels can be attributed to increasing non-radiative Auger recombi-
nation. Ultimately, the output saturates when all excited states have 
been populated.

Temporal and spatial characteristics of laser 
output
We compared particles on a gold substrate (plasmonic devices) with 
those on SiO2-coated silicon substrates (dielectric or photonic devices). 
A total of 120 devices, produced from six batches of plasmonic devices 
and two batches of photonic devices, were examined, each with dif-
ferent average particle sizes but similar thicknesses, around 290 nm 
(Fig. 4a and Extended Data Fig. 6). As the particle size and oscillat-
ing mode order were increased, the lasing threshold showed a mod-
est decrease (Fig. 4b), whereas the linewidth narrowed significantly 
to 4–6 nm. For dielectric devices, lasing was observed only for par-
ticle sizes larger than 880 nm, even at the highest pump fluence of 
8 mJ cm−2 (refs. 28,29,39). Under picosecond pumping (~70 ps) with a 
seed-amplified laser (765 nm, 2.5 MHz), these devices required a frac-
tion of the peak threshold power compared with nanosecond pumping 
(2 ns) (Extended Data Fig. 6d), primarily due to the accelerated carrier 
lifetime of charge carriers by the Purcell effect. Using picosecond pump-
ing and a single-photon InGaAs avalanche photodiode, we measured 
the fluorescence decay time of half-wave devices to be well below the 
instrument’s resolution of 140 ps, a substantial reduction from the 
1–2 ns decay time observed in pristine bulk wafers at the same pump 
intensities (Extended Data Fig. 7). The finite resolution prevented us 
from capturing theoretically expected changes in temporal profiles 
across the lasing threshold for the half-wave devices. For larger devices, 
however, resolution-limited temporal narrowing was clearly observed 
(Extended Data Fig. 7).

To investigate far-field emission profiles, we used In0.8Ga0.2As0.44P0.56 
semiconductor particles and achieved half-wave lasing in the 1,000–
1,100 nm spectral range, which falls within the extended detection 
range of silicon cameras that are available to us. Under picosecond 
pumping, rhombus-shaped particles with a side length of between 
150 and 200 nm and a thickness of 200 nm exhibited narrowband 
lasing emission with linewidths as narrow as 6 nm (Fig. 4c), with a 
distinct threshold at approximately 1 mJ cm−2 (Fig. 4d). FDTD simula-
tions indicated that these samples support the half-wave mode in this 
spectral range, with Q factors of 10–13. The high lasing Q factor of 170 
is probably due to the increased gain of this InGaAsP composition38 
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and the greater pump absorption (producing more carrier charges) 
with 765 nm light compared with 1,064 nm.

The optical emission images of the half-wave devices showed 
circular, near-diffraction-limited patterns (Fig. 4e,f). By contrast, 
higher-order-mode devices displayed whispering-gallery-mode pat-
terns above the lasing threshold (Fig. 4i,j). Moreover, to simulate 
intra-tissue imaging we covered the devices with translucent tape (3M 
Scotch Magic tape, 80-μm-thick) and measured the emission through 
the scattering matrix (Fig. 4g)40. As shown in Fig. 4h, the speckle pat-
terns became more vivid above the threshold due to the narrower 
and spatially coherent laser emission. Higher-order-mode devices 
exhibited more distinct changes at the threshold (Fig. 4i,j).

Plasmonic laser particles for cell barcoding
In previous work, photonic laser particles based on InGaAsP microdiscs 
have been developed and their applications demonstrated in single-cell 
analyses, such as cell tracking, imaging and flow cytometry41–43. Min-
iaturized laser particles are desirable for these applications, as well 
as super-resolution imaging44 and sensing45, as they cause minimal 
perturbation42, which is especially valuable in the NIR range outside 
the conventional 400–800 nm window used for fluorescence meas-
urements.

To create metal–semiconductor laser particles, we coated 
In0.73Ga0.27As0.58P0.42 pillars in situ on a wafer with an SiO2 layer, followed 

by the deposition of a gold layer on top via evaporation (Fig. 5a). Elec-
tron microscopy revealed a conformal gold coating of 80–100 nm 
thickness found exclusively on one side (Fig. 5b and Extended Data 
Fig. 8), with a 5-nm-thick insulating layer of SiO2 between the sem-
iconductor and the gold (Fig. 5c and Extended Data Fig. 8). Unlike 
earlier substrate-based devices, the gold–InGaAsP particles with 
half-wavelength sizes did not reach the lasing threshold. We attrib-
uted this to the lower quality of the gold layers formed (Extended Data 
Fig. 9a), although this can be improved46. The smallest laser particle 
batch that exhibits lasing in air had a size of 580 nm (Fig. 5d), corre-
sponding to a longitudinal mode order of 3. This size is two or three 
times smaller than typical non-gold-coated InGaAsP laser particles 
in the same spectral range. Under nanosecond pumping (1,064 nm, 
2 MHz), the measured emission linewidths were below 4 nm, indicat-
ing linewidth Q factors of over 250, suitable for spectral multiplexing 
and barcoding.

In addition, we coated the gold-deposited InGaAsP particles with 
a 60-nm-thick layer of SiO2 to enhance both the material and optical 
stability in aqueous environments. Figure 5e presents the laser spectra 
from 31 SiO2-coated laser particles in water, with diameter values rang-
ing from 780 to 920 nm. The single-mode tuning range extends up to 
150 nm and can be expanded further using different InGaAsP compo-
sitions. These particles operate in whispering gallery modes (Fig. 5f). 
Similar narrowband lasing was also observed from laser particles with 
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Fig. 4 | Dependence of lasing threshold and far-field emission on particle size. 
a, SEM images of representative In0.53Ga0.47As0.92P0.08 samples from different 
fabrication batches, each with various semiconductor sizes. b, Measured 
laser thresholds for different sample batches on gold (yellow) and glass (grey) 
substrates. The total sample number (N) is 120, with 15 samples per batch. Data 
points (squares) represent the mean values, and the error bars (horizontal and 
vertical) indicate the standard deviation. The batch with a mean size of 200 nm 
corresponds to lowest-order half-wave devices, whereas the data point at 350 nm 
reflects the devices operating in second-order modes. c, Emission spectra of 
a representative In0.80Ga0.20As0.44P0.56 half-wave device (mode order (m) = 1) 
in the 1,000–1,100 nm range at various pump fluences. Inset: SEM image of a 

representative particle with a size of 170 nm and a height of 200 nm.  
d, Light-in–light-out data corresponding to the spectra in c. e, Far-field emission 
patterns of the half-wave device according to the pump fluences in c,d. f, Far-field 
emission patterns of another half-wave device below and above the threshold. 
g, Schematic of the set-up for imaging the output emission from a device 
embedded beneath a scattering matrix (80-μm-thick Scotch tape). h, Speckle 
images from three different half-wave devices below and above the threshold.  
i, Far-field emission patterns from a second-order device (m = 2) without (left) 
and with (right) a scattering matrix. j, Far-field patterns from a higher-order-
mode (m > 10) device without (left) and with (right) a scattering matrix.
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a thinner gold thickness of 15 nm, enabling optical pumping through 
the gold (Extended Data Fig. 8).

For cell tagging and biocompatibility, we functionalized the 
SiO2-coated laser particles with a polyethyleneimine coating. After 
incubation with HeLa cells, the polymer-coated laser particles were 
internalized into the cytoplasm (Fig. 5g). With optical pumping, these 
intracellular lasers generated a linewidth of 4 nm (Fig. 5h). A pump 
energy of several picojoules per pulse and a peak power of less than 
1 mW are acceptable for biological applications, especially when the 
pump beam can be rapidly scanned across cells in imaging or flow 
instruments47. No detrimental effects of the laser particles on cell 
viability were observed. Using conventional photonic laser particles 
coated with the same polymers, we have observed minimal effects 
of the intracellular laser particles on cell division, surface receptors 
and transcriptomic phenotypes41–43. The presence of gold within the 
polymer layer would not affect the biocompatibility.

Conclusions
Our work has successfully demonstrated lasers operating at funda-
mental oscillation frequencies by harnessing the half-wave dipolar 
plasmonic mode. This achievement enables smaller device sizes com-
pared with previous higher-order devices, even outperforming those 
operating at cryogenic temperatures (see Extended Data Fig. 10). The 
miniaturization approach may prove useful for developing high-density 
light-source arrays for applications such as laser imaging, LiDAR (light 
detection and ranging)48, laser displays49, photon computing50 and 
on-chip communications51. It is anticipated that, using other III–V gain 
media such as InP and GaAs, proportionally smaller devices could be 
realized at shorter wavelengths down to 800 nm. The substitution of 
gold with silver may lead to narrower linewidths. It should be possible 
to control the particle size and shape more precisely using advanced 
lithography with deep-ultraviolet or nanoparticle masks52. Our metal–
semiconductor design has enabled us to produce plasmonic laser 
particles that emit narrowband light across a broad spectral range. 
Compared with previously demonstrated photonic laser particles in 
the same short-wavelength infrared region41,43, the plasmonic laser 
particles are approximately 2.5 times smaller in lateral size and six 
times smaller in volume and weight. This reduction is significant and 

advantageous in cellular applications, particularly for small, mobile 
immune cells (see Supplementary Fig. 4). The smaller size minimizes 
physical interference with cells and their migration42, facilitates the 
tagging of cells with multiple laser particles for tracking through cell 
division and may enable the tagging of subcellular organelles, such 
as nuclei. These cell-barcoding nanolasers hold promise for various 
applications, including large-scale multiplexed imaging, single-cell 
analysis and plasmonic sensing37,39–41.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41565-024-01843-7.
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Methods
Materials
Custom semiconductor wafers comprising epitaxial layers via metal–
organic chemical vapour deposition on InP substrates were ordered 
from Seen Semiconductors. Gold substrates, purchased from Platypus, 
had a measured surface roughness of 1.2 nm. H2SO4 was purchased from 
Transene Company. All other chemicals, such as H2O2, HCl, tetraethyl 
orthosilicate, polyethyleneimine and ammonium hydroxide, were 
purchased from Sigma-Aldrich.

Half-wave device fabrication
We used an epitaxial wafer with three layers of undoped InGaAsP with 
different stoichiometries, separated by InP sacrificial layers. Mesa 
structures were fabricated using optical lithography and reactive-ion 
etching to a diameter of 0.9–1.0 μm. Among the three InGaAsP materi-
als (In0.53Ga0.47As0.92P0.08, In0.53Al0.13Ga0.34As and In0.8Ga0.2As0.44P0.56), we 
used In0.53Ga0.47As0.92P0.08 or In0.8Ga0.2As0.44P0.56 layers, with an initial 
thickness of 290 or 200 nm, respectively. The diameter of the InGaAsP 
layer was adjusted by immersing the wafer chip in acid piranha solution 
(H2SO4:H2O2:H2O = 1:1:10) and etching for a pre-calibrated reaction 
time39. Next, the InP layers were removed using HCl, which released the 
InGaAsP particles41. The particles were washed with ethanol and water, 
then dispersed in ethanol. The InGaAsP particles were further etched 
in piranha solution (same composition) to achieve the final desired 
thickness and lateral size, based on pre-calibrated reaction times. 
Submicrometre particles typically acquired rhombus shapes due to 
anisotropic etching rates across the different lattice planes of InGaAsP. 
For SiO2 coating, we used the Stöber method41. The SiO2-coated parti-
cles were washed multiple times with ethanol and water before being 
drop-cast on to designated gold- or SiO2-coated silicon substrates.

Optical measurements
We used a commercial laser-scanning microscope (Olympus, 
FVMPE-RS) for optical characterization. The laser-scanning unit of the 
microscope was coupled with both nanosecond and picosecond pump 
lasers. The nanosecond pump laser (IPG Photonics, YLPN-1-1×120-
50-M) at 1,064 nm had a tunable pulse duration ranging from 1 to 120 ns 
and a variable repetition rate from 2 kHz to 14 MHz. For shorter pump 
pulses, we used a picosecond pump laser (Picoquant, VisIR-765) with a 
pulse duration of 70 ps, a centre wavelength of 765 nm and a repetition 
rate that was variable from 2.5 to 80 MHz. An NIR-optimized, ×100, 
0.85 NA (numerical aperture) objective (Olympus IMS LCPLN100xIR) 
was used for optical pumping. The output emission from the samples 
was collected through the same lens and directed to an NIR spectrom-
eter via a dichroic mirror. An InGaAs linescan camera (Sensor Unlimited 
2048L) was used for spectral characterization with a typical integra-
tion time of 1 ms. The spectrometer had a diffraction grating with 200 
lines per millimetre, providing a resolution of 0.8 nm and a wavelength 
span of 1,100–1,600 nm. For low-temperature experiments, we placed 
the samples on a thermoelectric cooler connected to a chiller. For 
time-resolved photoluminescence measurements, we used the picosec-
ond laser (VisIR-765) with a repetition rate of 40 MHz, a single-photon 
InGaAs avalanche photodiode (Micro Photonics Devices) with a timing 
jitter of 100 ps and a time-correlated single-photon counting board 
(TimeHarp 260, PicoQuant) with a resolution of 25 ps. For the far-field 
emission and speckle imaging, we used a silicon-based EMCCD camera 
(Luca, Andor) in a wide-field configuration, along with a spectrometer 
(Shamrock, Andor) equipped with a silicon-based EMCCD (Newton, 
Andor) and a diffraction grating (300 lines per millimetre; 500 nm 
blaze) for a resolution of 0.67 nm. The pump source was the picosecond 
laser (VisIR-765) at 765 nm with a 2.5 MHz repetition rate. A long-pass 
dichroic filter with an 850 nm cut-off were used for sample excitation 
and emission detection. The pump beam was expanded using a 4f 
telescope to a full-width at half-maximum of approximately 15 μm in 
the focal plane. 3M Scotch Magic tape was applied to the sample on a 

gold substrate as a scattering medium. Pump excitation and detection 
were conducted in an epi-fluorescence configuration.

Numerical simulations
FDTD calculations of the Mie scattering spectra and dipole-embedded 
cavity mode properties were performed using commercial software 
(Lumerical FDTD Solutions). More details are available in Supplemen-
tary Note 5.

Semiconductor laser modelling
The rate equations of a semiconductor laser were formulated and 
solved numerically using MATLAB in a laptop. Briefly, for electron–hole 
pairs (q) the energy states are divided into typically 120 levels (that is, 
k = 1–120) and the numbers of emitters (nk) within individual levels 
centred at ωk evolve over time (t) via pumping (Pk), stimulated emission 
(q × τs

−1), spontaneous emission (τs
−1) and non-radiative decay to lower 

levels (τnr
−1). The photon numbers (qk) with energies labelled from 1 

to 120 are varied over time through stimulated emission, spontane-
ous emission and cavity loss (τc

−1). Thermodynamic excitation was 
neglected for computational simplicity.

For numbers of electron–hole pairs in the first (band edge) to the 
kth (pump) levels:

dnk
dt

= Pk (t) −
nk

τs (ωk)
− nk

τnr (ωk)
(2)

dnk−1
dt

= −ΔΩ
δω

nk−1qk−1
τs (ωk−1)

− nk−1
τs (ωk−1)

− nk−1
τnr (ωk−1)

(3)

dnk−2
dt

= −ΔΩ
δω

nk−2qk−2
τs (ωk−2)

− nk−2
τs (ωk−2)

− nk−2
τnr (ωk−2)

⋯ (4)

dn1
dt

= −ΔΩ
δω

n1q1
τs (ω1)

− n1
τs (ω1)

. (5)

For photons (polaritons) in the ith level (i ranging from 1 to k − 1):

dqi
dt

= ΔΩ
δω

niqi
τs (ωi)

+ ni
τs(ωi)

− qi
τc (ωi)

. (6)

The transition rate coefficients depend on the resonance centre 
frequency ωo and the bandwidth ΔΩ with constants including the cav-
ity lifetime at the resonance frequency τc0, non-radiative decay time 
constant τnr0 and maximum carrier density at saturation nsat:

1
τs (ωi)

= 1
τs

⋅ ΔΩ2/4
(ωi − ωo)

2 + ΔΩ2/4
(7)

1
τc (ωi)

= 1
τc0

/ ΔΩ2/4
(ωi − ωo)

2 + ΔΩ2/4
(8)

1
τnr (ωi)

= 1
τnr0

⋅ nsat (ωi−1) − ni−1
n0

. (9)

Details are described in Supplementary Note 3.

Fabrication of metal-coated semiconductor particles
To produce stand-alone laser particles, we used an In0.73Ga0.27As0.58P0.42 
single-layer wafer. After optical lithography and reactive-ion etching, pil-
lars with a diameter of ~2 μm were created41. The diameter of the InGaAsP 
layer was reduced by immersing the wafer chip in acid piranha solution 
(H2SO4:H2O2:H2O = 1:1:10) for a specific etching duration39. Subsequently, 
HCl or H3PO4 was used to etch InP sacrificial layers to diameters that 
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roughly matched that of the InGaAsP layer as well as removing an InP cap 
layer on top of the InGaAsP layer. After washing the wafer, a 5-nm-thick 
SiO2 coating was produced on the pillars using the Stöber method41. A 
layer of gold was deposited on the pillar array using an electron-beam 
evaporator (Denton EE-4, Harvard Center for Nanoscale Systems). By 
immersing the wafer in HCl, the gold-deposited metal–semiconductor 
particles were detached from the substrate. The harvested particles 
were washed three times with fresh water and ethanol. To enhance the 
material stability and biocompatibility in aqueous media and cytoplasm, 
an approximately 60-nm-thick SiO2 shell was added to the particles  
via the Stöber method over three cycles41. To further enhance the bio-
compatibility and facilitate cellular uptake, the SiO2-coated metal–semi-
conductor particles were encapsulated with polyethyleneimine polymer.

Cell experiments
Green-fluorescent-protein-expressing HeLa human cervical cancer 
cells were purchased from GenTarget. The HeLa cells were cultured 
in Dulbecco’s modified Eagle medium, supplemented with 10% (v/v) 
fetal bovine serum and 1% (v/v) penicillin–streptomycin, at 37 °C under 
5% CO2. For cell tagging, cells at the desired density were plated on a 
glass-bottomed plate with the cell medium. Metal–semiconductor 
laser particles suspended in the same cell culture medium were added 
to the cell-containing plate. The plate was shaken to evenly disperse 
the laser particles. After 24 h of incubation, cell laser experiments were 
performed using a customized microscope.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The laser experiment data used within this paper are available via the 
Harvard Dataverse at https://doi.org/10.7910/DVN/AOWZN8. Addi-
tional data that support the findings of this study are available from 
the corresponding author upon reasonable request.

Code availability
The code used for the semiconductor laser modelling and analysis of 
the laser experiment data is available via Code Ocean and the Harvard 
Dataverse at https://doi.org/10.7910/DVN/AOWZN8. The code associ-
ated with the FDTD calculations is available from the corresponding 
author upon reasonable request.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Mode properties of metal-semiconductor 
nanoparticles. a-b, Mie scattering spectra of gold nano-spheres (a) and gold 
nano-discs (b) in air for planar incident waves. While the excitation of higher 
order modes is evident for spheres, only the fundamental electrical dipole mode 
clearly appears for discs owing to the symmetry; the higher modes in discs are 
not efficiently excited by the uniform driving field. In nano-lasers, however, 
higher-order plasmonic modes are driven by local emitters and can be efficiently 
excited via near-field interactions. c, Schematic depicting mode coupling 
between plasmonic and semiconductor disc modes for three representative 
cases: (i) Non-lasing metallic luminescence when a semiconductor disc is too 
thin. Because of the large differences of the modes in energy, mode coupling is 
weak, and the lowest order modes are largely plasmonic. Because of the mode 
proximity, it is difficult to selectively amplify only the ED mode; (ii) Higher-order 
hybrid laser, where multiple dielectric-like modes are present within a gain 
bandwidth; (iii) A hybrid dipole laser — which may be regarded a ‘spaser’ — where 
the individual modes in the metal and semiconductor discs have similar energies. 
Strong coupling occurs between ED modes, separating the hybrid plasmon-like 
mode from the other hybrid modes. This mode shift may be considered as the 
effect of the refractive index of the semiconductor on the plasmonic mode. 
However, mode coupling is a more accurate explanation as the effective index 
experienced by the plasmonic ED mode matches the index of the ED mode in 
the dielectric medium. Note that the MD modes, the lowest order modes in 

dielectric discs, are not efficiently coupled with the plasmonic ED mode because 
of the field symmetry. d, FDTD simulation of metal-semiconductor discs with 
different diameters, as depicted in the inset. The resonance wavelength, quality 
factor, and mode confinement factor in the semiconductor vary as a function 
of the diameter ratio from 0 (III-V only) to infinity (on a gold substrate). The 
resonance wavelength of the hybrid ED mode increases dramatically from 
600 nm to 1300 nm at size matching and then 1220 nm for oversized gold. The 
quality factor reaches its maximum at a diameter ratio of 0.5, partly due to 
optimal mode energy matching and partly due to reduced metallic absorption 
at 800–900 nm. The Q factor approaches slightly over 10 at infinite gold, with 
a quarter of electromagnetic energy residing in the semiconductor while the 
remaining three quarters are stored in the metal. See Supplementary Fig. 2 for 
more examples of Mie scattering spectra. e, Simulated Mie scattering spectra of a 
complex of semiconductor (n = 3.5) and gold rhombus-like particles, each with a 
side length of 250 nm and heights of 130 nm and 100 nm, respectively, for various 
gap distances. The arrow indicates the lowest-order mode at contact.  
f, Electric field amplitude profiles of the semiconductor-gold particles in contact 
(dashed outline). g, Simulated Mie scattering spectra of a semiconductor on 
infinite substrates for different gap distances. The arrow indicates the lowest 
mode at contact. h, Electric field amplitude profiles of the semiconductor-
on-gold structure. i, Simulated Mie scattering spectra of a rhombus-shaped 
semiconductor on an infinite substrate for different rhombus interior angles.
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Extended Data Fig. 2 | Size and thickness tuning of semiconductor particles.  
a, SEM images of a semiconductor wafer after RIE, showing pillars with a diameter 
of 1.21 μm ± 45 nm. b, (Left) A high-resolution transmission electron micrograph 
(HRTEM) of a silica-coated microdisc; (Right) an electron diffraction (SAED) 
pattern from a selected area (dashed square). The zone axis is labeled as 001,  
and two lattice plane directions, 100 and 110, marked for clarity.  
c, Two-dimensional etching for reducing the diameters of InGaAsP layers while 
preserving their thickness using piranha acid solution. The InP layer remains the 
same size while InGaAsP is etched away. The bottom layer with a composition of 
In0.53Ga0.47As0.92P0.08 was primarily used in most experiments (unless specified).  
d, Three-dimensional etching of InGaAsP layers, performed after a full (typically) 

or partial (for this dataset) etching of InP layers between InGaAsP layers. This 
process reduces both the thickness and lateral sizes. The 2D and 3D etching 
techniques were judiciously used to obtain desired thicknesses and sizes for 
InGaAsP particles. e, SEM images of six particles obtained from a single batch 
targeting a thickness of 130 nm and a mean side length of 250 nm. This batch was 
used to produce the experimental data in Fig. 2c. The variation in size and shape 
was largely introduced during the size reduction process via wet etching. More 
uniform discs could be produced from reduced pillar diameters. f, SEM image of 
an isolated semiconductor nanodisc placed on top of a gold-coated substrate. 
The polycrystalline domains of the gold layer are visualized.
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Extended Data Fig. 3 | Half-wave dipolar lasers. a, Schematic of a microscope 
setup used for optical characterizations. b, Measured lasing linewidth Q factors 
of 40 devices with different sizes and shapes. Representative spectra are 
displayed in Fig. 2c. c, Emission spectra of two devices at a room temperature 
of 298 K. d, Emission spectra of two devices at a Peltier cooled temperature of ~ 
230 K (nominal). Compared to the room temperature spectra, the falling edges 
at the high energy side, or near the quasi-Fermi levels, are steeper, presumably 

due to slightly reduced thermal excitations at the lower temperature. Note that 
the simulated spectra exhibit ever steeper spectral falloff at the quasi-Fermi level 
(see Fig. 3b and Extended Data Fig. 6), because no thermal excitations have been 
considered in the model, which corresponds to zero-degree temperature (0 K).  
e, Output spectra through a polarizer at different angles. The stimulated 
emission peak at 0.94 eV (1321 nm) is linear polarized while the broad lower-
energy background above the peak (0.75 to 0.9 eV) is approximately unpolarized.
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Extended Data Fig. 4 | Semiconductor gain and a ‘waterfall’ laser model.  
a, Energy level diagram and various transitions paths in a semiconductor laser. 
This essentially forms a four-level laser system (or a quasi-three-level including 
valence band absorption of intracavity light). The blue shade represents free 
electrons (or the electron-hole plasma) that fill the electronic states in the 
conduction band. The simplified ‘waterfall’ model depicted in Fig. 3a is based on 
this diagram. b, Analysis of charge carrier loss due to Auger recombination for 
bulk (blue) and Purcell-enhanced (yellow) radiative decays. See Supplementary 
Note 2. c, Gain profiles at room temperature at three different carrier density 
levels, calculated using standard semiconductor theory considering the 
Fermi-Dirac distribution of the carriers at room temperature. Thermodynamic 
excitation was neglected in our numerical modeling, resulting a sharp gain cliff 
beyond the quasi-Fermi level. d, Calculated total carrier density versus 

transparency (zero-gain) wavelength. e, Simulated output spectra of a device 
with a size of 240 nm for the cases of different Purcell factors, from 1 to 30, as the 
pump fluence is varied from 0.021 to 2.1 mJ/cm2. The output saturates. The 
dashed curve illustrates the cold-cavity mode profile with a Q factor of 10. At 
Fp = 1, the lasing threshold is never reached even at extreme pumping levels. At 
Fp = 10, the lasing threshold is barely reached with a stimulated-to-spontaneous 
ratio of 1.07. Compared to Fp = 20, Fp = 30 results in reduced linewidths. Best 
correspondence to experimental data was obtained with Fp = 18 (Device 1) and 
Fp = 19 (Device 2). f, (Left) The emitter population and stimulated-to-
spontaneous ratio at a threshold pump fluence, where the quasi-Fermi level is 
just below the modal resonant frequency. (Right) At a pump level 7.3 times above 
the threshold when all the entire excited states are almost filled.
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Extended Data Fig. 5 | Laser simulation and experimental results. a, Half-wave device (semiconductor volume: 183 × 183 × 130 nm3). b, Half-wave device  
(225 × 225 × 130 nm3). c, One-wave device (400 × 400 × 130 nm3).
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Extended Data Fig. 6 | Higher-order mode devices. a-b, Representative 
devices from different batches of varying sizes (same thickness of 290 nm) 
for plasmonic (a) and dielectric cavities (b). Dielectric devices with less than 
880 nm sizes did not reach lasing threshold even at the highest pump power 
levels. c, Emission linewidths measured from six different size batches, with a 
total of 120 devices and 15 samples per batch. The threshold pump fluences of 
these devices are shown in Fig. 2. The box in the error bar represents the mean 

value, while the whiskers show the standard deviation. d, The ratio between the 
peak threshold powers for picosecond and nanosecond pumping of the devices 
batches, as shown in Fig. 2 and Extended Data Fig. 6c. Again, the box in the error 
bar represents the mean value, while the whiskers show the standard deviation. 
e, FDTD results of a 350-nm rhombus-shape showing a second order mode at 
1206 nm (top) and a rectangular-shape 500-nm device showing a whispering 
gallery mode (Q = 94) at 1164 nm (bottom).
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Extended Data Fig. 7 | Temporal responses of picosecond-pumped devices.  
a-e, Output intensity (left) and temporal (right) curves at varying pump powers 
from four representative devices: a, a pristine semiconductor wafer; b, a 
photonic microlaser with a diameter of approximately 2 μm placed on a glass 
substrate; c, a plasmonic nanodisc device with a diameter of approximately 
350 nm on a gold substrate; and d-e, two different nanodisc devices with a 
diameter of approximately 230 nm on a gold substrate. Colors represent 

measurements at different pump powers. All laser devices exhibit kink behaviors 
indicative of the lasing threshold and accelerated lifetime. f, Superimposition of 
three representative temporal curves obtained from the devices in a, b, and d, 
above their respective lasing thresholds. The temporal profiles in the vicinity of 
the peak are nearly identical, indicating they are limited by the finite temporal 
resolution of the measurement instrument.
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Extended Data Fig. 8 | Structure of metal-semiconductor particles.  
a, Schematic and SEM images of disc-on-pillar array following SiO2 coating and 
gold deposition. b, Bright-field and SEM images of plasmonic laser particles 
drop-cast onto a silica-coated silicon substrate, presenting both the III/V side 
(left) and the Au side (right). c, Transmission Electron Microscopy (TEM) image 
of a cross-section of a sample, prepared using focused ion-beam (FIB) etching. 

The image reveals the InGaAsP layer with a thickness of ~290 nm, 5–7 nm thick 
SiO2 layer, and ~ 80-nm thick gold layer. d, Higher magnification view of the cross 
section. e-f, Scanning transmission electron microscopy (STEM) images and 
elemental maps. The samples in c-f were prepared by placing the InGaAsP side 
on a silica-coated silicon substrate and depositing Ga on top of the Au side of the 
particles. The samples were then placed upside down on a TEM grid.
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Extended Data Fig. 9 | Emission spectra of isolated plasmonic LPs. a, SEM 
image of a semiconductor particle after electron-beam gold deposition. The 
deposited gold layer appears noticeably rougher that the ‘ultra-flat’ gold 
substrate shown in Extended Data Fig. 2f. b, SEM images of samples with a gold 
thickness of 100 nm and a side length of 580 nm. c, Emission spectra at varying 
pump fluences. d, Light-in-light-out curves measured (circles) along with a 

theoretical fit (red curve). e, Output spectra of 4 LPs. f, Evolution of output 
spectra of two LPs at pump fluences varying from 0.1 to 4 mJ/cm2. The Q factor of 
the fourth-order longitudinal mode in these devices is estimated to be 42. g, SEM 
images of two samples after gold deposition with a thickness of 15 nm. h, Output 
spectra of two thin-gold-coated samples. The Q factor of the fourth-order mode 
in these devices is estimated to be approximately 30.
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Extended Data Fig. 10 | Device volume and mode order comparison. Device 
volume (a) and the mode order (b) of single particle and micro- and nano-lasers 
operating at room temperature (cyan circles) and cryogenic temperature (pink 
circles). Each data point is labeled with the device name used in Supplementary 
Tables 1 and 2. Numerous non-metallic lasers based on periodic distributed 

feedback, photonic crystal reflection, and lattice structures, which operate in 
their lowest photonic modes, are not included in this tables since their device 
sizes exceed multiple wavelengths. Metal-coated lasers in C1 and C5 demonstrate 
photonic-like modes but do not represent the overall lowest-order plasmonic 
modes.
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�    Experimental design
Please check: are the following details reported in the manuscript?

1.   Threshold

Plots of device output power versus pump power over 
a wide range of values indicating a clear threshold

Yes

No

We have quantified the threshold by changing the input pump fluence and measuring 
the output . The related data is presented in Fig.2d, FIg.2i and Extended Data Fig. 8c.

2.   Linewidth narrowing
Plots of spectral power density for the emission at pump 
powers below, around, and above the lasing threshold, 
indicating a clear linewidth narrowing at threshold

Yes

No

Linewidth narrowing was observed as the input pump fluence increased. The related 
data is presented in Fig. 2e and Extended Data Fig. 4.

Resolution of the spectrometer used to make spectral 
measurements

Yes

No

We present the spectrometer resolution is 0.8 nm in the methods section.

3.   Coherent emission

Measurements of the coherence and/or polarization 
of the emission

Yes

No

The spatial coherence of laser light was studied by observing the interference pattern 
in the scattered layer of Scotch tape (Fig. 4 e–j). The polarization state of the 
generated laser light was measured. The related data is presented in Extended Data 
Fig. 3e.

4.   Beam spatial profile
Image and/or measurement of the spatial shape and 
profile of the emission, showing a well-defined beam 
above threshold

Yes

No

The laser emission pattern from the In₀.₈₀Ga₀.₂₀As₀.₄₄P₀.₅₆ particle at different mode 
orders was collected by an objective lens and recorded with a silicon-based EMCCD 
camera, as shown in Fig. 4e–j.

5.   Operating conditions

Description of the laser and pumping conditions 
Continuous-wave, pulsed, temperature of operation

Yes

No

Measurement performed under nanoseconds or picoseconds pumping at room 
condition. We also performed Peltier cooling experiments and the related data was 
presented in Extended Data Fig. 3d.

Threshold values provided as density values (e.g. W cm-2 
or J cm-2) taking into account the area of the device

Yes

No

The threshold value was provide as density value by considering the excitation beam 
area.

6.   Alternative explanations
Reasoning as to why alternative explanations have been 
ruled out as responsible for the emission characteristics 
e.g. amplified spontaneous, directional scattering; 
modification of fluorescence spectrum by the cavity

Yes

No

We provided the detailed analysis (Fig. 3 and Extended Data Fig. 5) for the claim of 
lasing and neglect the other possibilities including modification of fluorescence 
spectrum by the cavity. 

7.   Theoretical analysis
Theoretical analysis that ensures that the experimental 
values measured are realistic and reasonable 
e.g. laser threshold, linewidth, cavity gain-loss, efficiency

Yes

No

We used both semiconductor material modeling, finite difference time domain 
simulation for studying optical resonance, and a laser rate equation model to analyze 
the observed laser emission. Please refer to Supplementary Note 1-3 for more details.

8.   Statistics

Number of devices fabricated and tested
Yes

No

We studied more than 120 different particle devices to examine the trend of 
threshold changes at different sizes (See Fig. 2i). For the half-wavelength laser device, 
we investigated more than 40 different particles (See Fig. 2c).
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Statistical analysis of the device performance and 
lifetime (time to failure)

Yes

No

Statistical analysis and failure of lasing for particle on the dielectric substrate was 
analyzed and presented in Extended Data Fig 4.
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