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Abstract: We present in this study a theoretical investigation of the near-field enhancement
phenomenon within nanostructures, which have garnered recent attention due to their
potential applications in sensing, imaging, and energy harvesting. The analysis reveals
a significant intensification of electromagnetic fields proximal to periodically arranged
arrays of gold nanoparticles sustaining a highly lossy mode. In addition to the existence of
a localized surface plasmon (LSP) mode exhibiting suboptimal quality, our investigation
unveils intricate aspects of near-field enhancement closely correlated to the dynamics of
lasing mechanisms. Notably, our investigation is focused on elucidating the augmentation’s
behavior across varying pumping energies. The achieved enhancement surpasses two
orders of magnitude compared to the passive counterparts. We introduce a description
of the energy conversion rate specific to the SPASER configuration. The conceptualized
SPASER reveals a significant promise. It showcases energy conversion efficiency up to 80%,
emphasizing the SPASER’s potential as a highly effective nano-scale energy source.
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1. Introduction
In recent years, the manipulation of light at the nanoscale has emerged as a

promising research area, holding promise for diverse applications in fields such as
sensing [1–3], imaging [4], and optical communication. An interesting aspect of their
exploration revolves around examining the near-field enhancement within nanostructures,
with a particular focus on the domain of nano-lasers, known as SPASERs—surface plas-
mon amplification by stimulated emission of radiation. These unique nano-lasers harness
surface plasmon resonances in metal nanostructures to amplify coherent light emission,
transcending the boundaries of traditional macroscale lasers [5]. Operating at nanoscale
dimensions, SPASERs offer distinct advantages, notably their compatibility with other
nanodevices and structures [6–14], presenting novel avenues for technological integration.

The potential transformative impact of SPASERs on diverse domains, such as
biomedicine, optical communications, and sensing [15], is undeniable. Their exceptional
optical and electronic properties make them compelling candidates to revolutionize these
fields. Yet, the path toward realizing their potential is accompanied by intricate technical
challenges that necessitate careful consideration before their broad implementation.

Remarkably, the pursuit of nanoscale light manipulation not only uncovers phe-
nomena inherent to very small dimensions but also holds promise for circumventing the
diffraction limit of light—an issue that has long perplexed researchers. Notably, SPASERs
exhibit characteristics crucial for addressing these challenges. The heart of their operation
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lies in the excitation of surface plasmons through a pump laser, followed by light emission
via stimulated emission [15]. Compared to their conventional counterparts [16], SPASERs’
compactness stands out, paving the way for their integration with an array of nanoscale
systems and devices [14,17–19].

The focus on nanoscale light offers a practical means to tackle the limitations posed
by diffraction, enabling the creation of optical devices that push beyond conventional
constraints. Central to this exploration is the phenomenon of near-field enhancement—
wherein the electric field strength in proximity to a nanostructure surpasses that of the
incident light. This enhancement emerges from the excitation of localized surface plasmons,
collective oscillations within metal nanostructures [14]. Nonetheless, the allure of this
enhancement often contends with the challenge of energy dissipation, limiting the overall
efficiency of these systems.

In response to these hurdles, various strategies have emerged to mitigate the impact
of the high loss rates inherent to plasmonic systems [20–25]. For instance, researchers have
ventured into alternative materials with reduced loss rates, like aluminum-doped zinc
oxide (AZO) and titanium nitride (TiN) [26]. Similarly, the design of nanostructures with
tailored geometries seeks to curtail the influence of losses [27]. Encouragingly, advances
in fabrication techniques have yielded hybrid structures that amalgamate plasmonic and
non-plasmonic materials, concurrently elevating near-field enhancement and curtailing
energy dissipation [28].

However, the intricate interplay between near-field enhancement and loss mitigation
in nanostructures necessitates a multidisciplinary approach. To this end, this study builds
upon a previously developed model [14] that impeccably aligns with experimental out-
comes [16]. This investigation explores the lasing action within highly lossy materials,
subsequently unveiling fundamental properties congruent with the SPASERs. The paper
provides some insights that can be useful for harnessing the potential of nanoscale light
manipulation, with applications spanning domains from communication to medicine and
from sensing to fundamental scientific exploration.

This work is therefore concerned with the SPASER effect in periodic arrays sustaining
a highly lossy mode. We use in our modeling methodology a semi-quantum approach in
which we combine classical electrodynamics treatment for arrays of gold nanoparticles
with a four-level quantum model of the laser dye photo-physics. The model was devel-
oped previously in reference [29] and shows excellent agreement with the experimental
results [16]. While the foundation of this study is the previously developed model [29], this
research offers a novel perspective by focusing on the near-field properties, which have not
been explored in prior studies.

We investigate the properties of the near-field enhancement associated with the lasing
action. We focus on the enhancement for different pumping energies, where we demon-
strate an enhancement by two orders of magnitude higher than a passive structure. Then,
we define the energy conversion rate in the SPASER system and show that the conceived
SPASER could reach 80% of energy conversion, making it of great interest to act as a nano-
source of energy. The efficiency at which systems convert incident energy into emitted
electromagnetic radiation is a key parameter that directly impacts their performance. Im-
proving energy conversion efficiency is essential for applications such as plasmonic lasers,
sensors, and nanophotonic devices. The process is governed by the transfer of energy from
optically excited four-level gain media to plasmons [16]. This energy transfer is a complex
phenomenon, primarily driven by non-radiative energy interactions between the molecules
in the gain medium and the surface plasmons [5,29]. The efficiency of this transfer depends
on factors such as the spectral overlap between the gain medium’s emission peak and
the plasmon resonance, the distance between the gain medium and the metallic surface,
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and the material properties of the system. More efficient energy transfer results in greater
amplification of the plasmons, which enhances the intensity and coherence of the emitted
electromagnetic field [17]. Optimizing this process involves fine-tuning the system’s design,
material selection, and gain medium properties to achieve improved energy conversion
and emission performance.

The paper proceeds as follows. In Section 2, we present the plasmonic nanostructure’s
design and its accompanying gain medium. The methodology and numerical simulations
are briefly presented in Section 2 as well. Moving on to Section 3, our exploration begins
with a study of the fundamental properties of the resulting lasing. This includes a detailed
analysis of the characteristics of the acquired near field. Subsequently, we introduce a crucial
metric—the energy conversion rate. This metric serves to validate that the achieved lasing
aligns with the characteristics of a SPASER. Our findings and insights are summarized in
Section 4, providing a conclusive wrap-up of the study.

2. Methodology
The model employed in this study is elucidated in reference [14]. The model consists of

a configuration comprising an array of nanocylinders (NCs), each with periodic dimensions
Px and Py in two-dimensional space. These NCs are situated within a gain medium,
specifically an active layer containing quantum dots (called an active structure, the passive
structure has no added gain medium). The system is then subjected to illumination via an

incident monochromatic photon source (
→
E0) as shown in Figure 1.
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Figure 1. Cartoon presentation of the structure composed of gold nanocylinders situated within a
gain medium, containing quantum dots (green layer), all placed on a glass substrate (gray layer).

The parameters of the nanostructure are based on previous theoretical work [14].
These parameters include the diameter of each nanocylinder in the array d = 100 nm, the
height h = 50 nm, and the period of the array p = 300 nm. Regarding the choice of gain
medium, a previous study [14] investigated various options. It was demonstrated that a
poor overlap between the emission peak of rhodamine and the resonance mode hindered
energy transfer, thereby suppressing the lasing action of the system. In contrast, theoreti-
cal estimations suggested that gain media resembling quantum dots could significantly
enhance lasing performance. Based on these findings, the present study adopts identical
gain medium parameters, which are summarized as follows: absorption wavelength
λa = 600 nm, emission wavelength λe = 720 nm, spectral bandwidth of emission
∆λe = 70 nm, and absorption bandwidth ∆λa = 70 nm.
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One should note that the system’s response to incident electromagnetic fields is
significantly influenced by parameters such as the size, shape, and type of nanoparticles, as
well as the characteristics of the gain medium. While these factors play a crucial role in
determining the overall behavior, their detailed analysis falls outside the scope of this work
and will be addressed in future studies.

In Figure 2, we show the spectrum of the incident source
→
E0 for the active structure

(a pic located at λ = 600 nm (red solid line)). For the passive structure without the gain
medium, the incident field is rather very broad as presented in blue dashed line in Figure 2.
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The theoretical framework adopted for modeling this system has a semi-classical
methodology. The electromagnetic field at the surface of the NCs, nestled within the
gain medium, is computed by applying Maxwell’s equations [29]. The inclusion of the
gain medium into the model entails a quantum depiction of four electronic energy levels
(depicted in Figure 2 in reference [14]). When this configured system is subjected to a photon
pumping flux, the behavior of the molecules within the gain medium is characterized at the
microscopic level through the polarization (µi) of each molecule. On the macroscopic scale,

this is achieved by averaging the polarization (
→
P) across the entire molecular population.

The latter is governed by the following equation:

d2
→
P

dt2 + ∆ωr
d
→
P

dt
+ ω2

r
→
P = κN

→
E ,

where N is the molecular population density, ωr is the average frequency, ∆ωr is the
transition bandwidth (accounting for radiative, non-radiative, and collisional effects), and
κ = 6πε0c3/ω2

r γ.
An important observation is that molecules in states |1〉 and |2〉 exhibit opposing

polarizations. This signifies that the overall polarization is contingent upon the population
difference ∆N = N2 − N1, rather than the absolute population N(t). The temporal evolution

of ∆N and its interplay with the electromagnetic field
→
E(t), mediated by rate equations,

enables the exploration of nonlinear optical phenomena stemming from incident light—
specifically absorption, emission, and relaxation processes.

Within our model, the aggregate polarization
→
P implies changes to the entire electro-

magnetic (EM) of the system. This time-varying polarization begets a persistent current
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→
j = (∂

→
P)/∂t, which finds incorporation into the Maxwell equations. To comprehensively

capture the interactions between the EM field and the gain medium, establishing a self-
consistent set of equations necessitates determining the time progression of ∆N(t) and,
consequently, the evolution of all population densities. This is achieved by adopting the
familiar rate-equation framework. Each molecule is conceptualized as a four-level entity:
the ground state |0〉 and three first excited states |1〉, |2〉, and |3〉, as stated previously.
The resulting rate equations are defined as

dN3(t)
dt = −N3(t)

τ32
− N3(t)

τ30
+ 1

h̄ω30

→
E(t)· d

→
P30(t)

dt (1)
dN2(t)

dt = N3(t)
τ32

− N2(t)
τ21

+ 1
h̄ω21

→
E(t)· d

→
P21(t)

dt (2)
dN1(t)

dt = N2(t)
τ21

− N1(t)
τ10

− 1
h̄ω21

→
E(t)· d

→
P21(t)

dt (3)
dN0(t)

dt = N1(t)
τ10

+ N3(t)
τ30

− 1
h̄ω30

→
E(t)· d

→
P30(t)

dt (4)

,

where
→
P30 and

→
P21 represent macroscopic polarizations resulting from transitions between

states |0〉 ↔ |3〉 and |2〉 ↔ |1〉, respectively. This model captures the interactions between
the gain medium and electromagnetic field, providing a comprehensive framework for
studying the SPASER mechanism.

To solve this set of equations we use the Finite-Difference Time-Domain (FDTD)
algorithm [30,31].

This semi-quantum model has been previously validated by comparison with experi-
mental measurements of the far-field emission of SPASER systems [13,16]. This validation
underscores the reliability of our approach and supports the extension of the model to
investigate near-field properties with confidence.

3. Results and Discussion
3.1. Enhancement of the Near Field

In this section, we explore the near-field characteristics surrounding the nanoparticle
within the SPASER configuration. Initially, our focus centers on the investigation of the
enhancement of the electromagnetic (EM) field. Within plasmonic structures, owing to the
interplay between photons and the cloud of electrons, the EM field can be both amplified
and confined within dimensions smaller than the diffraction limit.

The SPASER mechanism has been discussed in previous work [29]. Briefly, we found
that the achieved lasing mode is a purely plasmonic mode with no photonic characteristics.
The far-field photons are primarily generated through near-field coupling between the gain
molecules and the nanostructure. In this study, we propose that the near-field enhancement
is predominantly governed by electron–photon coupling, where photons are emitted due
to population inversion within the gain medium. However, we acknowledge that other
physical processes, such as electron–phonon coupling, surface plasmon scattering, and loss
mechanisms, may also influence near-field enhancement and energy conversion efficiency.
Consequently, several questions emerge:

Firstly, does the plasmonic field experience enhancement within the context of
a SPASER?

Secondly, when considering an active sample containing gain molecules, does the
enhancement of the EM field surpass that observed in a passive structure? Put differently,
does the utilization of a SPASER offer a more pertinent avenue for obtaining nanoscale
light sources compared to passive structures?

Lastly, does the EM field within the active structure exhibit greater confinement than
that within a passive structure?
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However, comparing near-field behaviors in passive and active structures proves intri-
cate due to the distinctive manners in which the two structures are illuminated. Specifically,
within a passive structure, plasmons can be excited through a broad-spectrum white-light
source (see Figure 2). This circumstance enables the adoption of a classical enhancement
definition, quantified as the ratio:

|E(λ)|2

|E0(λ)|2

Here, E represents the field in the immediate vicinity of the nanoparticles, and E0

signifies the incident electric field. It is essential to underscore that these two fields are
evaluated at identical wavelengths—typically the resonance wavelength. However, the
scenario changes significantly in the context of an active structure. As we explained earlier
and as corroborated by Stockman’s theoretical framework [5], the excitation of plasmons
occurs through a non-radiative energy transfer from the gain medium. This gain medium
necessitates stimulation via monochromatic photons, in stark contrast to the wide-spectrum
white-light excitation employed in passive structures.

The distinction in excitation mechanisms between passive and active structures under-
scores the challenge of comparing near-field characteristics between the two. In passive
configurations, the assessment of the EM field enhancement follows a straightforward
classical definition, quantified by the ratio of the total field near the nanoparticle E to the
incident electric field E0. This evaluation method aligns with the coherent behavior of
white-light illumination.

Conversely, in active structures, the interaction between the plasmonic field and the
gain medium introduces a layer of complexity. The excitation of plasmons through non-
radiative energy transfer hinges on the precise manipulation of the gain medium’s energy
levels. This necessitates a meticulous adjustment of the pumping photons’ energy to match
the specific transition frequencies within the gain medium. This targeted and selective
excitation contrasts markedly with the broad-spectrum nature of white-light illumination.

The unique optical response of an active structure further complicates the comparison.
Here, the EM field enhancement involves not only the ratio of E to E0 but also the complex
interplay between the plasmon field, the gain medium, and the distinct excitation mecha-
nisms. This intricate interdependence results in a qualitatively different field enhancement
profile compared to passive structures, necessitating more sophisticated methodologies for
evaluation and comparison.

The contrast between active and passive structures extends beyond the field enhance-
ment measurements. It encapsulates the complexity of how plasmons are excited, how
gain media are stimulated, and how these interactions collectively shape the near-field
characteristics. This differentiation underscores the necessity of considering a broader array
of parameters and perspectives when evaluating the near-field behaviors of plasmonic
systems in both active and passive configurations.

An important consequence of this is that the definition we used to measure the

enhancement as |E(λ)|2

|E0(λ)|2
is no longer valid and has no physical meaning because E0 at the

wavelength of resonance is negligible. Certainly, we still can calculate this ratio; however,
comparing it to the ratio obtained in passive and active structures, this ratio loses its sense
because it could be artificially very high for the simple reason that E0 is negligible in the
active structure.

Figure 3 displays the spectra of the enhancement of the near field at λ ≈ 700 nm,
which is very close to the resonance wavelength in the far field λ ≈ 707 nm, as it is well
known that the resonance in the far field is slightly shifted compared to the near field [29].
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In a previous work [14], we proposed a way to overcome this issue by integrating E0

over the whole wavelength range for both the active and passive structures. In the present
work, we propose a new strategy to calculate the enhancement of the electromagnetic field
by considering E0 as the field collected in the gain medium without nanoparticles. This
method of normalization allows the elimination of the eventual field created in the gain
medium without nanoparticles, intrinsic to the gain medium, such as spontaneous emission.

In Figure 4, we illustrate a cross section of the nanocylinder in the (z, x) plane. The
field enhancement is plotted on a logarithmic scale, revealing significant enhancement
in the proximity of the nanoparticle. The cross section was taken at the midpoint of
the nanocylinder.
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We present in Figure 5 the results of the calculated enhancement using this method
as a function of the pumping power at the wavelength of resonance. Multiple interesting
observations could be concluded from this result.
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Figure 5. Enhancement as a function of the pumping energy.

The electric field E0 stays negligible compared to E, which means that the gain medium
after the withdrawal of the nanoparticles is not able to generate a field at the wavelength
of resonance.

The enhancement depends significantly on the pumping, and it follows the same trend
as the SPASER effect with the threshold of emission.

The enhancement is two orders of magnitude greater than the passive structure, where
there is no medium gain.

3.2. Energy Conversion

In this section, we introduce an alternative approach that provides an enhanced
solution for addressing the complexities associated with calculating and understanding
enhancement phenomena. Our proposed method centers around assessing the energy
conversion rate of the SPASER, a metric that provides a more comprehensive perspective.
This rate is defined as the following ratio:

|Eλresonance |
2∣∣∣Eλpumping

∣∣∣2
This definition draws inspiration from its common usage within the field of laser

physics [1]. Particularly in laser systems, the most essential aspect lies in the conversion
of incident light into coherent emitted light via population inversion. In this context, the
conversion rate is expressed as a function of the spatial parameters.

Figure 6 supports this perspective by visualizing the conversion rate’s dependence
on the pumping energy, near and far away from the NP. Close to the NP, the red solid
line, corresponding to a location next to the nanoparticle (z = 0 nm), clearly illustrates
a markedly elevated energy conversion compared to the region distanced from the NP
(represented by the blue dashed line, corresponding to a location 40 nm away from the
nanoparticle along the z-axis).
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the NP.

This disparity in conversion rates is also depicted in a two-dimensional representation
in Figure 7. We showcase a top view of the energy conversion rate, employing a pumping
of approximately 2.6 mJ/cm2. The left panel corresponds to a location away from the
nanoparticle (z = 40 nm), while the right panel corresponds to the energy conversion rate
in the vicinity of the nanoparticle (z = 0 nm). A white dashed circle is drawn, in the left
panel, to represent the diameter of the nanocylinder, where one could notice the absence of
a high value of energy conversion.
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The salient observation underscores the presence of localized locations within the
studied SPASER configuration where the conversion rate attains remarkable magnitudes
(visible in the right panel of Figure 7).
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Crucially, this outcome resonates with the earlier observations, reaffirming that high
conversion rates are particularly pronounced within the immediate vicinity of the nanopar-
ticle. These insights, collectively, corroborate the proposition that the conversion rate serves
as a robust indicator of plasmon generation via stimulated emission, notably contribut-
ing to a deeper understanding of the intricate interplay of energy dynamics within the
SPASER framework.

4. Conclusions
In conclusion, this study provides a nuanced understanding of near-field enhance-

ment in highly lossy nanoarrays. These nanostructures hold compelling potential for
sensing, imaging, and energy harvesting applications. The theoretical discourse uncloaks
the amplification of electromagnetic fields in close proximity to precisely arranged arrays
of gold nanoparticles. Despite the concurrent existence of a localized surface plasmon (LSP)
mode marked by modest quality, we uncover intricate aspects of near-field enhancement
intertwined with lasing dynamics. This exploration, focused on diverse pumping energies,
unveils significant enhancement surpassing two orders of magnitude when compared
to passive structures. This enhancement strongly depends on the pump energy, with a
threshold observed around 0.5 mJ cm−2, beyond which a significant increase in enhance-
ment occurs. A plateau in performance is reached at a pump energy of approximately
2.5 mJ cm−2. The observed enhancement is most pronounced in the immediate vicinity
of the nanoparticles, where the electromagnetic field is strongly localized. However, this
effect diminishes significantly with increasing distance from the nanoparticles, highlighting
the localized nature of energy amplification. Furthermore, our findings suggest prospective
avenues. The revealed sensitivity of enhancement to varying pumping energies could
steer nanoarray design and optimization for tailored applications. Notably, our proposed
SPASER design demonstrates a potential energy conversion efficiency of 80%, which can
lead to efficient nanoscale energy sourcing and harvesting.
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