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Plasmonic nanolasers are transitioning from empirical optimization to a new paradigm driven by physical mecha-
nisms. Owing to the lack of guidance from internal mechanisms, this transformation process remains highly challenging.
Therefore, elucidating the governing nanoscale light—matter interactions has become essential for unlocking their full per-
formance potential. In this paper, we establish a framework that connects the strength of exciton—plasmon interactions
with plasmonic nanolaser performance. The evolution of the laser spectrum under increasing pumping fluence, reflected by
variations in intensity, spectral peak position, and full width at half maximum, provides clear evidence of exciton—plasmon
interactions. These interactions are further verified by changes in the emission lifetime with incident fluence, and it is found
that the lifetime variation correlates with the change in spectral full width at half maximum. Furthermore, we calculate and
analyze various loss mechanisms in plasmonic nanolasers, revealing how the strength of exciton—plasmon interactions ac-
tively modulates optical loss channels and fundamentally controls the lasing threshold. Understanding exciton—plasmon
interaction dynamics is not merely a theoretical pursuit but a critical step toward realizing truly practical and scalable

nanophotonic devices.
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1. Introduction

In order to achieve integration with next-generation
technologies such as on-chip optical interconnection,!!]
quantum communication networks,!”! and ultra-sensitive
biosensors,*! laser devices need to be miniaturized, but they
now face a fundamental barrier: the diffraction limit of light.
With the decrease in the physical size of conventional lasers,
the mode volume gradually becomes smaller, and the per-
formance suffers a catastrophic decline due to the diffraction
limit. Plasmonic nanolasers emerge as a transformative so-
lution by harnessing surface plasmons (SPs) to confine light
far below the diffraction limit.!%! These devices exploit hybrid
light-matter interactions within subwavelength cavities, typi-
cally comprising semiconductor gain media coupled to metal-
lic nanostructures, thereby realizing lasing behavior. As de-
vice dimensions approach molecular scales, quantum effects
dominate, rendering traditional gain models obsolete and ne-

cessitating a fundamental re-examination of energy transfer
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pathways at the nanoscale. Ning!”! discussed that there is no
difference in the essential physics between the “SPP-laser”
regime and the spaser regime and compared the key simi-
larities and differences between gain models of conventional
lasers and plasmonic lasers. Their performance is critically
governed by two interdependent metrics: the lasing threshold
and spectral linewidth. The former dictates power efficiency
and thermal management, while the latter determines signal fi-
delity for applications requiring precise spectral control. Cru-
cially, both parameters originate from the gain mechanism
— a complex interplay between excitons in semiconductors

(891 Understanding exciton—plasmon

and plasmons in metals.
interaction dynamics is not merely a theoretical pursuit but
a critical step toward unlocking truly practical and scalable
nanophotonic devices. The pursuit of ultracompact coherent
light sources has long been constrained by the empirical na-
ture of nanolaser development. Therefore, it is necessary to

establish a basic paradigm shift: exciton—plasmon interaction
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dynamics serve as the universal governing principle underly-
ing all key performance metrics in plasmonic nanolasers.

In recent years, researchers have successively realized
ultraviolet to infrared plasmonic nanolasers using iterative
optimization of materials and composite structures.®10-15]
Among these efforts, progress has been made in inferring
the gain mechanism of optimized plasmonic nanolasers from

[16-18] For example, Lu et al.["’]

changes in laser performance.
observed a lasing mode shift relative to a photonic nanolaser
mode by using a plasmonic nanolaser with an optimized struc-
ture. By calculating the carrier density and carrier lifetime,
it was proposed that the gain mechanism of the plasmonic
nanolaser originates from the coupling between surface plas-
mons and excitons, rather than from the electron-hole plasma
mechanism. Yet, how exciton—plasmon interaction dynamics
affect the spectral linewidth through changes in the exciton re-
combination rate lacks theoretical guidance. Apart from the
gain mechanism, the loss mechanism is also a crucial factor
determining nanolaser performance, which is mainly reflected
in the lasing threshold. It is well known that processes such
as metal absorption, radiation leakage, and nonradiative re-
combination can significantly degrade nanolaser performance.

Wang et al.!*"!

quantitatively revealed that the loss sources of
plasmonic nanolasers include material loss, metal loss, and ra-
diation loss. This provides important guidance for optimizing
both the cavity and gain materials of plasmonic nanolasers.
Although loss-reduction strategies show clear benefits, mod-
els linking interaction-strength modulation of optical loss to
the lasing threshold remain incomplete. Current optimiza-
tion methods therefore remain dependent on trial-and-error-
based material substitutions and structural modifications due
to the absence of physics-based models capable of predicting
nanoscale interactions. This inherent limitation hinders device
reproducibility and application-specific optimization. There-
fore, there is an urgent need to establish a comprehensive link
between the fundamental exciton—plasmon interaction, the re-
sulting laser performance (including threshold and linewidth),
and the practical viability of these devices.

In this paper, a framework correlating the measured
interaction strength with the performance of semiconduc-
tor/insulator/metal plasmonic nanolasers (ZnO/Al,O3/Ag) is
established. Through systematic characterization of key per-
formance parameters such as threshold, full width at half max-
imum (FWHM), and emission intensity, combined with cor-
relation analysis between the recombination lifetime and the
interaction strength extracted from laser dynamics measure-
ments, it is further verified that performance variations of the
nanolaser originate from modulation of the exciton—plasmon
interaction strength. Theoretical calculations further elucidate
the mechanism by which interaction strength governs spectral
linewidth broadening. Moreover, various optical loss channels

are analyzed using a two-energy-level system, demonstrating
how exciton—plasmon interaction strength dynamically modu-
lates these losses and thereby controls the threshold intensity.
This fundamental insight into interaction-dependent gain and
loss mechanisms provides a theoretical framework for opti-
mizing plasmonic nanolaser performance and broadening their
application scope.

2. Theoretical method and experiment
2.1. Sample preparation

The single-crystalline ZnO nanowire array was produced
using chemical vapor deposition (CVD), similar to our pre-
viously reported method.>!! A 100 nm thick Ag thin film
was deposited on a silicon substrate by electron-beam evap-
oration, and an approximately 5 nm thick Al,O3; layer was
deposited on the Ag film by atomic layer deposition (ALD).
The ZnO nanowire array was dispersed in an absolute alcohol
solution using ultrasonic oscillation, and the resulting solution
was drop-cast onto the Al,O3/Ag substrate.

2.2. Optical measurement and simulation

The ZnO nanorod morphologies were characterized using
a scanning electron microscope (SEM) (Carl Zeiss Ultra Plus).
The refractive index of the ZnO film was measured by spec-
troscopic ellipsometry (SE-m). The ZnO plasmonic nanocav-
ity was optically pumped using a 325 nm femtosecond (fs)
laser (pulse duration of 100 fs and repetition rate of 1000 Hz),
which was focused by a microscope objective (40 %), resulting
in a pumping beam diameter of approximately 4 um. The pho-
toluminescence (PL), lasing performance, and PL decay life-
time of the samples were detected using an optical multichan-
nel analyzer (OMA) system (Princeton, Acton SP2500i) and
an optically triggered streak camera system (Optronic GmbH
SC-10). Theoretical calculations and simulations were carried
out using the finite-difference time-domain (FDTD) method,
in which the Helmholtz equation was solved with absorbing
boundary conditions.

3. Results and discussion
3.1. Lasing behavior of ZnO plasmonic nanolaser

As shown in Fig. 1(a), the dispersion curves of the com-
posite nanocavity formed by an approximately 7 pum long
ZnO nanowire (diameter of approximately 150 nm) placed on
an Al,O3/Ag substrate were calculated. The effective index
of the fundamental hybrid mode in the composite nanocav-
ity is much larger than that of the SP mode formed at the
Al,O3/Ag interface within the ZnO luminescence spectrum.
As shown in the inset of Fig. 1(a), the higher effective in-
dex of the ZnO/Al,03/Ag nanocavity indicates stronger op-
tical field confinement, leading to higher confined energy, a
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smaller mode area, and a larger confinement factor. As shown
in Fig. 1(b), an incident wave at the left plane generates a sur-
face plasmon mode with a standing-wave pattern inside the
nanowire cavity. Since the radiation field of the displaced
continuous cavity mode consists of photons scattered into free
space and surface plasmons propagating along the metal sur-
face outside the cavity, both radiation components are col-
lected by the objective lens in the experiment. The lower right
corner of Fig. 1(b) shows an SEM image of a ZnO nanowire
placed on an Ag/Al,O3 substrate.

Subsequently, the constructed devices were characterized
spectrally. Figure 1(c) shows the spectra of a ZnO plasmonic
nanolaser collected from a micro-region. When the pump-
ing fluence is lower than 24.5 J/cm?, the spectrum exhibits
broad spontaneous emission. Above 24.5 pJ/cm?, the spec-

trum rapidly narrows and transitions into laser emission. Thus,
the lasing threshold is determined to be 24.5 uJ/cm?. With in-
creasing fluence density, the central peak of the spectrum ex-
hibits a blueshift. Meanwhile, an exciton peak is observed at
3.323 eV (Fig. 1(d)).

In addition, when the lasing mode appears, the operation
of the plasmonic nanolaser can be further verified by measur-
ing the polarization of the laser mode. As shown in Fig. 1(e),
the polarization direction is consistent with the orientation of
the nanowire. These longitudinal lasing modes, namely the
fundamental hybrid mode, confirm that the device operates as
a plasmonic nanolaser. During operation, the relationship be-
tween the variation of the lasing peak and the FWHM requires

further investigation.
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Fig. 1. (a) Dispersion curves of the fundamental hybrid mode in the ZnO/Al,03/Ag nanocavity and the SP mode formed at the Al,O3/Ag
interface (inset: cross-sectional field distribution); (b) Output coupling of a ZnO plasmonic nanolaser (SEM image of the device is shown in the
lower right corner; scale bar: 1 um); (c) Spectra under different pumping fluences; (d) Low-fluence amplification spectrum, where the exciton
peak is located at 3.323 eV; (e) Relationship between the far-field emission intensity and polarization angle of the plasmonic nanolaser.

3.2. Laser performance parameter of plasmonic nanolaser

The relationship between the incident fluence and the
spectral characteristics — including peak intensity, peak po-
sition, and FWHM — is illustrated in Figs. 2(a)-2(c). Two
distinct demarcation points are observed in Figs. 2(a)-2(c):
one corresponds to the lasing threshold, and the other is lo-
cated at 61.6 pJ/cm?. As the pumping fluence increases, the
peak intensity of the spectrum also increases, reaching its max-
imum at a pumping fluence of 61.1 pJ/cm?. When the pump-
ing fluence reaches 61.1 uJ/cm?, the peak position stabilizes.

Regarding the FWHM, it narrows after surpassing the lasing

threshold, indicating that the lasing mode within the cavity
has reached a steady state. When the pumping fluence exceeds
61.6 W/ cm?, the laser intensity decreases, the FWHM of the
lasing mode begins to broaden, and a sudden enhancement of
the blueshift is observed in Fig. 2(b). These changes suggest
that the lasing mode inside the cavity becomes unstable, lead-
ing to degraded laser performance.

As shown in Fig. 2(d), for the optically pumped laser,
when light is incident on the device, electrons in the semi-
conductor material are excited to higher-energy electron—hole

pair states and subsequently relax to the working level, as in-
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dicated by the green arrows, forming excitons. Photon emis-
sion is strongly quenched due to resonant energy transfer to SP
modes, as indicated by the red arrows in the panel. The exci-
tons recombine and emit surface plasmons at the Al,O3/Ag in-
terface. The plasmonic oscillations at the Al,O3/Ag interface
stimulate this emission, providing feedback for the spasing ac-
tion (as indicated by the hollow arrows). When the pump-
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ing fluence reaches the threshold, the emission of the laser
mode becomes stable, and the entire system enters a strong
SP—exciton interaction regime. However, when the pump-
ing fluence exceeds 61.1 pJ /cmz, the spectral intensity de-
creases significantly, the peak exhibits a rapid blueshift, and
the FWHM broadens. Here, we hypothesize a weakening of

the SP—exciton interaction.
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Fig. 2. (a) Relationship between pumping fluence and light intensity of a ZnO plasmonic nanolaser. (b) Relationship between pumping fluence
and lasing peak position of a ZnO plasmonic nanolaser. (c) Relationship between pumping fluence and FWHM of a ZnO plasmonic nanolaser.
(d) Schematic illustration of the operating principle of the plasmonic nanolaser (inset: output coupling of a ZnO plasmonic nanolaser).

3.3. Exciton—plasmon interaction dynamics

To further verify this hypothesis, time-resolved photolu-
minescence spectra were measured at different pumping flu-
ences to characterize the interaction strength, as shown in
Fig. 3(a). With increasing pumping fluence, the spectrum ex-
hibits a blueshift, consistent with the spectral blueshift ob-
served in Fig. 2(b). As shown by the fluorescence lifetime
fitting curve at 19.5 uJ/ cm? (below the threshold) in Fig. 3(b),
the decay process is relatively slow. In contrast, for the fluores-
cence lifetime fitting curve at 27.8 uJ/cm? (above the thresh-
old), the exciton recombination lifetime of 86 ps exhibits a
significantly faster decay. This behavior arises because, after
reaching the threshold, the probability of radiative transitions
increases. In addition, resonance between plasmons and exci-
tons enhances the exciton transition rate, enabling propagation

within a cavity with dimensions smaller than half the wave-
length. According to the statistics of the fitted lifetimes under
all pumping fluences shown in Fig. 3(c), the lifetime gradually
decreases with increasing fluence, which is consistent with the
operating mechanism of plasmonic nanolasers. However, at
pumping fluences exceeding 61.6 wJ/cm?, the fitted lifetimes
suddenly increase. This phenomenon may be attributed to a
weakening of the energy resonance between plasmons and ex-
citons, which slows down the transition rate.

This phenomenon can be explained by the following

expression: (‘]

1B
A = ——
Dras Tp  NsTrad

n, ey

where Ay, is the laser linewidth, 7, is the photon lifetime
in the cavity, B is the spontaneous emission factor, ny =
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ny/(np — ny) is the incomplete population inversion factor, Ty,q
is the radiative lifetime, and n; and n, are the numbers of par-
ticles in the lower and higher energy levels, respectively. With
increasing pumping fluence, the laser linewidth is governed
by the photon lifetime, radiative lifetime, spontaneous emis-
sion factor, and particle population when the lasing state is
reached. In the lasing regime, the photon lifetime and parti-

(a)

Time (ps)

390

375 380 385

Wavelength (nm)

Normalized intensity (arb. units)

Lifetime (ps)

cle population tend to reach a dynamic balance. According
to Eq. (1), when the laser linewidth A®,s broadens, the radia-
tive lifetime 7,9 increases, indicating a weakening of the en-
ergy resonance between plasmons and excitons. This further
demonstrates that the laser characteristics are strongly influ-

enced by exciton—plasmon interactions.
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Fig. 3. (a) Time-resolved fluorescence spectra under different pumping fluences (ordinate range: 0—1400 ps). (b) Time-dependent intensities at
pumping fluences of 19.5 uJ/ cm? (black), 24.5 uJ /cm2 (red), and 27.8 uJ/ cm? (blue). (c) The relationship between PL attenuation lifetime and

pumping fluence.
3.4. Loss influenced lasing threshold
Furthermore, we discuss the loss factors that affect the
lasing threshold. The various losses of a plasmonic nanolaser

are further explained below. Theoretically, the modal loss can

be calculated using the following formula:??!

S

(O2S)) ] A N
P /dplm[S(p,hw)] E(p)|*
. Ja

1
2MoF;

P.= [ 4pIRe[E(p)x H(p)] 2

[ apIE@ m(p.0)a(p ). @
3)

where A is the cross section of the waveguide device; p is
the position vector; P, is the time-averaged power flow of
the mode; (P, ho), n(p,hw), and a(p,hw) are the space-
dependent real part of the material permittivity, material re-
fractive index, and material absorption, respectively; 1Mo(=
V/Ho/€o) is the intrinsic impedance. The imaginary part of the
dielectric constant of the metal strongly influences the modal

loss in Egs. (2) and (3), representing the extinction coefficient
and determining light absorption in the metal. Therefore, the
metal loss (including electron scattering and inter/intraband
transitions) can be expressed by the modal loss.

The mirror loss can be calculated by

In(1/R)/L, 4)

where the two facets are assumed to have the same reflectiv-
ity R, which depends on the refractive index. This is also re-
ferred to as radiation loss, which more clearly describes the
formation process of the laser. Equations (2)—(4) theoretically
describe the relationship between refractive index and loss co-
efficient. In the refractive index range 2.4-2.495, as shown in
Fig. 4(a), metal losses range from 10507 cm ™! to 8970 cm ™!,
while radiation losses range from 2957 cm ™! to 2830 cm™!. It
is clear that metal losses account for a larger proportion than
radiation losses, indicating that the plasmonic cavity is primar-
ily affected by metal loss. Strong exciton—plasmon interaction
can overcome radiation and metal losses, thereby enabling the
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emergence of laser behavior.

For the lasing mode, in Fig. 4(b), the relationship be-
tween the quality factor Q and the total loss is calculated by
£0v,,2% where @ is the resonance frequency, I” is the con-
finement factor, and v, is the cavity mode group velocity. With
® =4.99 x 105 rad/s, I’ = 0.429, and vy = 1.22 x 10® m/s,
the total loss for Q values from 10 to 100 is 94928 cm™~! to
9492 cm™~!. Clearly, a high quality factor corresponds to low
loss. To reduce the lasing threshold, a high quality factor is
crucial and can be achieved through cavity design. In addition
to metal and radiation losses, there is still excess loss. Intra-
band free-carrier absorption, also known as the plasma effect,
is modeled as being directly proportional to the carrier concen-
tration and the square of the wavelength. As pumping fluence
increases, free-carrier plasma effects reduce the refractive in-
dex of the materials, resulting in a blueshift. (23]

As shown in Fig. 4(c), absorption loss in plasmonic

of self-absorption of the working material. This loss also
contributes to weakening the exciton—plasmon interaction.
In Fig. 4(d), when incident light irradiates the plasmonic
nanocavity, carriers are first absorbed by the material itself and
surface plasmons. As pumping fluence increases, the mode
just overcomes metal losses, and the exciton—plasmon inter-
action gradually intensifies. Therefore, reducing metal losses
to obtain low-threshold plasmonic nanolasers can be achieved
by optimizing the metal surface structure and decreasing in-
ternal metal losses (e.g., reducing temperature). When pump-
ing fluence increases further, radiation loss becomes signifi-
cant and laser behavior is observed. However, when pumping
fluence exceeds 61.1 uJ/cm?, self-absorption in the gain ma-
terial leads to weakening of the exciton—plasmon interaction.
By using high-quality semiconductor materials and optimized
structures, radiation loss and material self-absorption can be
reduced, allowing targeted optimizations for future device ap-

nanolasers can be understood via the energy level diagram  plications.
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Fig. 4. (a) Calculated relationship between refractive index, metal loss, and radiation loss in a plasmonic nanolaser. (b) Relationship between
quality factor Q and total loss of plasmonic nanolasers. (c) Energy level diagram illustrating self-absorption of the working material in the
plasmonic nanolaser. (d) Schematic diagram of the gain—loss competition mechanism in a plasmonic nanolaser.

4. Conclusion

In conclusion, the performance of plasmonic nanolasers
is unlocked through deciphering exciton—plasmon interaction
dynamics. It is demonstrated that interaction strength serves
as the master key controlling both spectral characteristics (via
linewidth broadening) and power efficiency (through thresh-

old modulation). By observing the lasing performance of
ZnO plasmonic nanolasers, it was found that the lasing behav-
ior first enhances and then attenuates with increasing incident
pumping fluence. This behavior is closely related to changes
in exciton—plasmon interaction strength.

Furthermore, through systematic analysis of the correla-
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tion between recombination lifetime and interaction strength
during the lasing evolution process, the critical role of this cou-
pling mechanism in modulating laser performance was con-
firmed. Theoretical calculations further establish the mecha-
nism by which interaction strength governs spectral linewidth
broadening. It is found that weakening of the energy resonance
between plasmons and excitons leads to linewidth broadening
in plasmonic nanolasers.

Moreover, the sources of various losses in plasmonic
nanolasers were analyzed. Through a two-level system model,
interaction strength is shown to dynamically reconfigure opti-
cal losses — including metal loss, radiation loss, and material
self-absorption — to determine the lasing threshold. This the-
oretical framework transforms device optimization from em-
pirical tuning to predictive design: by strategically engineer-
ing interaction strength through material selection and nanos-
tructure design, devices can be tailored for specific application
requirements.
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