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Plasmon polaritons created by coupling optical cavity modes with plasmonic res-

onances offer widely tunable frequencies and strong light-matter interaction. While

metallic nanocrystals (NCs) are compelling building blocks, existing approaches for

their photonic integration are not scalable, limiting systematic study and potential appli-

cations. Here, we assemble colloidal tin-doped indium oxide NCs in a straightforward

Salisbury screen configuration to realize an ‘open’ cavity structure, where the infrared

resonance frequencies of the NC assembly and the photonic mode are independently

controlled and strongly coupled. By modeling each NC layer as an effective medium,

we designed cavities with plasmon-polariton spectra tuned to target frequencies, for

example approximating the two atmospheric transparency windows. NCs with varying

ligands and doping concentrations can be stacked in the assemblies to customize the

spectral lineshape and control the spatial distribution of the electric near-field within
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the assembly. We anticipate applications in chemosensing and photonic technologies.

Teaser

Strong coupling between colloidal nanocrystals and simple photonic cavities tunes the infrared

resonance and electric field distribution.

Introduction

Through their designed resonances, photonic structures enable selective concentration of inci-

dent light within a confined modal volume, which can greatly enhance light’s interaction with

cavity-embedded materials through strong electric field coupling (1). This strong coupling leads to

hybridization and the formation of new quantum states that are part light and part matter, known as

polaritons. For sufficiently strong coupling and coherent energy exchange, these distinct polariton

states are separated by a frequency difference known as a Rabi splitting. Creating polaritons pro-

vides access to resonant frequencies and effective transition dipole strengths beyond the intrinsic

properties of the polarizable material (2), thereby offering opportunities for optoelectronic (3) and

sensing applications (4).

Among optical excitations, plasmon resonance, driven by the oscillation of free charge carriers,

is a prime candidate for forming polaritons owing to a large dipole strength, which favors strong

coupling with photonic modes (5–7). For example, in metallic antenna arrays made by electron beam

lithography, the localized surface plasmon resonance (LSPR) modes of the antennae are tuned by

adjusting their dimensions to suitable frequencies for coupling to photonic resonators (8–11). The

Fabry–Pérot (F-P) cavity is a prototypical photonic structure that enables independent control of

plasmon and photonic mode resonances when integrated with these patterned metallic arrays (8,9).

Two closely spaced metal mirrors establish the resonant modes and confine the electric field, which

can efficiently couple to LSPR modes of embedded nanorods. This coupling can lead to significant

frequency splitting between two polariton modes, reaching the ultrastrong coupling regime, i.e.

coupling strength (half of the Rabi splitting) exceeding 10% of the unperturbed resonant frequency.

Under ultrastrong coupling conditions, exotic quantum behaviors emerge, such as imprinting the

excited-state character of the photon onto the polariton’s ground state or the materialization of
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virtual states, enabling non-linear optical processes (12). This ultrastrong coupling regime has

garnered interest for photoelectrochemistry (13, 14), photovoltaics (15), non-linear optics (16, 17),

and modifying rates of chemical reactions (18). However, electron beam-patterned plasmonic metal

structures require a laborious fabrication process, limiting systematic study and making scaled up

production infeasible. Additionally, while three-dimensional integration can offer more degrees

of freedom for optical design and enhancing the coupling strength, electron beam patterning is

generally limited to two-dimensional fabricated structures.

Substituting electron-beam patterned plasmonic structures with assemblies of colloidal plas-

monic nanocrystals (NCs) brings new design flexibility in the height dimension and may enable

scalable fabrication of cavity-coupled plasmon-polaritonic architectures (19–21). In previous exam-

ples, the thickness of a NC assembly was itself used to form the optical path of a F-P cavity; refractive

index contrast induces boundary reflections to establish optical modes, which can be enhanced by

evaporating a metal cladding layer (22). In dense assemblies of NCs, coupling among their LSPR

modes produces strong collective plasmon resonance (CPR) with a giant dipolar transition strength

that makes them even more suitable than well-spaced antennae for coupling with cavity modes and

realizing giant Rabi splitting (20). Beyond the fundamental interest in Rabi splitting, the CPR in

compact NC assemblies also gives rise to strong electric field confinement within the NC gaps,

creating hot spots for interactions with other optical components (21,23). For instance, introducing

molecules into the gaps between NCs leads to coupling between plasmon polaritons and molec-

ular vibrations, resulting in significant surface-enhanced infrared (IR) absorption of molecular

vibrations that boosts their extinction intensity for more sensitive chemodetection (21,23, 24).

Yet, using metallic NCs as plasmonic building blocks for polariton formation poses challenges

in tuning the resonance frequency, which is inextricably determined by the size and shape of the

NCs (25, 26), thus constraining the material design parameters. In addition, when the photonic

cavity is defined by the thickness of the NC assembly, the cavity mode tuning becomes discrete

with the optical path length adjustable only in units of the NC size or spacing. Furthermore, the

thickness can usually be precisely controlled only over local, micron scales, making it challenging

to fabricate structures with a uniform optical response over larger areas. These limitations motivate

a new approach in which the NCs and cavity are independently designed and fabricated, and the

resonant frequencies of the plasmonic and photonic modes can be precisely varied to fully develop
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the tunability of the spectral lineshapes of the plasmon-polaritons and to achieve uniform optical

response over practical, large areas.

Here, we develop photonic structures that couple optical modes of open cavities with the

CPR of assembled plasmonic metal oxide NCs. Doped metal oxides NCs, particularly tin-doped

indium oxide (ITO) NCs, are solution processible for easy, scalable integration and their LSPR is

synthetically tunable across the IR frequency range by adjusting the tin (Sn) doping concentration

(27). In densely packed assemblies, ITO NCs exhibit defect-tolerant CPR properties and can

function as metasurfaces, for example tuning the frequency and bandwidth of their epsilon-near-

zero permittivity response (28–30). By integrating these ITO NC metasurfaces atop a dielectric

spacer and metal back reflector, we recently showed that the CPR-photonic coupling concentrates

the electric field within the NC monolayer, enabling perfect absorption at tunable IR wavelengths

depending on NC size and doping concentration (31). Now, we build on this strategy by stacking

the assemblies into the third dimension, achieving ultrastrong coupling with control of the spectral

response and the spatial distribution of the near-field hot spots within the NC assemblies. Extensive

tunability of optical properties is made possible by our convergent fabrication strategy, which

combines independent fabrication and co-design of optimized plasmonic and photonic modes.

Results

Cavity-Coupled NC Assemblies

To explore the properties of cavity-coupled NC assemblies, ITO NCs are synthesized using a slow-

injection method (32) where the dopant precursor composition (i.e., Sn to In ratio) and injection

volume control the NC LSPR frequency and size, respectively (Figure S1 and Table S1). By drop-

casting a colloidal NC solution onto an antisolvent subphase (acetonitrile), ITO NCs are assembled

into a compact, uniform NC monolayer, either retaining the native oleate ligands or replacing

them with another ligand of choice dissolved in the subphase (31, 33–35). Following assembly

at the liquid-air interface, the NC monolayer is transferred to the prepared substrate by draining

the subphase. This streamlined synthesis-to-assembly process can be repeated multiple times (36)

with either the same or different types of ITO NCs and ligand molecules, allowing control over the
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Figure 1: Design of tunable cavity-coupled NC assemblies. (a) Schematic of experimental tuning

knobs including synthetically controlled parameters of the NC composition, the thickness of the

Ge spacer, the NC assembly thickness, and the stacking sequence. The properties of the upper

and lower polariton (UP and LP) modes resulting from coupling between the collective plasmon

resonance (CPR) and photonic modes (pt) are adjusted based on these variables. (b) Scanning

electron microscope (SEM) images of eight layers of 25 nm ITO NCs on a 215 nm Ge spacer layer

and 100 nm Au layer. (i) Cross-sectional and (ii) top-down images. (c) Extinction spectra of 25 nm,

2.7% Sn ITO NCs as a function of the number of NC layers on an IR-transparent silicon wafer.

Spectra for one to eight NC layers are shown. The inset shows the approximately linear dependence

of the peak intensity of the extinction spectrum on the number of NC layers. (d) Reflection spectra

of the stacks of the same ITO NCs in a Salisbury screen configuration, composed of 160 nm Ge

and 100 nm Au.
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number and sequence of NC layers and their surface functionality. In our current study, the substrate

consists of an IR-transparent dielectric spacer layer (Ge) and metallic (Au) backing, known as the

Salisbury screen configuration. The thickness of the germanium spacer (𝑑Ge) tunes the resonant

frequency of the photonic mode, providing significant flexibility to couple to the CPR of the ITO

NC assemblies (Figure 1a).

To demonstrate this concept, we iteratively prepared monolayers and stacked eight layers of

25 nm ITO NCs with a 2.7% Sn doping concentration onto a gold-germanium substrate (Figure 1b).

These NCs are capped with oleate (OA) surface ligands, which adds about 3 nm to their effective

diameter in building up the assembly’s thickness (37) . Although the top-down scanning electron

microscope (SEM) image of the NC assembly appears disordered, cross-sectional SEM images

reveal eight NC layers on the Ge spacer layer. The thickness of the NC assembly is on average

213 (± 8) nm, which is closer to a simple linear scaling of the NC size (224 nm), than to the thinner

assembly expected for perfect, close-packed three-dimensional ordering (183 nm). By varying the

number of NC monolayers deposited on an IR-transparent substrate (double-side polished silicon),

we observed an approximately linear increase in extinction peak intensity (Figure 1c, inset), with

the peak frequency around 3000 cm−1 independent of the number of layers (Figure S2).

When we varied the number of NC layers in the Salisbury screen configuration, which consists

of a germanium spacer layer (160 nm) and a thick gold backing (100 nm), much more pronounced

changes appeared in the reflection spectra (Figure 1d). A NC monolayer exhibited a broad dip

around 3000 cm−1, indicating perfect absorption due to a resonantly coupled response of the NC

CPR and the photonic cavity mode (31). For a bilayer of NCs, the single reflectance dip begins to

split in two, and this splitting progressively increases with the number of NC layers. The increase

in peak splitting with the addition of more of the polarizable medium (plasmonic NCs) indicates

strong coupling between the photonic structure and the CPR of the NC layer (38–40). Therefore,

we interpret these reflection dips as the upper polariton (UP) and lower polariton (LP), with the

coupling between the photonic mode and CPR becoming more pronounced as additional NC layers

are added to the Salisbury screen configuration, inducing a larger Rabi splitting between the UP

and LP.

The development of well-defined polariton modes occured despite the structural disorder of the

NC assemblies apparent in the SEM images, which we sought to understand by conducting optical
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Figure 2: Simulated disordered NC assemblies and their spectra in the Salisbury screen con-

figuration. (a) The in-plane pair distribution function (𝑔∥ (𝑑)) for NC monolayers with various

values of the hexatic order parameter (𝜓6). (b) Two example configurations of six layers of disor-

dered NCs with different relative Steinhardt bond-orientational order parameters (𝑞). (c) Simulated

reflection spectra as a function of 𝑞 for six layers of 25 nm ITO NCs in a Salisbury screen configu-

ration consisting of 160 nm Ge and 100 nm Au. The dashed line shows the experimental spectrum

of a six-layer assembly of 25 nm 2.7% Sn ITO NCs in the Salisbury screen configuration.
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simulations. Regardless of the disorder present, the linear increase in extinction with thickness, with

little change in the spectral lineshape, suggests that the NC packing fraction remained relatively

consistent. This characteristic could enable the computational design of more complex photonic

structures with a thickness-independent effective optical response used to model the NC assembly as

a metamaterial. To confirm this disorder tolerance, we used Brownian dynamics simulations (41,42)

to create a series of different six-layer NC assemblies. Each individual NC layer contained 361

particles for total of 2,166 NCs per configuration (see section 3.1 of SI for details and comparisons

to a perfectly ordered lattice, Figure S3). The individual layers, while having the same final packing

fraction, were pre-assembled using different nonequilibrium compression rates. This allowed us to

vary the degree of structural disorder in each layer (43), quantified by the hexatic (two-dimensional)

bond-orientational order parameter (𝜓6) (29, 44). The reduction in bond-orientational order for

layers with lower 𝜓6 was accompanied by a broadening of peaks in the pair distribution functions

(𝑔∥ (𝑑)) which decay at progressively shorter pair separations, indicating a concomitant reduction

of translational order (Figure 2a).

Next, we vertically stacked and compressed six layers of NCs, each with the same 𝜓6, to create

a disordered multilayer structure (Figure 2b). The disorder in these structures was quantified by the

three-dimensional Steinhardt bond-orientational order parameter (𝑞6) and normalized as the relative

𝑞 value, defined as 𝑞6/𝑞6,FCC, where 𝑞6,FCC is the 𝑞6 value for a perfectly ordered FCC lattice.

As expected, we observed a positive correlation between 𝑞 and 𝜓6 in the stacked NC monolayers

(Figure S4). The computed 𝑞 values spanned the range accessible to multilayer sphere assemblies

while holding the assembly NC volume fraction constant (29, 43, 45) (Figure S4). Observing the

layer-dependent 𝑔∥ (𝑑) in the assembled six-layer stacks, we note that the disorder increases for NC

layers further from the substrate (Figure S5). Our results are consistent with previous experimental

observations in layered assemblies of micron-scale colloids that particle density is more broadly

distributed and disorder increases with distance from the surface (46). In our case, the structural

analysis demonstrates the successful creation of NC assemblies with varying levels of disorder.

Remarkably, the simulated optical spectra exhibited polariton modes with distinct UP and LP

frequencies, characteristic of strong coupling, irrespective of the disorder present (Figure 2c). The

reflection spectra were simulated for NC assemblies with varying 𝑞 values (Figures 2b and S5)

in a Salisbury screen configuration composed of 160 nm Ge and 100 nm Au. To calculate the
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spectra, we used SMUTHI (Scattering by Multiple Particles in Thin-film Systems) (47, 48), an

algorithm that combines T-matrix (transition-matrix) single-particle scattering computations with

a scattering-matrix method to quantify the propagation of light through our layered structures (see

section 3.2 of the SI for details). The experimentally determined electron concentrations and sizes

of the NCs were used as inputs to the simulations and the NC volume fraction was fixed at a value

that resulted in close agreement between the simulated CPR peak and that observed experimentally

for a NC monolayer (Figure S6) (31, 49). Using these parameters to calculate the spectra of the

cavity-coupled assemblies with variable disorder, we found that the reflection spectra are only

slightly changed as 𝑞 varied, with nearly invariant frequencies for the UP and LP and only slightly

reduced reflection in the photonic stopband between the two dips for higher 𝑞. The spectra also

well approximate the experimental reflection spectrum of a cavity-coupled six layer NC assembly,

with 𝑞 = 0.86 being the closest match (Figure 1d). These observations extend our previous results

from large-scale simulations, which suggested that disorder has little effect on the extinction spectra

of ITO NC monolayer superlattices (29). This defect tolerance contrasts with the development of

plasmon polariton modes in thin slabs of gold NC superlattices, where precisely defined thicknesses

of a few NC layers were required to locally establish F-P resonances that couple to the CPR of the

superlattice medium, and disorder caused substantial broadening (21,50). Our advantage is that the

cavity resonance is largely established by the uniform film of Ge, so less precision is demanded in

the structures of the NC metamaterial assemblies.

Modeling and Quantum Mechanical Analysis

Owing to the disorder-tolerant nature of the plasmon-polaritons, the spectra of the cavity-coupled

NC assemblies can be accurately predicted by finding an effective optical response for the NC layer

and using the transfer matrix model. We first fit the optical response of a NC monolayer using

a slab of effective medium with a Lorentzian oscillator response, as established in our previous

work (28, 31). The Lorentzian oscillator permittivity found by fitting the optical response of a NC

monolayer closely recreates the extinction spectra for multilayers of NCs on silicon, as well, by

simply scaling the thickness of the effective medium slab in the transfer matrix model framework

according to the experimental number of NC layers (Figure S2). Likewise, the permittivity found by
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Figure 3: Analysis of the reflection spectra of multilayer NC assemblies in the Salisbury

screen configuration. (a) Reflection spectra of eight layers of 25 nm, 2.7% Sn ITO NCs in the

Salisbury screen configuration with varying Ge thickness (𝑑Ge). The dotted lines show the simulated

spectra using the transfer matrix method, where the NC assembly is treated as an effective medium.

(b) Optical mode dependence on 𝑑Ge for two NC layers, generated using the transfer matrix

method. 𝜔dip,1 and 𝜔dip,2 correspond to two reflection minima, while 𝜔UP,fit and 𝜔LP,fit represent

the frequencies based on the Hopfield Hamiltonian. (c) Optical modes for eight NC layers with

varying 𝑑Ge. (d) Coupling strength (𝑔) extracted from experiments and fits from the transfer matrix

simulations to the Hopfield Hamiltonian for variable number of NC layers (𝑋). The square root of

the number of NC layers is shown on the x-axis.
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independently fitting to the extinction of multilayers of NCs varied little from the permittivity found

for a monolayer, underscoring the consistency of the NC assembly structure and optical properties

as layers are added. Also consistent with this finding, the effective permittivity found by explicitly

calculating the optical response for a variable number of NC layers (using SMUTHI) (51–54) is

also nearly invariant with layer number (Figure S2).

Using the effective NC layer permittivity together with the Ge and gold permittivities (55) (see

section 4 in the SI), we model the integrated photonic structures in the transfer matrix framework

(56) to obtain reflection spectra that accurately reproduce experimentally observed reflection dip

positions, their intensities, and the overall spectral lineshapes, regardless of layer count or spacer

layer thickness (Figure 3a and Figure S7). This simplified analytical approach using the transfer

matrix method not only aids in understanding the origins of the optical features, but also helps

to solve inverse problems for design of photonic structures incorporating ITO NC assemblies,

including more complex assemblies incorporating layers of different NC compositions, which will

be discussed in a later section.

Based on the accuracy of the effective medium and transfer matrix modeling in reproducing

the experimental spectral lineshapes, we constructed reflection spectral maps that capture the

dependence of the optical modes on spacer layer thickness (𝑑Ge) (Figure 3b, c, and S8). These

correspond to dispersion relationships that describe the coupling behavior across different 𝑘-space

values determined by the 𝑑Ge within a quantum mechanical framework. The dispersion relations

obtained from the angle dependence of the spectra do not show significant frequency shifts due

to the high refractive index of Ge (Figure S9). Given the increasing and substantial peak splitting

observed as additional NC layers are stacked, we hypothesized that the optical modes of polaritons

might be well described by the Hopfield Hamiltonian (8),

𝐻 = ℏ𝜔pt�̂�
†�̂� + ℏ𝜔CPR�̂�

†�̂� + 𝐻int + 𝐻A2 . (1)

Here, ℏ = ℎ/2𝜋, ℎ is Planck’s constant, and the interaction Hamiltonian, 𝐻int depends on the

coupling 𝑔 and is defined as

𝐻int = ℏ𝑔(�̂�† + �̂�) (�̂�† + �̂�). (2)

The diamagnetic Hamiltonian term, 𝐻A2 , is given by

𝐻A2 = ℏ
𝑔2

𝜔pt
(�̂�† + �̂�)2. (3)
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This term describes how the induced polarization from the cavity-coupled material modifies the

original photon field through a nonlinear feedback loop, particularly in the ultrastrong coupling

regime.

Here, �̂�†, �̂�, �̂�†, �̂� represent the creation and annihilation operators for photons and plasmon

excitations, respectively, while 𝜔pt and 𝜔CPR denote the uncoupled photonic and CPR mode fre-

quencies. The coupling strength, 𝑔, is defined as 𝜇CPR
√
𝑁𝐸vac𝜔CPR/𝜔pt, where 𝜇CPR is the CPR

transition dipole moment, 𝑁 is the number of NCs, and 𝐸vac is the vacuum electric field per surface

area. The vacuum electric field is expressed as 𝐸vac =
√︁
ℏ𝜔𝑝𝑡/(2𝜀𝜀0𝐴𝐿eff), with 𝜀0 and 𝜀 being

the vacuum and relative permittivity in the photonic structure, respectively, 𝐴 is the measure-

ment surface area, and 𝐿eff is the effective optical pathlength of the photonic structure. Assuming

𝐿eff = 𝜆pt/4𝑛, where 𝑛 is the effective refractive index, which is equivalent to
√
𝜀, the coupling

strength can be rewritten as 𝑔 = 𝜇CPR𝜔CPR
√︁
ℏ𝑁/(𝜋𝜀0𝑛𝑐𝐴). Note that 𝑁/𝐴 is the NC density per

area, which is constant regardless of the measurement area and scales linearly with layer number.

We treat 𝑛 as a constant with varying 𝑑Ge, and thus 𝑔 is considered constant in the dispersion

relationship for a given number of NC layers. Diagonalizing the Hamiltonian yields the polariton

frequencies 𝜔pp as:

𝜔±
pp =

√√√√√
𝜔2

pt + 4𝑔2𝜔pt/𝜔CPR + 𝜔2
CPR ±

√︂[
𝜔2

pt + 4𝑔2𝜔pt/𝜔CPR + 𝜔2
CPR

]2
− 4𝜔2

pt𝜔
2
CPR

2
(4)

where𝜔+
pp and𝜔−

pp represent the upper (𝜔UP,fit) and lower (𝜔LP,fit) polariton frequencies, respectively.

Using this model, we fit the transfer matrix model-generated dispersion relations to the Hopfield

Hamiltonian (Eq. 4), minimizing the difference between the observed 𝜔dip values and the fitted

𝜔UP,fit and 𝜔LP,fit values, while adjusting 𝜔pt and 𝑔 as free parameters (Figure 3b and c). We fix the

value of 𝜔CPR based on the peak position of the extinction spectrum of the NC assembly on silicon

(Figure 1c). For two NC layers on the Ge spacer (Figure 3b), there was good agreement between the

simulated reflection minima (solid white lines, 𝜔dip) and the fit to the model (blue x marks, 𝜔UP,fit

and 𝜔LP,fit). However, for thicker NC layers (Figure 3c), some discrepancies were observed: the

Hopfield model slightly underestimates the frequency difference between the UP and LP for thinner

𝑑Ge and overestimates the splitting for thicker 𝑑Ge. We suspect that the simplifying assumptions

made in deriving the Hamiltonian and defining 𝑔 are responsible for these minor deviations. One
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example is the assumed constant 𝑛 value, which breaks down for thicker ITO NC films, since the

NC layer itself, not only the Ge, contributes significantly to the optical path. Nonetheless, despite

its approximate nature, this physics-based description of the coupled optical system is useful for

examining trends in the coupling behavior.

The widening Rabi splitting of the polariton peaks with layer count suggests stronger coupling,

which can be quantitatively assessed by examining the trend in the coupling strength 𝑔 (Figure 3d).

Even with a bilayer of NCs, the normalized coupling strength, 𝑔/𝜔CPR, is 0.1 and the Rabi splitting

at zero detuning (2𝑔) is 20% of the CPR frequency (12), already meeting the ultrastrong coupling

criterion. In addition, the coupling constant linearly increases with the square root of the number

of NC layers (𝑋), ∝
√
𝑋 , which agrees with previous studies of dipolar transition media in F-

P cavities (39, 57). As a result, eight layers of NCs achieve 𝑔/𝜔CPR ≈ 0.3, demonstrating the

possibility of controlling the 𝑔 value simply by iterating NC stacking. However, we expect that the 𝑔

value will eventually saturate for larger NC thickness as the portion of the optical path contributed

by the NC layer becomes dominant, leading to a situation similar to NC-only cavity structures,

where coupling was found to be approximately independent of NC layer thickness (20).

Designing Cavity-Coupled NC Assemblies to Target Spectral Windows

The spectral tunability of the cavity-coupled NC structures studied here, combined with the efficacy

of the transfer matrix method in predicting their optical response, allows us to design assemblies that

approximately realize targeted optical spectra. Of particular interest, the strong CPR-photonic mode

coupling and the double-resonant spectral characteristic of the polariton modes suggest that we can

design for applications requiring double-resonant absorption in the IR region. To illustrate this,

we targeted an optical spectrum closely corresponding to the atmospheric transparency spectrum,

which exhibits two main transparency windows (58), one between 770–1250 cm−1 (wavelengths of

8–13 𝜇m), and another between 2000–3333 cm−1 (wavelengths of 3–5 𝜇m), while largely blocking

light at other frequencies. A significant challenge in this field is achieving independent control over

visible light (either reflectance or transmittance, depending on the application) while absorbing

and emitting strongly within the atmospheric transparency window (59), using a scalable materials

approach (60). Given that our ITO NC synthesis and assembly processes are scalable, replacing Ge
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Figure 4: Cavity-coupled NC assembly designed to target the atmospheric transparency

windows. (a) Extinction spectra of 0.6% 29 nm ITO NC films on IR-transparent Si wafers as a

function of the number of NC layers. (b) (i) Atmospheric transparency window spectrum shown

as absorbance (1-transmittance). (ii) Predicted reflection spectra of the same NCs from (a) in the

Salisbury screen configuration as a function of the number of NC layers. The 𝑑Ge thickness was

optimized for each NC layer count to maintain consistent effective optical thickness. Matching the

reflection dips of the photonic-NC assembly with the atmospheric absorbance minima maximizes

thermal emission through Earth’s atmosphere. (c) Experimental reflection spectra of NCs from (a)

on a 205 nm Ge spacer and gold layer for various NC layer counts. The configuration with 18 NC

layers exhibits excellent overlap with the atmospheric transparency spectrum, shown as absorbance.
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with a visible light-transparent spacer could meet these requirements, making our cavity-coupled

NC assemblies applicable for large-area radiative cooling applications. Assemblies of ITO NCs

can have their CPR resonance in this range, e.g., an assembly of 29 nm ITO NCs with 0.6% Sn

doping has a CPR peak around 1690 cm−1 regardless of the number of NC layers. But, this single

resonance peak cannot approximate the dual-band atmospheric transparency spectrum, even if the

peak frequency is optimized by adjusting the Sn doping concentration. Furthermore, the optical

extinction per layer of NCs in assemblies with such low Sn concentrations is weak due to the low

electron concentration (Figure 4a and S10), so very thick NC layers would be needed to achieve

near-perfect emissivity (perfect absorption), even at the wavelength corresponding to the CPR

peak (61).

However, when these 0.6% Sn ITO NCs are incorporated in the Salisbury screen configuration,

spectral tunability towards the atmospheric spectrum is achieved, as coupling gives rise to strong

reflection dips (absorption peaks) in two distinct frequency regions. By assuming a consistent

effective permittivity for the low-doped ITO NC assembly as NC layer count is varied, we modeled

the reflection spectrum of the coupled architecture using the transfer matrix method. To maintain a

resonance condition for the photonic mode and NC CPR, we adjusted the 𝑑Ge to a lower value as the

NC layer thickness increased (see section 5 of the SI for details). While thinner NC assemblies exhibit

a single reflection dip around the original CPR frequency, thicker NC layers exhibit significant peak

splitting in the reflection spectra. For instance, 18 NC layers show the LP around 1100 cm−1 and

the UP around 2750 cm−1 [Figure 4b (ii)]. This pronounced peak splitting creates a dual-mode

spectrum that aligns well with the two bands in the atmospheric transparency spectrum [Figure 4b

(i)].

Implementing this design, our experimental results confirm that 18 layers of NCs in a Salisbury

screen configuration with 𝑑Ge = 205 nm produce strong absorption at frequencies corresponding

to the two atmospheric transparency windows, demonstrating the potential of such assembled

photonic architectures for radiative cooling applications (Figure 4c and S10). By leveraging the

high degree of design flexibility, from NC synthesis to Salisbury screen configuration tuning, we

can significantly improve the atmospheric spectral matching compared to single-mode emissive

coatings while using the active material much more efficiently since the layer thickness needed to

achieve perfect absorption is reduced greatly by photonic coupling (31,61).
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Understanding the Optical Modes with Near-Field Probes

To understand how the plasmon polariton modes may be used for applications such as nonlinear

optics (62) and molecular sensing (63), it is crucial to understand the spatial distribution of the

electric field. While NC monolayers in a Salisbury screen can be conceptualized in the ultrathin-

absorber limit (31, 64), we expect that the phase shift of the electric field within the thicker NC

assemblies considered here can be significant. To assess the spatial variation of the electric near-field

along the out-of-plane (𝑧)-dimension, we employed NC surface-bound molecules as vibrational

spectroscopic probes. Our previous study on NC monolayers demonstrated that the molecular

vibration signal on the surface of the NCs serves as an effective experimental probe for evaluating

the enhancement of the electric field in the gaps between NCs (35). Although the local near-field

intensities can be determined for idealized assemblies by finite element simulations (FEM), using

molecular vibrational signals as an experimental probe (65, 66) can help reveal the nature of the

optical modes in the real, structurally complex cavity-coupled NC assemblies. Our previous results

on NC monolayers established a correspondence between plasmon-enhanced vibrational signal

intensity and the surface-averaged electric field predicted by electromagnetic simulations (35), thus

validating this approach.

To probe the spatial variation of the local electric field at the frequency of characteristic

molecular vibrations, we fabricated NC assemblies where a single, select layer of NCs contains

molecular probes. 4-Azidobenzoate (ABA) was used as the molecular probe on the NC surface,

with its azide stretching vibration serving as a strong and quantifiable electric field indicator. For

NC layers without the molecular probe, oleyl phosphate (OP)-capped ITO NCs were used to protect

the NC surface and prevent unintended ligand exchange with ABA since the phosphorate head

group binds more strongly to the NC surface than the ABA carboxylate group. We verified that OP-

passivated NCs do not undergo ligand exchange with ABA upon dipping into an ABA-containing

solution, as the azide molecular vibration signal was absent afterward (Figure S11). Hence, the

ABA was exclusively present on specific NC layers where we intended to assess the local electric

field strength.

We assembled five layers of 25 nm, 2.7% Sn-doped ITO NCs, with ABA selectively introduced

in specific layers of the NC assembly, atop a 160 nm thick Ge spacer layer (Figure 5a). Regardless
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Figure 5: Mapping the near-field with vibrational probe molecules. (a) Schematic representation

of ITO NCs capped with oleyl phosphate (OP) or azidobenzoate (ABA). NC layer stacks are

assembled with ABA-capped NCs in one selected layer, with the rest capped by OP, to probe the

layer-dependent electric field intensity. (b) Far-field extinction spectra of five layers of 2.7% Sn ITO

NCs, 25 nm in diameter, on a 160 nm Ge spacer layer and gold backing. The layer containing NCs

capped with ABA molecules is indicated in the legend. (c) (i) Magnified molecular vibration region

of the spectra after subtracting the plasmon-photon coupled lineshape. (ii) Transfer matrix model-

predicted molecular vibration intensity trend, which reproduces the experimental trends accurately.

(d) Overlaid experimental and finite element method (FEM)-predicted far-field spectra. The electric

field distribution at each dip is also shown. (e) Averaged electric field along the z-dimension for

the ITO NC stack at the LP and UP frequencies. The frequency of the probed electric field and

the dashed lines correspond to the LP and UP features and the z positions shown in (d). (f) NC

surface-averaged electric field intensity (⟨|𝐸/𝐸0 |2⟩surf) spectrum within each NC layer, color coded

as shown in the schematic.
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of the position of the molecular vibration, the overall lineshape of the reflection spectra remained

unchanged (Figure 5b). A distinct molecular vibration feature appeared around 2100 cm−1, slightly

red-shifted relative to the LP feature of the photonic structure. We observed that the molecular

vibration intensity increases two-fold when ABA molecules are located in the NC layer farthest

from the Ge spacer compared to the intensity when they are located in the bottom layer of NCs.

This trend becomes more apparent when the plasmon-photon background is subtracted [Figure 5c

(i)]. The vibrational probe thus indicates a stronger electric field intensity nearer the top surface of

the assembly. In contrast, the vibrational signal strength increased by only about 30% for the ABA-

functionalized layer farthest from the substrate in ITO NC assemblies fabricated on IR-transparent

Si substrates, while the probe signal was independent of which layer was functionalized for non-

plasmonic In2O3 NCs assembled in the Salisbury screen configuration (Figure S12). Thus, the

coupled CPR-cavity modes experience a more pronounced electric field intensity variation along

the 𝑧-axis than the CPR or cavity modes alone.

The intensity trend of the molecular vibration probe was reproducible by modeling the per-

mittivity function of a NC monolayer containing molecular vibrations using coupled mode theory

(details in section 6 of the SI) (21,23). By incorporating this vibration-coupled permittivity function

for the select layer in the assembly (Figure S13 and S14), we observed the same vibration intensity

trend as in the experiments, where the intensity increases when the probe molecules are located

on the NC layers farther from the substrate [Figure 5c (ii) and S14]. In addition, this permittivity

function captures the molecular vibration intensity trends in NC asemblies both with [Figure 5c (ii)]

and without cavity coupling (Figure S12), where the vibration intensity becomes three times greater

in the Salisbury screen than in the transmission signal of an equivalent assembly on a silicon sub-

strate. Therefore, the near-field enhancement profile control is a collective effect resulting from the

coupling between the CPR and the photon mode facilitated by the Salisbury screen configuration.

To understand the origin of the spatially varying vibration probe signal, we used FEM to

evaluate the near-field distribution with explicit NC layers. We modeled five layers of 25 nm ITO

NCs, which produces a simulated extinction spectrum similar in optical density and linewidth to

that of a corresponding experimental sample consisting of five layers of 2.7% Sn, 25 nm ITO NCs

on a Si wafer (Figure S15). By placing this assembly on a 160 nm Ge spacer and 100 nm Au

reflector, we simulated a similar far-field reflection spectrum as observed experimentally, with two
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polariton modes appearing as reflection dips (Figure 5d). Examining the electric field distributions,

we find that excitation at the LP frequency leads to electric field confinement on the NC surfaces,

while exciting at the UP results in a more delocalized electric field, both outside and inside the

NCs. The 𝑧-dependence of the field distribution also appears to differ between the two polariton

modes, which we quantified by calculating the average electric field intensity vs 𝑧 (Figure 5e). At

the LP, intense peaks are observed between the NC layers, as well as at 𝑧 values corresponding

to the NC centers. This concentration of the field within both intralayer and interlayer gaps holds

great promise for enhancing transitions of optical components that may be embedded within the

NC assembly. Indeed, the strong vibration signal enhancement of the ABA molecules, whose azide

stretching frequency is closer to the LP than to the UP, is consistent with this finding. In addition,

under excitation at the LP, the electric field intensity within the NC layers grows with increasing

distance from the substrate, with only a slight decrease at the last layer. In contrast, the bottom-most

layer has the strongest electric field intensity at the UP frequency.

To better connect the electric field intensity trends to the molecular vibration intensities observed

in our experiments, we analyzed the surface-averaged electric field (⟨|𝐸/𝐸0 |2⟩surf) for each NC layer

(Figure 5f) based on the FEM simulations. We found that the electric field becomes stronger at the

LP (2200 cm−1) for upper NC layers, while it weakens slightly for upper layers under excitation

at the UP frequency. In a NC assembly on a silicon wafer, conversely, FEM simulations show that

the ⟨|𝐸/𝐸0 |2⟩surf at the frequency corresponding to the vibrational mode does not significantly

depend on the layer probed (Figure S15). The possibility of controlling the near-field enhancement

along the 𝑧-dimension can provide a new tuning knob for selectively intensifying or weakening the

electric field at certain locations for distinct resonant frequencies. This type of control may be useful

for non-linear optical processes (67) or sensing purposes (68), which rely on frequency-specific

operations.

Engineering the Spatial Concentration of Light with Multicomponent NC

Assemblies

To deliberately sculpt the spatial distribution of the optical modes and achieve distinct far-field

spectral characteristics, we explored stacking different types of ITO NCs to make a multi-resonant
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Figure 6: Cavity structure with multiple resonances by stacking different types of NCs (a)

Schematic representation of a photonic structure composed of a monolayer of highly doped (6%

Sn) ITO NCs, multilayers of undoped (0%) In2O3 NCs, and two layers of low-doped (1% Sn) ITO

NCs on a Ge spacer layer. Multiple resonances are expected to appear in the reflection spectrum,

with distinct spatial localizations. (b) Far-field reflection spectra of cavity-coupled NC assemblies

with various stacking sequences. The legend indicates the stacking sequence combinations of 6%

Sn ITO, 1% Sn ITO, and In2O3 NCs. The dotted lines represent the reflection spectra predicted

using the transfer matrix model. (c) Far-field reflection spectrum predicted using FEM for the

Ge-6%-0%-1% case. (d) Near-field intensity distributions corresponding to the same configuration

as in (c) for excitation at high and low resonance frequencies indicated by the dashed lines in (c).
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photonic structure (Figure 6a and Figure S16). Based on the principle of the Salisbury screen

configuration, which requires a spacer layer approximately a quarter wavelength thick to achieve

resonance with the absorbing layer, we design the Salisbury screen configuration with highly Sn-

doped 31 nm NCs (6% Sn) on a relatively thin Ge spacer layer. Then, we added another dielectric

spacer by stacking 11 layers of undoped indium oxide (In2O3) NCs (25 nm in diameter), which are

transparent at IR frequencies due to negligible plasmonic response. Finally, we topped the assembly

with a bilayer of low Sn-doped 31 nm NCs (1% Sn), where the spacing between the low-doped NCs

and the gold layer is significantly augmented by the many intervening NC layers. Therefore, this

structure offers the possibility of two independently tuned modes within a single photonic structure,

where each photonic mode can couple resonantly to NCs with different doping concentrations.

Indeed, the reflection spectrum of this structure shows a very broad absorption feature, which

can be ascribed to a double resonance effect at high and low frequencies (Figure 6b). The lineshape

is also well reproduced by the transfer matrix method by modeling the NC stack as three different

effective medium slabs atop the germanium and gold layers (details are in section 8 of the SI).

In addition, we highlight that the sequence of NC stacking is important for maximizing the broad

absorption: reversing the stacking order of the 1% and 6% Sn ITO NC layers or omitting the In2O3

NC spacer layer between them does not produce a lineshape as broad as what we observed with the

correct, as-designed stacking order (Figure 6b).

We can also reproduce a similar lineshape with FEM (Figure 6c) by stacking same-sized NCs

but with different electron concentrations, mimicking the experimental dual resonant structure.

Note that we only stack eight layers of 30 nm In2O3 NCs, which substitutes for the 11 layers

of 25 nm In2O3 NCs used in our experiments. We analyzed the electric field maps for different

incident frequencies, where we observed strong activation of the lower-layer, highly doped ITO

NCs, at high incident light frequency (𝜔 = 3850 cm−1, Figure 6d). In contrast, at low frequency

(𝜔 = 1800 cm−1), the upper part of the photonic structure showed strong electric field intensity,

although a small contribution from the highly doped NCs was still evident (Figure 6d). This behavior

is also reflected in the 𝑧-dependent electric field intensity, where strong localization of light of each

frequency is observed (Figure S17).

With this spatially selective concentration of the electric field depending on the optical fre-

quency, we can envision creating assemblies useful for cooperative functionality between different
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layers. The strongly confined electric fields (Figure 6d) could induce nonlinear optical behavior

useful for noise filtering (69) or logic gates (70). In addition, we expect the combinatorial effect of

spatial control for both phase matching (71, 72) and frequency matching (73) to significantly en-

hance harmonic generation efficiency. Therefore, we expect that future developments could enable

these NC-integrated photonic structures to find use for photonic technologies.

Discussion

We demonstrated a cavity structure that allows easy integration of widely tunable NC assemblies

to achieve diverse optical resonance frequencies, lineshapes, and spatial modes through system-

atic variation of the NC stack composition. By observing the frequency splitting as the number

of NC layers increased, we demonstrated that ultrastrong coupling occurs for thicker ITO NC

assemblies. Compared to other approaches for achieving plasmon polaritons, this architecture is

amenable to easy fabrication and produces a consistent optical response over large areas, despite

the structural disorder of the NC assemblies due to the defect-tolerant nature of the optical modes.

The key conceptual advance is that the cavity resonance is established primarily by the uniform

blanket deposition of metal and dielectric spacer layers, not relying on lithography or a precise

organization of the NCs in a superlattice or array to establish the photonic mode. The resulting

strong peak splitting at IR frequencies could be used to design optical response for applications

such as radiative cooling, by matching the absorption to the atmospheric transparency spectrum.

This cavity structure enables spatially guiding the electric field intensity within the NC assembly,

where molecular vibrations serve as near-field intensity probes, revealing that low-frequency light

exhibits the strongest electric field within the NC gaps in the topmost layer. Finally, by stacking

NCs with different doping concentrations, we can confine light of different frequencies at varying

heights within the assembly. Such spatial control over the modes could be leveraged in the future

for photonic application.

With this foundational understanding and the configuration of the photonic architecture as an

‘open’ cavity, these structures could be further accessorized by incorporating photoactive molecules

or quantum dots within the intense electric field hot spots produced in the NC gaps (74–76). Such

multiplexed architectures could achieve a wide range of photonic conversion processes, such as
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fusion (77) or fission of excitons (78) to upconvert or downconvert the frequency of incident light.

Alternatively, coupling to vibrational modes of embedded molecules might be used to manipulate

their chemical reactivity and guide reaction selectivity (79). The open cavity architecture, with

consistent optical modes across a large area, provides opportunities for flow-through sensors or

reactors and simplifies integration with optical circuits. In addition, electrochemical modulation of

the electron concentration within the NCs (80,81) or the thickness of the dielectric layer (82) could

enable dynamically tunable resonance modes. Overall, the extensive tunability of the NC-photonic

platform introduced here is ripe for creative exploitation.

Materials and Methods

Materials

All chemicals were used as received, without any additional purification. Indium (III) acetate

[In(ac)3, 99.99%, Sigma Aldrich], tin (IV) acetate [Sn(ac)4, Sigma Aldrich], oleic acid (OA, 90%,

technical grade, Sigma Aldrich), oleyl alcohol (OLA, 90%, technical grade, Sigma Aldrich), and

octadecene (ODE, 85%, technical grade) were used to synthesize the NCs. Hexane (≥99.9%, Fischer

Chemical), tetrachloroethylene (≥99.5%, Sigma Aldrich), and acetonitrile (Fisher Scientific, 99%)

were used for the dispersing NCs to form the assemblies. Oleyl phosphate (OP, TCI America,

Mono- and Di- Ester mixture) and 4-azidobenzoic acid (ABA, TCI America, ≥97%) were used for

exchanging ligands on the NC surfaces.

Synthesis of ITO NCs

NCs were synthesized by slow injection methods based on previous reports (28,32). For ITO NCs

around 30 nm, we dissolved 8 × (1-x) mmol of In(ac)3 and 8 × x mmol of Sn(ac)4 in 16 mL of OA

and 8 mL of ODE. x is determined by the desired doping concentration, where 1% and 6% ITO NC

correspond to x=0.01 and x=0.06, respectively. We heated this solution to 150 ◦C under a nitrogen

atmosphere for two hours. In a separate flask, 13 mL of OLA was degassed under vacuum for one

hour at 120 ◦C. Then, the OLA flask was heated to 290 ◦C under nitrogen flow. We injected 21

mL of the precursor solution into the OLA with an injection rate of 0.3 mL min-1 using a syringe
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pump. Once the injection was complete, we waited for an extra 20 min at 290 ◦C and cooled the

flask naturally until it reached room temperature. We washed the product with ethanol three times

and redispersed it in 10 mL of hexane.

For 25 nm ITO NCs, we dissolved 0.5 × 0.973 mol L-1 of In(ac)3 and 0.5 × 0.027 mol L-1 of

Sn(ac)4 in OA and degassed the solution under vacuum for one hour at 100 ◦C. We then heated this

precursor up to 150 ◦C for 2 hours under nitrogen. We separately prepared 13 mL of OLA under

nitrogen at 290 ◦C, then slowly injected 25 mL of the precursor solution at 0.35 mL min-1 at 290 ◦C

using a syringe pump. For this injection, we first inject 10 mL of precursor, then stop the injection

and start the injection of 10 mL OLA at a rate of 0.2 mL min-1. We repeated OLA injection step one

more time after we added an additional 10 mL of metal precursor. Synthesized NCs are centrifuged

with an excess amount of ethanol after diluting the NC dispersions with hexane. The washed NCs

are redispersed in hexane.

ITO NC Characterization

Synthesized ITO NCs and monolayers of ITO NCs were imaged using a Hitachi S5500 scanning

transmission electron microscope (STEM) under the bright field STEM and secondary electron

(SE) modes, respectively. For inductively coupled plasma mass spectrometry (ICP-MS), we first

dried the ITO NC solution and added aqua regia for digestion. After two days of digestion, we

diluted this solution to 2% nitric acid and utilized an Agilent 7500ce spectrometer to measure the

concentration of each element. The sizes of the synthesized ITO NCs were analyzed by small-angle

X-ray scattering (SAXS) using an in-house SAXSLab Ganesha.

Photonic Structure Fabrication

We sequentially deposited a 5 nm titanium (Ti) adhesion layer, 100 nm of Au, and variable Ge

dielectric spacer by e-beam evaporation (PVD 75 from Kurt J Lesker) onto silicon substrates. The

ITO NC monolayer preparation was carried out as described in our previous work (35). We dropped

NC solution (dispersed in hexane, 3 mg mL-1) onto 5 mL of acetonitrile solution in a Teflon trough,

where the monolayer of ITO NC is formed within 30 seconds. After draining the acetonitrile

subphase, the monolayer NC film was transferred onto the substrate, which was immersed in the
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acetonitrile in advance of NC deposition. We iterate this procedure to make a multilayer of ITO NCs.

For extinction spectra measurements of NC assemblies, we did the same procedure on double-side

polished undoped silicon wafers. For ligand exchange with ABA, the acetonitrile solution contains

10 mM of ABA solution. And once the NC monolayer is formed, we wait for 30 minutes to ensure

the ligand exchange before transferring the monolayer to the substrate. OP ligand exchange was

done colloidally where we disperse 10 mg of NC in 1 mL of CHCl3 containing 10 mM of OP.

After stirring overnight, we washed the NCs with hexane and ethanol three times and resuspended

in pure hexane at 3 mg mL-1 concentration. We used OP capped NC for making monolayers in the

same manner as NCs capped with native oleate ligands.

Optical Measurements

The extinction spectra of the NCs on double-side polished Si wafers were measured with a Bruker

Vertex 70 Fourier transform infrared (FT-IR) spectrometer in the transmission configuration with a 1

cm beam diameter holder. For reflection spectra of cavities, we used a specular reflection accessory

(Pike Industries 10 Spec). For angle-dependent measurements, we used a VeeMax III from Pike

Industries. For all reflection spectroscopy measurements, a gold-coated substrate, providing near-

perfect reflection in the mid-IR, served as a reference.
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