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Abstract: 

 

As easy-to-grow quantum wells with narrow excitonic features at room temperature, two 

dimensional (2D) Ruddleson-Popper perovskites are promising for realizing novel nanophotonic 

devices based on exciton-photon interactions. Here we demonstrate a distinct hybrid exciton-

photon Fano resonance in (C4H9NH3)2PbI4 thin films prepared via spin coating.  Using a classical 

coupled-oscillator model and finite-difference time domain simulations, we link the Fano 

interference to the coupling of the exciton with the Rayleigh-like scattering of the film 

microstructure. Combining colloidal plasmonic cavities with the 2D perovskite films we 

demonstrate tuning of the Fano resonance. In combination with silver nanoparticles the exciton-

photon Fano interference couples to the in plane plasmonic modes, with indications of Rabi 

splitting. By creating a Nanoparticle on Mirror geometry, we address the out-of-plane excitonic 

component, reaching an intermediate coupling regime.  These structures suggest possible photonic 

targets for biomolecular self-assembly applications. 
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Introduction:  

Controlling light-matter interactions is crucial for the performance of optoelectronic 

devices. Owing to their strong absorption1,2 and low trap densities3,4, lead halide perovskites 

(LHPs) have gained significant attention as active materials in both photovoltaics and light-

emitting diodes5,6. LHPs can be synthesized with variable dimensionalities, displaying high 

oscillator strengths and large exciton binding energies .7 Ruddlesden-Popper perovskites8, which 

self-assemble from solution as inorganic layers sandwiched between layers of intercalated 

alkylammonium cations, represent naturally grown quantum wells with large (>100 meV) exciton 

binding energies,9 high oscillator strengths (0.7 ± 0.1)10, and narrow linewidths (52 meV 

FWHM)11 at room temperature. With these characteristics, low-dimensional perovskites have 

emerged as a promising platform for the tailoring of light-matter interactions. Effects like lasing12–

14, enhanced absorption15, increased spontaneous emission16–19, and even Rabi splitting20–22 have 

been demonstrated, which benefit both conventional optoelectronics 23–25, and may open the path 

to novel devices like polariton lasers26, quantum sensing or optical computation applications.27,28 

Controlling distances in these systems is often of great importance, making them attractive targets 

for biomolecular self-assembly. 29–32 Fano resonances are particularly intriguing due to their 

applications in sensing, switching, and slow light devices.33–37 A Fano resonance34–37 is 

characterized by  asymmetric spectral features and occurs due to the interference of a single, well-

defined resonance with a continuum of states or another much broader mode. Originally developed 

to explain the asymmetric line shapes in the atomic spectra of helium,36 its theory has been adapted 

to describe the spectral response in a variety of systems38–41, including coupling between excitons 

and plasmonic cavities42–45. An interesting aspect of LHPs is that, due to their high refractive index, 

they can act as optically resonant nanophotonic structures on their own, rendering additional 

cavities unnecessary. Different implementations range from Mie, Fabry-Perot or whispering 

gallery mode resonances in single nanostructures46,47 to complex periodic structures such as 

photonic crystals48–51, metasurfaces52,53 or photonic microlasers50,51. Recently, Franceschini et al. 

showed ultrafast modulation of a Fano resonance in optically resonant microparticles made of 

bulk-like CsPb(Br/Cl)3
54. However, the majority of resonant nanophotonic structures require 

complex synthetic strategies.27  

Here, we study Fano resonances in 2D Ruddlesden−Popper butylammonium lead iodide 

((C4H9NH3)2PbI4, BAPI) perovskite thin films prepared via spin coating. Using microscopic 
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darkfield scattering spectroscopy and finite-difference time-domain (FDTD) electrodynamics 

calculations, we find that the 2D excitonic transition, combined with a distinct grain-like 

microstructure, gives rise to a hybrid exciton-photon Fano interference. This Fano interference can 

be traced back to the coupling between the exciton and the scattering background caused by the 

dielectric material of the grain. Further, we investigated how this Fano resonance can be tuned by 

adding an additional plasmonic cavity. Near single silver nanoparticles, coupling with the exciton-

photon Fano resonance of the 2D perovskites is observed, with indications of Rabi splitting in 

FDTD calculations. Using a particle-on-mirror geometry, we directly address the out of plane 

mode of the 2D perovskite exciton, achieving an intermediate coupling regime. 

 Figure 1a depicts an atomic force microscopy (AFM) image of the BAPI thin film prepared 

via spin coating, revealing its distinct microstructure. The 2D perovskite crystalizes in rectangular-

shaped grains with thicknesses of about 10 nm to 25 nm and lateral dimensions of 150 nm to 1 µm 

(cf. Figure S1). Figure 1b shows the photoluminescence (PL) and absorbance spectra from typical 

BAPI films on glass at room temperature. The PL spectrum exhibits a distinct peak at 520 nm, 

with a full-width at half-maximum (FWHM) of 17.5 nm (80 meV), consistent with previous  

reports for n=1 BAPI.9 The absorption spectrum depicts an excitonic peak at 512 nm and a step-

like band onset around 535 nm, in good agreement with prior reports.9 These results are consistent 

with large exciton binding energies in the 2D perovskite of  >400 meV.9 

Scattering spectra on 2D perovskite films have not been commonly reported, although 

darkfield scattering is finding use as a probe of film degradation in 3D perovskites.55 Figure 1c 

shows the darkfield scattering spectrum obtained under white light excitation (see Supporting 

Information for normalization).  Surprisingly, the scattering spectrum exhibits an asymmetric 

shape, with a peak at 524 nm and a sharp minimum at 496 nm. Notably, the maximum shifts and 

broadens compared to the excitonic feature in PL (see Figure S2). The asymmetric scattering 

lineshape resembles that of a Fano resonance. 36 A common way to identify a feature as a Fano 

interference is by fitting with the Fano equation.37,56,57 However, due to the strong curvature of the 

continuous background in the region of the interference, such fit only captures the spectral shape 

in the immediate vicinity (cf. Figure S3). In order to correct for the curvature of the background, 

we use that a Fano interference can be described with a coupled oscillators model, where only the 

oscillator with the larger damping is driven.37,58 We describe the excitonic resonance as well as the 
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background with two classical, dissipative harmonic oscillators, coupled by the rate 𝑔𝑔. Following 

other work,59,60 the shape of the scattering spectrum is given by:  

𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∝ 𝜔𝜔4 � �𝜔𝜔2𝐷𝐷
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(1). 

Here, 𝜔𝜔2𝐷𝐷,𝛾𝛾2𝐷𝐷, and 𝜔𝜔0,𝛾𝛾0 represent the resonance frequency and damping of the excitonic 

resonance and the broader background, respectively. Figure 1c shows a fit of the scattering 

spectrum to the coupled oscillator model (red trace). Based on the fit of the coupled system (𝑔𝑔 >

0), the uncoupled continuous background 𝜎𝜎0 can be isolated mathematically (adjusting 𝑔𝑔 = 0), as 

shown in blue in Figure 1c. Figure 1d shows the normalized scattering spectrum (experimental 

data divided by 𝜎𝜎0), which we fit with the normalized Fano equation (green line) to extract the 

Fano parameters (𝜖𝜖 = 𝑤𝑤−𝑤𝑤0
Γ/2

, with 𝑤𝑤0 and Γ describing the resonance frequency and width) 

𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜎𝜎0

= �
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𝜖𝜖 + 𝑖𝑖

�
2

(2) 

The scattering data are well described by Eqn. 2, with 𝑞𝑞 = −2.65 ± 0.3, providing strong evidence 

that the optical feature observed in the scattering of BAPI thin film represent Fano resonance. 

 

Figure 1. (a) Atomic force microscopy (AFM) image of a 2D perovskite thin films on glass. (b) 

Absorption and PL at 365 nm excitation of as-prepared 2D perovskite thin film on glass at room 

temperature. (c) Darkfield scattering spectrum of the 2D perovskite thin film at room temperature. 

The experimental data (black) is fit to a coupled-oscillator model (red dashed line). This allows 
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isolating the contribution of the unperturbed scattering background (blue dashed line). 

(d) Normalized darkfield scattering spectrum. The experimental data is divided by the scattering 

background 𝜎𝜎0. The green line represents a fit to a normalized Fano formula (𝐸𝐸0 =

2.386 𝑒𝑒𝑒𝑒 (519.7 𝑛𝑛𝑛𝑛),Γ = 0.086 𝑒𝑒𝑒𝑒, 𝑞𝑞 = −2.65).  

 

Next, we investigate the broad scattering background causing Fano interference. In bulk-like 

CsPb(Br/Cl)3 perovskite microcrystals, Fano interferences have been reported due to the coupling 

between the excitonic transition and Mie resonances supported by the microscopic structure of the 

material. 54,61 However, these structures have significantly larger dimensions (> 100 nm) in all 

three directions. To test whether the interference is related to the grain-like microstructure of the 

samples, we measured the material’s full dielectric function using ellipsometry, and then 

performed FDTD simulations. Figure 2a shows the spectroscopic ellipsometry measurements of a 

2D perovskite thin film. These traces were simultaneously fit with the transmission measurements 

(see Figure S4) to extract the complex dielectric function, shown in Figure 2b. We then performed 

FDTD simulations assuming a 20-nm-thick 2D perovskite layer located on top of a glass substrate 

embedded in a poly(methyl methacrylate) (PMMA) layer (see Supporting Information).  Modeling 

the 2D perovskite as a continuous layer results in negligible scattering (see Figure S5). However, 

modeling the grain-like microstructure as a thin 2D perovskite cylinder with a diameter of ~150 nm 

and a thickness of 20 nm (Figure 2c), produces a close-match to the experimental darkfield 

spectrum (Figure 1b). In addition, we reproduce the bare scattering stemming from a dielectric 

grain with a constant refractive index of 2.15 (baseline for the BAPI 𝑛𝑛 value), shown in grey in 

Figure 2c. The spectrum resembles the mathematically deconvoluted background in Figure 1c. 

Based on these simulations, we conclude that the observed Fano interference occurs due to the 

coupling between the excitonic transition and the scattering caused by the film microstructure, and 

is best described as a hybrid photon-exciton Fano resonance. Note that no external cavity beside 

the perovskite grain itself is involved in the formation of the Fano resonance here, in contrast to 

previous works about Fano resonances in perovskite materials coupled to plasmonic cavities62,63. 

Figure 2d depicts simulated scattering cross sections of BAPI grains with different 

diameters between 300 nm and 700 nm. The scattering amplitude scales with the grain size, while 

the spectral shape is conserved (grains with diameters > 40 nm behave consistently, see Figure 



 7 

S5b). These trends are in good agreement with our experimental results, which show no deviation 

in the spectral shape between grains from 150 nm to 1µm sizes. This result indicates that the 

observed hybrid Fano resonance is not influenced by small changes in layer morphology, as 

regularly occur with LHPs synthesized via spin coating. In a broader context, this hybrid exciton-

photon Fano resonance related to the excitonic transition can be expected in the scattering spectrum 

of any 2D film which exhibits geometric structures causing Rayleigh scattering. This situation is 

the case in many 2D LHP samples prepared via spin coating. 

 

Figure 2. (a) Spectroscopic ellipsometry data and globally fitted model (dashed lines) for different 

incident angles of the light (55°, 65° and 75°), measured on a BAPI thin film on glass at room 

temperature. (b) Refractive index and extinction coefficient of the 2D perovskite, as extracted from 

the ellipsometry measurements. (c) Simulated scattering spectrum (green line) assuming a 

cylindrical 2D perovskite grain. The grey line represents the scattering of a dielectric disk with the 

same dimensions and a constant refractive index of 2.15, providing a reference for BAPI without 

the excitonic resonance. The inset depicts a schematic of the FDTD model used for the simulations. 

The perovskite grains are modeled as a cylinder with a thickness of 20 nm and a diameter of 

150 nm embedded in a matrix of PMMA (refractive index of 1.4) on a glass substrate.  (d) 

Simulated scattering spectra for 2D perovskite grains with a thickness of 20 nm and different 

diameters of 300, 500 nm and 700 nm, all embedded in PMMA. 
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Next, we investigate how the hybrid exciton-photon Fano resonance can be addressed by 

coupling to plasmonic nanocavities. We synthesized silver nanoparticles (AgNP) – predominantly 

nanoprisms, truncated prisms and some nanodisks - in the size range of 15 nm to 50 nm exhibiting 

plasmon resonances centered around 480-520 nm following literature procedures (see Figure S6 

for ensemble extinction and electron microscopy images).64,65 We transferred the AgNPs from 

aqueous solution to hexane66 and subsequently spin coated them on top of the BAPI, followed by 

the PMMA top layer (cf. Figure 3a).  We adjusted the particle density on the film, allowing 

spectroscopic measurements of individual AgNPs.  

Figures 3b-3c show darkfield scattering spectra typical of individual nanoparticles coupled 

to the BAPI film. All spectra exhibit two maxima and a minimum between 490 nm and 515 nm, 

correlated with the BAPI excitonic transition/hybrid Fano resonance. The single-particle spectra 

are corrected for the surrounding BAPI background (see Supporting Information). Figure 3b 

depicts representative spectra typical of about half the particles with relatively high darkfield 

scattering intensity and a large total width of the spectrum (>150 nm/700 meV FWHM), where the 

reduction in the scattering amplitude at the excitonic position amounts for less than 50% of the 

maximum value. The spectral minima are between 510 nm and 516 nm. The asymmetric spectral 

shape identifies these spectra as Fano dips, indicative of an intermediate coupling regime. We 

hypothesize these spectra are associated with larger particles with less defined geometries or 

potentially small agglomerates. The other half of the particles exhibit more distinct dips in the 

spectrum reaching the baseline, as depicted in Figure 3c. These spectra exhibit a distinct maximum 

at around 520 nm, which seems to be related to the BAPI exciton-Fano resonance. The high energy 

maxima are found to shift between different spectra, while the minima are located between 494 nm 

and 502 nm. To eliminate the possibility that those spectra are superpositions of uncoupled BAPI 

with resonance peaks of AgNPs, we fabricated samples with inverted geometry (Figure 3d), 

allowing us to compare the darkfield scattering of specific individual AgNPs as bare particles on 

glass and coupled to the BAPI. Figure 3e and f depict darkfield scattering of two individual AgNPs 

before (blue) and after deposition of the BAPI layer (red). The spectra of bare particles depict 

linewidths of 209 meV and 211 meV, consistent with single particles. The spectra of the coupled 

system resemble those assorted in Figure 3c, deviating from a simple superposition (cf. Figure S7).  
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Figure 3. (a) Schematic illustration of the sample architecture for the coupled nanoparticle-

perovskite system. (b, c) Darkfield scattering spectra of individual nanoparticles coupled to 2D 

perovskites. (d) Schematic illustrating the sample stacking for the inverted nanoparticle-perovskite 

system. (e, f) Single AgNP darkfield scattering spectra of two different individual AgNP on glass 

without (blue) and after covering with a 2D perovskite layer (red) and PMMA.  

To gain more insight into the nature of the coupling, we conducted FDTD simulations of the 

coupled system (see Figure 4). While a splitting in scattering can arise in both regimes, a Fano 

interaction or a Rabi splitting, mode splitting in the absorption signal is usually taken to 

unambiguously indicate strong coupling.67–69 As absorption on single particles is difficult to 

obtain, simulated absorption has often been used to distinguish between intermediate and strong 

coupling for a specific emitter-cavity combination.70–74 Here we model the AgNPs as nano disks 

using the Palik optical constants for Ag,75 to give a lower estimate of the coupling strength as 

compared to nanoprisms with electric field enhancement at the edges. First, we analyzed the 

coupling between the BAPI exciton and the AgNPs, neglecting the microstructure of the 2D 

perovskite by modeling the BAPI as a continued layer. Figure 4a and b depict the scattering of the 

combined system as well as the absorption of the AgNP coupled to the BAPI for AgNPs of 

different sizes. The spectra of the uncoupled AgNPs embedded in a dielectric of n=1.4 on glass 

are shown as reference in grey. For all particle sizes, the spectra of the coupled system display a 

splitting with a minimum at around 513 nm/515 nm for absorption and scattering, respectively. 

We thus conclude that those AgNPs with high scattering amplitude directly couple to the exciton 
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of the 2D perovskite. Next, we include the microstructure in our simulation. The total scattering 

spectra of the coupled system becomes dominated by the spectral features of the BAPI exciton-

photon Fano resonance, with shoulders indicating the contribution of the plasmonic particles (see 

Figure S8b). It resembles the raw experimental data well, as obtained prior to the subtraction of 

the BAPI background (see Figure S8). Figure 4c depicts the simulated absorption spectra of the 

AgNP coupled to BAPI grain, revealing a splitting with a profound dip shifted to 506 nm, roughly 

coinciding with the position observed in experimental scattering spectra with lower intensities 

(Figure 3c,e and f). This result suggests that the spectra in Fig 3c, e-f evidence coupling between 

the AgNP and the hybrid exciton-photon Fano resonance. It indicates that strongly scattering 

particles directly couple with the excitonic emitter, while for particles with smaller scattering 

cross-sections and less intense scattering, the scattering due to the microstructure dominates the 

line shape. To estimate the coupling regime in the system, we extracted the spectral positions of 

the two maxima in the simulated scattering (blue) and absorption (green) spectra for AgNPs of 

different sizes, revealing a splitting of Ω = 387 meV/350 meV. This value exceeds the mean 

linewidth of the AgNPs measured in single particle spectra of 𝛾𝛾𝑃𝑃 = 202 ± 11 meV as well as the 

linewidth of the 2D perovskite (𝛾𝛾2𝐷𝐷 = 55 ± 11 meV among all fits in this work), fulfilling the 

requirements for strong coupling Ω > 𝛾𝛾𝑝𝑝, 𝛾𝛾2𝐷𝐷. Together with the observed splitting in the 

simulated absorption spectra (Figure 4a and c), this value of the Rabi splitting indicates, at least in 

our simulations, the BAPI is strongly coupled to AgNPs. Although strong coupling is not the main 

focus of the present study, these results nevertheless indicate that Rabi splitting between the hybrid 

exciton-photon Fano resonance and the AgNP plasmon is likely occurring in this system with 

realistic sample properties, although final experimental evidence e.g., through photoluminescence 

splitting cannot be observed here due to the strong signal of the surrounding BAPI.  
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Figure 4. (a) Simulated absorption caused by the Ag nanodisks within the AgNP - 2D perovskite 

system: Ag nanodisks with different sizes (30 nm and 40 nm from bottom to top) placed on a 

uniform layer of 2D perovskite embedded in PMMA. (b) Simulated scattering spectra of the AgNP 

- 2D perovskite systems. Grey spectra in (a) and (b) depict the scattering or absorption spectra, 

respectively, of the uncoupled Ag nanodisks embedded in a dielectric material with refractive 

index of 1.4 on glass. (c) Isolated AgNP absorption of Ag nanodisks with a 20 nm (bottom) and 

30 nm (top) diameter on top of a 150 nm diameter BAPI grain placed on glass and embedded in 

PMMA. Simulations in b and c are compared to experimental data from Figure 3 in Figure S11. 

(d) Detuning plot extracted from the maxima in the scattering and absorption spectra of Ag 

nanodisks with different sizes (4a and b among others), placed on a uniform layer of 2D perovskite 

embedded in PMMA (see (a-b)). The detuning value is determined as the difference between the 

medium peak position of the scattering of uncoupled AgNP and the energetic position of the dip 

in the scattering of coupled particles (2.401 eV). Dashed lines are guides to the eye. 

 

Finally, we turn to explore the out-of-plane mode of the excitonic transition by modifying our 

sample geometry using a particle-on-mirror design,76 evaporating a chromium/gold layer prior to 

spin coating of the BAPI (cf. Figure 5a). In this architecture, the out-of-plan plasmon mode in the 

nanoparticle couples with mirror charges induced in the gold film, giving rise to a vertically-

coupled plasmon mode. In contrast to III-V or II-V quantum wells, transitions with out-of-plane 
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polarization are not forbidden in 2D halide perovskite materials.  While the main extinction peak 

for level AgNPs is defined by the in-plane dipole resonance mode,77 the dominant resonances in 

particle-on-mirror geometries are known to stem from out-of-plane modes.76 Using unpolarized 

white light as the darkfield excitation source, we are able to excite modes polarized in both 

directions.76 Compared to the bare AgNP, the AgNP-on-mirror cavities exhibit broader resonance 

peaks in single particle darkfield scattering, which are slightly shifted to the red (cf. Figure S9). In 

combination with the BAPI 2D perovskite, the spectra exhibit a pronounced peak splitting with a 

spectral dip at around 515 nm, compare Figure 5c and d. As the scattering of the AgNP-on-mirror 

plasmonic system is significantly more intense than the BAPI scattering, we expect the cavities to 

couple directly to the exciton. Indeed, the observed spectra can be well described with a two-

oscillator model (red dashed lines in Figure 5c and d), with one oscillator representing the excitonic 

transition of 2D perovskite (𝜔𝜔2𝐷𝐷 ,𝛾𝛾2𝐷𝐷) and the other the plasmonic resonance (𝜔𝜔𝑝𝑝,𝛾𝛾𝑝𝑝, replacing 

𝜔𝜔0, 𝛾𝛾0 in Equation (1)). Fits to 14 different single particle darkfield spectra reveal a mean coupling 

strength  Ω = 2𝑔𝑔 of 327 ± 56 meV. Figure 5b depicts the spectral position of the two maxima 

(𝜔𝜔±) as well as the minimum, which relates to the spectral position of the BAPI excitonic transition 

(𝜔𝜔2𝐷𝐷), for the different spectra in relation to the detuning 𝛿𝛿 = 𝜔𝜔𝑝𝑝 − 𝜔𝜔2𝐷𝐷 (𝜔𝜔𝑝𝑝 is calculated based 

on the knowledge of 𝜔𝜔2𝐷𝐷, 𝜔𝜔+ and 𝜔𝜔−)78. To extract the coupling strength, the spectral positions 

of the upper and lower branch of two coupled oscillators can be described within the quantum 

mechanical Jaynes-Cummings model (provided 𝛾𝛾2𝐷𝐷 ≪ Ω): 𝜔𝜔± = 1
2
�𝜔𝜔2𝐷𝐷 + 𝜔𝜔𝑝𝑝𝑝𝑝� ± 1

2
√𝛿𝛿2 + Ω2 

(3). We fit the experimental data in Figure 5b to obtain a coupling strength of 284 meV, in fair 

agreement with the value estimated by fitting the spectra directly. Although the coupling strength 

is in the same order of magnitude as the estimated coupling strength for the in-plane mode of the 

bare AgNPs, the system remains in the intermediate coupling regime due to the increased linewidth 

of the AgNP-on-mirror plasmonic cavity (mean value among the two-oscillator fits accounts for 

𝛾𝛾𝑝𝑝 = 472 ± 92 𝑚𝑚eV). This characterizes the spectral feature observed in the spectra of AgNP-on-

mirror cavities coupled to BAPI as intermediate coupling rather than Rabi splitting. 
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Figure 5. (a) Schematic illustrating the sample architecture for the AgNP-on-mirror system. (b) 

Energetic position of the lower maximum (𝜔𝜔−), upper maximum (𝜔𝜔+) and dip (𝜔𝜔2𝐷𝐷) in the spectra 

of individual AgNP-on-mirror. The red and blue line represent fits to a Jaynes-Cummings model. 

(c, d) Single particle darkfield spectra of individual AgNP-on-mirror cavities. Red dashed lines 

depict coupled oscillator fits to the data.   

 

In conclusion, we have characterized scattering resonances in 2D halide perovskite films, both in 

isolation and when coupled to plasmonic cavities.  This work not only confirms the potential of 

2D perovskite quantum wells as excitonic materials in resonant nanophotonics, but also underlines 

the importance of accounting for the film microstructure when considering 2D perovskites for 

photonic or optoelectronic applications. We show that the coupling between the scattering 

generated by the grain-like structure of the BAPI and the strongly -bound excitonic transition gives 

rise to a pronounced exciton-photon Fano resonance, which can alter the light-matter-interactions 

drastically. In combination with plasmonic cavities we demonstrate tuning of this resonance. The 

comparison between different emitter-cavity systems indicates that the impact of the 

microstructure-related Fano interference depends on the optical cross-section of the coupled cavity 

resonator. Even though our findings were obtained on samples specifically designed to exhibit a 

high degree of microscopic inhomogeneity, they have broader importance for the usage of 2D 

perovskites coupled to cavities in general. 2D perovskite layers of any thickness prepared via spin 
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coating crystalize in grains with boundaries which inherently cause scattering, therefore the 

excitonic features cannot be fully decoupled from the structural optical properties. Thus, the impact 

of the microstructure on the optical properties of coupled 2D-perovskite-emitter-cavity systems 

need to be considered.  
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