
 

 

 
 

 

 

 

Self-Assembly of Plasmonic Near-Perfect 

Absorbers of Light: The Effect of Particle Size 
Gus O. Bonin,† Steven J. Barrow, †  Timothy U. Connell, † Ann Roberts,‡  Anthony S.  R.  

Chesman,∗ ,¶ ,§ and  Daniel E. Gómez∗ ,†  

†School of Science, RMIT University, Melbourne, VIC 3000, Australia 

‡ ARC Centre of Excellence for Transformative Meta-Optical Systems, School of Physics, The University of 

Melbourne, VIC 3010, Australia 

¶CSIRO Manufacturing, Clayton, VIC 3169, Australia 

§Melbourne Centre for Nanofabrication, Clayton, VIC 3169, Australia 

E-mail: anthony.chesman@csiro.au; daniel.gomez@rmit.edu.au 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:daniel.gomez@rmit.edu.au


 

 

 

 

 

 

Abstract 

Structures capable of perfect light absorption promise technological advancements in varied applications, 

including sensing, opto-electronics and photo-catalysis. While it is possible to realise such structures by 

placing a monolayer of metal nanostructures above a reflecting surface, there remains limited studies on 

what effect particle size plays on their capacity to absorb light. Here we fabricate near-perfect absorbers 

using colloidal Au nanoparticles, via their electrostatic self-assembly on a TiO2 film supported by a gold 

mirror. This method enables the control of interparticle spacing, thus minimizing reflection to achieve 

optimal absorption. Slightly altering the nanoparticle size in these structures reveals significant changes in 

the spectral separation of hybrid optical modes. We rationalize this observation by interpreting data with 

a coupled-mode theory that provides a thorough basis for creating functional absorbers using complex 

colloids and outlines the key considerations for achieving a broadened spectral response.  

 

 

 

 

 

 

 

 

 



 

 

Efficient absorption of light is a fundamental property underlying a variety of fields, including: energy 

harvesting,1 bio-medical sensing,2-3 surface imaging4 and light guiding.5,6 It is possible to create surfaces that 

exhibit perfect or near-complete absorption of light, including plasmonic near-perfect absorbers, optical 

analogues of the Salisbury screen.7 Plasmonic absorbers achieve complete absorption of light due to 

destructive interference between all scattering pathways, resulting in energy absorption and dissipation in 

metallic nanostructures. Plasmonic absorbers typically comprise three layers: a mirror, a spacer and a 

nanostructured surface, and support both localised surface plasmons and Fabry-Pérot resonances (Figure 

1). The mutual interaction of these resonances with incident light also leads to the formation of strongly 

coupled plasmon-cavity hybrid states.8 

The conditions required for achieving perfect absorption of light at particular frequencies can be 

achieved through fine-tuning the geometry and the composition of the metal nanoparticles, as well as the 

thickness and refractive index of the spacer layer.9-10 Top-down nanofabrication methods, such as electron 

beam lithography, offer exquisite control of the particle size, shape and arrangement but are limited to 

relatively small surface areas. Alternatively, direct deposition and subsequent thermal annealing of thin 

metal films results in dense nanoparticle monolayers but does not allow precise control of the nanoparticle 

geometry. Electrostatic self-assembly of colloids onto surfaces, where nanoparticles synthesized by wet 

chemical methods are deposited as monolayers, shows great promise as a technique to optimize both 

perfect absorption and strong coupling of the plasmonic and Fabry-Pérot resonant modes. This colloid self-

assembly strategy addresses the limitations of physical deposition techniques and allows precise control of 

nanoparticle size, shape, spacing and composition, including the possibility of using bi-metallic 

nanostructures.8, 11-14 

In this study, we develop and demonstrate an electrostatic self-assembly strategy to deposit a 

monolayer of chemically-synthesized gold nanoparticles on top of a mirror-spacer to create scalable 

plasmonic near-perfect absorbers. The subsequent control of nanoparticle geometry and inter-particle 

spacing allows for a systematic study of the effect of nanoparticle size on the optical properties of plasmonic 

near-perfect absorbers. We show that the plasmon-cavity coupling strength is proportional to nanoparticle 

size. Quantitative analysis using a coupled-mode theory allowed us to ascertain that particle size affects the 

damping rates, which in turn modifies the interaction between localised surface plasmons, Fabry-Pérot 

cavity resonances, and incident light. This work is organized in two parts. Firstly, we detail the development 

of the electrostatic self-assembly of chemically-synthesised metal nanoparticles. In the second part we 

analyse the optical properties of the resulting plasmonic near-perfect absorbers using coupled-mode 

theory. 

Electrostatic self-assembly. For this study, the substrates comprised an Au mirror (100 nm) and a thin TiO2 

dielectric film (35 nm), both deposited on a silicon support via electron beam evaporation. Citrate-capped 

Au nanoparticles were synthesized according to a previously reported procedure.15 The uniform deposition 

of Au nanoparticles was achieved using a four step self-assembly procedure: (1) acidic pre-treatment of the 

TiO2 surface; (2) increasing the pH of Au colloids through addition of NaOH; (3) drop casting the colloidal 

solution onto the substrate prior to (4) washing and drying the substrate surface (Figure 1A).  

In step (1), mirror-spacer substrates were treated with an acidic solution (0.1 M aqueous HCl) well below 

the isoelectric point of TiO2 (pH 6).16 This treatment alters the charge and chemistry of the surface, inducing 

positive charge and removing carbon residue.17 Rinsing and drying the substrates prior to self-assembly 

were critical for ensuring good nanoparticle monolayers, as Au nanoparticles are known to melt at low 

pH,18 particularly over the timescales necessary to achieve dense surface coverage. Self-assembly of citrate-

capped Au nanoparticles (steps (2) and (3)) is driven by two electrostatic interactions: (i) attraction between 

the negatively charged particles and the positively charged substrate and (ii) the repulsion of like-charged 



 

 

particles in solution (Figure 1A). A concentrated colloidal solution was drop-cast onto the substrate surface, 

applying as much solution as surface tension allowed, and then left undisturbed for three hours before 

rinsing. By fine-tuning the interplay of the nanoparticle-substrate attraction and inter-nanoparticle 

repulsion, we achieved a uniform, close-packed nanoparticle assembly, as evidenced by scanning electron 

microscopy (Figure 1B). This self-assembly strategy was limited only by substrate size and is easily scaled 

to an area of several cm2. 

Figure 1: Mechanism of Self-assembly. A) Step-by-step procedure of electrostatic self-assembly detailing the governing 

mechanisms, namely attraction between the negatively charged particles and positively charged substrate and the repulsion of 

like-charged particles in solution. Blue (red) shading denotes negative (positive) charge. B) A representative SEM image (scalebar 

represents 1 µm) of the resulting nanoparticle monolayer formed from electrostatic self-assembly and (inset, scale in cm) image 

of samples before and after monolayer electrostatic self-assembly. 

It was observed that the interparticle spacing decreased with increasing pH, and highly concentrated 

nanoparticle solutions proved much more effective at reducing the interparticle spacing as they are easier 

to destabilize. Importantly, the high pH of this solution, well above the isoelectric point of the dielectric 

spacer layer, helps prevent the deposition of multiple nanoparticle layers, as substrate-nanoparticle 

repulsion gradually increases during assembly. While the addition of NaOH increases the negative charge 

of the Au nanoparticles by deprotonating the citrate capping ligands,19 the increased concentration of 

sodium ions ultimately reduces the electrostatic repulsion between nanoparticles. Consequently, colloidal 

Au nanoparticles (diameter 47 nm) are brought to the cusp of aggregation via the addition of aqueous 

NaOH, with 2.5 µM NaOH in the final colloidal solution generating the most uniform monolayers (Figure 

2A). Image analysis of scanning electron microscope (SEM) images revealed that surface coverage increased 

from 30–88% as the [NaOH] was increased. Samples with higher surface coverage (> 60%) exhibited 

significant amounts of high-order aggregates. 

Increasing surface coverage also impacted the ability of the structure to absorb light. Optical absorption (A) 

spectra were calculated from experimental transmission (T) and reflectance (R) measurements and 

consisted of multiple overlapping bands (Figure 2B), originating from the interaction of surface plasmon 

and Fabry-Pérot resonances, in addition to the presence of the d band transition of Au. Sharp peaks and 

the highest absorption values (Amax > 97%) occurred when nanoparticle surface coverage remained below 

50%. Near-perfect absorbers that displayed significant aggregation by microscopy (samples with 77% and 

88% surface coverage) exhibited decreased absorption maxima and concomitant increases in spectral 

linewidths. We attribute this absorption decrease to increased scattering from aggregates. Achieving 



 

 

maximum absorption is therefore a fine balance of decreasing interparticle spacing without inducing 

nanoparticle aggregation. 

 

Figure 2: Effect of inter-particle spacing on absorption. A) Representative SEM images of plasmonic near-perfect absorbers with 

self-assembled monolayers of 47 nm citrate-capped Au nanoparticles. The colloidal solutions contained 2.0 µM (blue), 2.5 µM 

(red), 3.0 µM (green) and 3.5 µM (yellow) NaOH. B) Absorption spectra of plasmonic near-perfect absorbers with differing surface 

area coverage. 

The resonant frequency of the Fabry-Pérot cavity depends on the spacer thickness and its refractive index 

(see Supporting Information, Figure S1). When this frequency is matched to the local surface plasmon 

resonance of the nanoparticles, strong coupling can take place, resulting in hybrid plasmon-cavity states 

that manifest experimentally as spectral doublets.9-10 In order to study the effect of particle size on the 

optical properties of plasmonic near-perfect absorbers of light, we chose sub-wavelength particle sizes, for 

which the frequency of the localised surface plasmon resonance is nearly size-independent, but which 

exhibit different scattering and absorption cross-sections.9-10 The optical absorption spectra of plasmonic 

near-perfect absorbers with different sized nanoparticles, but otherwise identically prepared, all exhibited 

two overlapping bands and absorption maxima indicative of near-perfect absorption (Amax > 90%) at the 

resonant frequency (Figure 3A). Representative SEM images revealed only minor changes in surface 

coverage, which we attribute to the difference in varying particle size (Figure 3B). As nanoparticle size 



 

 

increased from 47, 54 and 58 nm, the position and relative separation of the measured absorption doublets 

changed [the high energy peak remained relatively constant (510, 528 and 526 nm) whilst the other 

bathochromically shifted (565, 600 and 642 nm), respectively]. A dramatic peak separation is observed in 

comparison to the small changes in local surface plasmon resonance attributed to the varying particle size 

(black dotted lines). Statistical analysis between each particle size distribution revealed (at the 0.05 

confidence level) all distributions were significantly different (Figure S2). To explain the observed increased 

of peak separation with particle size, we attempt to employ a coupled oscillator model.  

Figure 3: Effect of particle size on absorption. A) Optical absorption spectra (solid line) and calculated absorption (dashed line) for 

plasmonic near-perfect absorbers made with Au nanoparticles of different sizes. Black dotted lines correspond to normalised 

absorption of the corresponding Au colloids, indicating their respective local surface plasmon resonance. B) Corresponding SEM 

images (scalebar represents 1 µm).  

Strong coupling between two resonant systems is often described using an effective Hamiltonian (Figure 

4A). The two systems (characterised by the complex resonant energies 𝐸𝑝 − 𝑖γ𝑝  and 𝐸𝑐 − 𝑖γ𝑐) can 

reversibly exchange energy via a mechanism accounted for by the coupling constant Ω (γ𝑝,𝑐  quantifies the 

non-radiative losses associated with each system). This interaction generates two new hybridised 

resonances11 𝐸± given by: 𝐸± = [ 𝐸𝑝 + 𝐸𝑐 − 𝑖(γ𝑝 + γ𝑐)]/2 ± √Ω2 + [ 𝐸𝑐 − 𝐸𝑝 − 𝑖(γ𝑝 − γ𝑐)  ]
2

/4, which 

implies that when the system is in resonance (i.e. when Ep = Ec) doublets are observed only 

when√4Ω2 − (γp − γc)
2

> (γp + γc). Careful control of the TiO2 spacer thickness (19–44 nm) found 

perfect agreement between measured absorption maxima (corresponding to 𝐸±) and this model for a 

coupling constant Ω ∼ 320 meV.9 The same model, however, seemingly fails to account for our 

experimental observations (Figure 3A). Despite a fixed TiO2 thickness (and therefore a fixed Fabry-Pérot 

resonance 𝐸𝑐) and a size-independent localised surface plasmon resonance frequency (𝐸𝑝, dotted lines 

Figures 3A, S3), the measured splitting E+ − E− increases with nanoparticle size, giving 282, 277 and 396 



 

 

meV for diameters of 47, 54 and 58 nm, respectively. To interpret this result, we developed a coupled-

mode theory analysis of these structures that allows us to simultaneously account for the observed spectral 

doublets and high absorption of incident electromagnetic energy.  

Coupled-mode theory20-21. This theory is an approximate, insightful and often accurate representation of 

electromagnetic oscillation and wave propagation in a coupled system, which can be traced back to an 

eigenmode expansion of Maxwell’s equations for a coupled system. Within this theory, the absorber 

consists of two resonant subsystems that reversibly exchange energy at a rate Ω (Figure 4B). As in the 

coupled-oscillator model, the only adjustable parameters, other than Ω, are the resonant energies (Ep and 

Ec) and their corresponding rates (γp and γc). Importantly, we assume that only the nanoparticle 

monolayer interacts strongly with incident radiation, whereas the Fabry-Pérot resonant mode does not, 

meaning that the corresponding rate γp now comprises  both radiative and non-radiative components (i.e. 

γ𝑝 = γ𝑝𝑟 + γ𝑝𝑛𝑟 , Figure 4B). Because our near-perfect absorbers vary only in nanoparticle size, we further 

assume that the cavity parameters remained fixed across all samples: γc =  269 meV and Ec = 2.46 eV.   

According to coupled–mode theory,22-23 the amount of power stored in the localised surface plasmon 

resonance is expressed by a quantity |𝑝|2, whereas the one stored in the Fabry-Pérot resonance is given by 

|𝑐|2. The amplitude of 𝑝 evolves in time according to: 

𝑑𝑝

𝑑𝑡
= (𝑖ω𝑝 − γ𝑝) 𝑝 + 𝑖 Ω 𝑐 + 𝑠+ √2γ𝑝𝑟 ,        (1) 

where ω𝑝 is the plasmon resonance frequency (Ep =  ℏω𝑝). For the particle sizes that we have employed 

in our study, this resonance frequency is size-independent (see black lines in Figure 3A).24 The final term of 

this equation accounts for the power |𝑠+|2 supplied by external incident illumination, which couples 

radiatively to the particle plasmon resonance.  

Metal nanoparticles also interact (with Rabi frequency Ω) with the Fabry-Pérot cavity mode (resonance 

frequency ω𝑐), whose amplitude 𝑐 evolves in time as:  

𝑑𝑐

𝑑𝑡
= (𝑖ω𝑐 − γ𝑐) 𝑐 + 𝑖 Ω 𝑝.         (2) 

The cavity damping rate γ𝑐  is purely non–radiative and originates from structural imperfections that allow 

the escape or scattering of light by the cavity. ω𝑐 is the resonance frequency of the Fabry-Pérot mode, 

which in turn depends on parameters such as the thickness and refractive index of the spacer layer (Figure 

1), and the magnitude of the phase shifts experienced by light as it reflects from the mirror and nanoparticle 

monolayer. 

The plasmon-cavity system couples energy into outgoing waves according to: 

𝑠− = −𝑠+ + 𝑝 √2γ𝑝𝑟 ,          (3) 

which enables the definition of an amplitude reflection coefficient 𝑟 = 𝑠−/𝑠+. Equation (3) corresponds to 

a single port for energy exchange between light and the system. This differs from the case of Coherent 

Perfect Absorption, where two ports (incident beams) with well-defined phase differences are 

considered.25 Finally, assuming a time-harmonic incident wave of frequency ω  [i.e. 𝑠+ = 𝑠+(ω)𝑒𝑖ω𝑡], direct 

integration of the coupled Equations (1) and (2) and their substitution into Equation (3) leads to the 

amplitude reflection coefficient 𝑟: 



 

 

𝑟 = −1 +
2iγpr(ω−ωc−iγ𝑐)

Ω2+(iγ𝑐+ωc−ω)[ω−ω𝑝−i(γpnr+γpr)]
.        (4) 

There are two situations where perfect absorption (i.e. 𝑟 = 0 ) of light can take place (found by solving for 

the frequencies at which Equation (4) equals zero). The first situation occurs when the plasmon and cavity 

mode are resonant (i.e. ω𝑝 = ωc) and the radiative decay rate of the plasmonic sub-system γ𝑝𝑟  matches 

the total non-radiative decay rate of the system: γ𝑝𝑟 = γ𝑐 + γ𝑝𝑛𝑟  (equivalently, γ𝑐𝑐  in Figure 4C). Under 

this so called critical coupling condition, perfect absorption can be observed in two spectral bands that are 

separated in energy by an amount 2ℏ√Ω2 − γ𝑐
2, requiring that Ω2 > γ𝑐

2 to clearly discern the two 

absorption bands. The second condition for perfect absorption to occur is whenever the radiative rate 

γ𝑝𝑟 = Ω2/γ𝑐 + γ𝑝𝑛𝑟 , resulting in a single absorption maximum (also referred to as the weak critical 

coupling condition (or γ𝑤𝑐𝑐  in Figure 4C).25  

Figure 4: The effects of nanoparticle scattering and absorption on coupling strength. A) Energy level diagram of the components 

in a near-perfect absorber contributing to the observed strong coupling between the Au nanoparticle monolayer and the TiO2 

spacer layer. B) Representative diagram of the plasmonic near-perfect absorber’s interaction with light according to coupled-mode 

theory. C) Theoretical model displaying the absorption capabilities and peak-splitting characteristics from varying degrees of strong 



 

 

or weak critical coupling (γ𝑐𝑐 and γ𝑤𝑐𝑐, respectively). D) Plasmon linewidth vs particle radius (a). The linewidth is decomposed into 

its constituents 𝛾𝑝 = 𝛾𝐵𝑢𝑙𝑘 + 𝛾𝑠𝑠 + 𝛾𝑝𝑟, where 𝛾𝐵𝑢𝑙𝑘  is the “bulk” contribution, 𝛾𝑠𝑠 is the surface scattering, 𝛾𝑝𝑟  the radiative 

damping and 𝛾𝑐 is the cavity damping rate from Equation (2). 𝑎𝑐𝑐 corresponds to a size that satisfies the critical coupling condition. 

Cross sectional maps of the electromagnetic fields corresponding to the magnitude of E) the electric field and F) the magnetic field 

at wavelengths corresponding to peak absorption for a particle of diameter 58 nm at the wavelengths indicated. 

According to these predictions, systematic increases in the radiative rate γ𝑝𝑟  of the plasmon sub-system 

could enable a transition to critical coupling (and consequent perfect absorption, Figure 4C). For a 

sufficiently large value of the coupling constant Ω, the measured optical absorption spectrum should 

consist of a doublet, with absorption maxima that reach unity whenever γ𝑝𝑟 = γ𝑐𝑐  (Figure 4C). Increasing 

this rate past this point will transition the system into the weak critical coupling condition (γ𝑝𝑟 = γ𝑤𝑐𝑐), 

whereby the spectral doublet coalesces into a single band exhibiting unit absorbance (Figure 4C). Further 

increases in γ𝑝𝑟  will ultimately lead to reduced light absorption. 

This model fully accounts for the photophysics of a plasmonic near-perfect absorber. We have modelled 

our experimental data using Equation (4), resulting in the dashed lines shown in Figure 3A and the obtained 

fit parameters of Table 1. These results indicate that the plasmon resonance radiative and non-radiative 

decay rates, in addition to the plasmon-cavity coupling Ω, increase with nanoparticle size. There are two 

factors that contribute to a variation in the radiative and non-radiative decay rates of the localized surface 

plasmon resonance. Firstly, due to mechanisms such as surface scattering, inter-band (d-sp) excitation  and 

radiative decay damping, the decay rates of the localized surface plasmon resonance intrinsically depend 

on nanoparticle size.26,27 The second factor is the interaction between metal nanoparticles and their mirror 

images: a radiating dipole (e.g. a plasmonic nanoparticle) placed above a reflecting interface at a particular 

distance can exhibit an increased decay rate.28-29 The interaction between nanoparticles and their mirror 

images re-normalizes their polarizability, which is partly manifested in modifications to the particle plasmon 

resonance linewidth.28 These interactions depend on the separation distance between the nanoparticle 

and the reflecting surface, and it is important to bear in mind that this distance also controls the cavity 

resonance frequency ωc, leading to a complex interplay of parameters that dictate the optical properties 

of the system, as encapsulated in Equation (4).   

Table 1. Parameters of the best fit of the data of Figure 3 to the coupled-mode theory. 2a is the particle 

diameter, γc is the cavity damping rate, γr is the radiative damping rate, γnr is the non-radiative damping 

rate, Ω is the coupling constant (Rates expressed in equivalent energy units). Ec is the resonant energy of 

the cavity and Ep is the resonant energy of the particles. 

2a (nm) γc (eV) γr (eV) γnr (eV) Ω (eV) Ec (eV) Ep (eV) 

47 0.269 0.278 0.326 0.199 2.30 2.35 

54 0.269 0.271 0.359 0.204 2.25 2.25 

58 0.269 0.319 0.554 0.217 2.25 2.25 

The decay rate of the localized surface plasmon resonance of small spheres can be approximately written 

as a function of particle radius 𝑎, according to 𝛾𝑝(𝑎) =  𝛾𝐵𝑢𝑙𝑘 +
3𝐴𝑣𝐹

4𝑎
+

4

3
ℎ𝜅𝑎3, where the first term is the 

size-independent “bulk” term (𝛾𝐵𝑢𝑙𝑘 ∼73 meV in the spectral range of interest here) which accounts for 

intrinsic damping mechanisms in the bulk metal.27 The second term corresponds to the surface scattering 

contribution, which is due to inelastic collisions that shorten the electron mean free path for finite-sized 

nanoparticles (𝑣𝐹 is the Fermi velocity, which for Au is 1.4 nm/fs30 and 𝐴 = 0.33).27 The last contribution 



 

 

corresponds to radiative damping, which originates from the capacity of a nanoparticle to radiate light due 

to the dipole induced when these are irradiated (ℎ is Planck’s constant and 𝜅 = 4 × 10−7 fs-1nm-3).26 Figure 

4D shows all of these components as a function of particle size, not accounting for the effect of the mirror 

on the total decay rate. The blue-shaded area of Figure 4D represents where particles are below the critical 

coupling condition, which is in turn reached when the radiative rate (𝛾𝑝𝑟, purple line) intercepts the total 

non-radiative decay rate of the system (𝛾𝑐 + 𝛾𝐵𝑢𝑙𝑘 +
3 𝐴 𝑣𝐹

4 𝑎
 , red dotted line). This means that for a fixed 

distance 𝑑 away from the mirror, the specific nanoparticle size 𝑎𝑐𝑐 represents where perfect absorption of 

light can occur. Away from this size, the system will not exhibit perfect absorbance as seen in Figure 4C. 

The magnitude of this critical particle size (𝑎𝑐𝑐) is in turn dependent on the separation distance (𝑑) from 

the mirror 𝑎𝑐𝑐 = 𝑎𝑐𝑐(𝑑), as the interaction of the particle with the retarded field due to the presence of 

the mirror can modify the total decay rate,31 shifting the position of this critical size. It is important to note 

that this simple analysis is valid for small particle sizes (i.e. when the effects of higher-order multipoles and 

retardation can be ignored) and for individual particles. When the inter-particle distance is smaller than the 

incident wavelength, as in our monolayers, the entire film acts as a uniform layer for which the resonant 

frequency shifts due to inter-particle interactions.32 

The model reasonably accounts for our experimental observation that peak splitting (∆E = E+ − E−) 

increases with nanoparticle size (Figure 3A). Within an electrostatic limit (valid here due to sub-wavelength 

nanoparticle size), the interaction of the nanoparticles with radiation is dominated by a dipole coupling 

term Ω ~ 𝐩 ⋅ 𝐄, which involves the dipole moment 𝐩 of the nanoparticle’s localised surface plasmon 

resonance and the electric field 𝐄 surrounding the particles. The cavity parameters remain fixed in all the 

structures of Figure 3A, so it is valid to assume that the (evanescent) electric field 𝐄 of the Fabry-Pérot 

resonance also remains constant. The magnitude of the dipole moment 𝐩 instead increases with particle 

volume,33 resulting in the positive correlation between Ω and nanoparticle size, and a consequent increase 

in ∆E = 2ℏ√Ω2 − γ𝑐
2. The fit parameters of Table 1 indicate that our structures are not operating in a strict 

strong coupling regime (since Ω ~ 𝛾𝑐), however, spectral doublets are clearly visible in Figure 3. 

Consequently, particle size affects both the ability to attain the critical coupling condition and the 

magnitude of the particle-cavity coupling strength Ω. One implication of our analysis is that perfect 

absorption (𝐴 = 100%) may never be attainable in such experimental systems. Nanoparticle monolayers 

prepared via colloid self-assembly will always comprise a distribution of particle geometries (size, shape, 

Figure S2), which therefore imply a distribution of radiative rates γ𝑝𝑟 . While a subset of the particle 

population can attain critical coupling (i.e. γ𝑝𝑟 = γ𝑐 + γ𝑝𝑛𝑟 ), there will always be other subsets within the 

population where the radiative rate either exceeds or falls short of the coupling criterion. However, as 

evidenced by our experimental results, near-perfect absorption (arbitrarily defined as 𝐴 > 90%) is possible 

for geometrically polydisperse nanoparticle ensembles. 

The formation of plasmon-cavity hybrid states implies that incident energy on metal-dielectric-metal NP 

structures of the type outlined in Figure 1 is redistributed in the form of superpositions of plasmon-like and 

cavity-like excitations. This redistribution of energy can be visualised by calculating maps of the 

electromagnetic fields, obtained through a full-wave, finite element method solution of Maxwell equations, 

as implemented in COMSOL Multiphysics (Figures 4E, F simulation details in the Methods section of the 

Supporting Information). According to these calculations, the observed spectral doublets correspond to a 

situation where the energy is predominantly confined either as a pseudo-particle plasmon resonance, 

observed at a wavelength of 520 nm (close to E−), or as a kind of  Fabry-Pérot mode of the structure, seen 

more predominantly at 470 nm (close to E+) (Figure 4A, Figure S4). 



 

 

In summary, we have demonstrated the effect of nanoparticle size on the optical properties of plasmonic 

near-perfect absorbers. The observed optical absorbance and increase in hybrid mode separation with 

nanoparticle size were well described using a coupled-mode theory which fully accounts for the interplay of 

energy between the plasmon, Fabry-Perot cavity, and incident light. For a given nanoparticle size, near-

perfect absorption of light is achieved whenever the radiative damping rate matches the total non-radiative 

decay rate in the system. The radiative rate, in addition to being controlled by particle size, can also be 

modulated by altering the distance between particle and mirror. This understanding grants flexibility and 

control over the spectral response of absorbing materials, and outlines the key parameters required to 

achieve high optical absorption and strong cavity-plasmon coupling. The study was enabled by the 

development of an electrostatic self-assembly protocol, achieved by balancing electrostatic repulsion and 

attraction forces to drive the formation of a densely packed nanoparticle monolayer. This solution based 

process for the formation of nanoparticle monolayers opens the prospect for exploring the fabrication of 

plasmonic near-perfect absorbers of light with complex colloids, including particles with sharp, nanoscale 

corners which exhibit strong localisation of electromagnetic fields, nanoparticle “nanolenses”34 and  

nanoparticle alloys known to be efficient catalysts. 

 

 

Experimental methods 

Detailed procedures are provided in the Supporting Information.  
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