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Featured Application: Solution processed perovskite-polymer microcavities can find 
applications in lightening devices such as LEDs and in lasing. 

Abstract: Thanks to solution processability and broad emission in the visible spectral range, 2D 
hybrid perovskite-like materials are interesting for the realization of large area and flexible lighting 
devices. However, the deposition of these materials requires broad-spectrum solvents that can 
easily dissolve most of the commercial polymers and make perovskites incompatible with flexible 
photonics. Here, we demonstrated the integration of broadband-emitting (EDBE)PbCl4 (where 
EDBE = 2,2-(ethylenedioxy)bis(ethylammonium)) thin films with a solution-processed polymer 
planar microcavities, employing a sacrificial polymer multilayer. This approach allowed for spectral 
and angular redistribution of the perovskite-like material, photoluminescence, that can pave the 
way to all-solution-processed and flexible lightning devices that do not require complex and costly 
fabrication techniques. 
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1. Introduction 

Hybrid perovskites garnered increasing interest due to the ease of engineering their 
optoelectronic properties via simple wet chemistry and to the good power conversion efficiencies 
achieved in photovoltaics [1–10]. Successively, the solution processability of these materials has 
opened up new perspectives on abiding costs and simplifying fabrication processes for lightening 
and optoelectronic devices such as light emitting diodes and solid-state lasers [11–18], whilst 
maintaining the ease of tunability of the emission properties. Among these, perovskite-like material 
with 2D lattices, such as 2,2’-(ethylenedioxy)bis(ethylammonium) lead chloride (EDBE)PbCl4, 
became interesting thanks to its broad photoluminescence spectrum, which ranges from the 
ultraviolet to the near infrared and gives to this material its characteristic broad photoluminescence 
[19–27]. These characteristics arise  from the 2D structures in which the large organic molecule 
allows for the formation of a lamellar crystalline structures where planes of lead chloride are 
alternated to planes of 2,2’-(ethylenedioxy)bis(ethylammonium) [19,20]. These materials are 
promising for light-emitting devices coupled to photonic structure to engineer their emission 
[11,20,28–30]. Photonic crystals have indeed been widely employed to engineer the emission of 
photoactive materials [31–34]. Among the large variety of photonic structures demonstrated in recent 
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decades, spun-cast planar microcavities and distributed Bragg reflectors (DBRs) are a viable and low-
cost approach to this task thanks to solution processing and the large availability of polymer media 
[35]. These structures consist of dielectric lattices made of thin film with different refractive indexes, 
alternated periodically, that interact with light generating specific frequency regions forbidden 
photon propagation, namely photonic band gaps (PBGs). Microcavities and DBRs were 
demonstrated for several applications including photon recycling in photovoltaics [36], sensing 
[35,37–42] and optical switchers [43–45]. With regards to emission control, these planar lattices are of 
interest thanks to the spectral and directional redistribution of the photoluminescence oscillator 
strength [46], as already demonstrated for polymers and organic dyes [47–55] as well as inorganic 
emitters [54,56]. To control emitted light, the photoactive material can be placed within an engineered 
defect in the planar lattice [47,49], or it can be used as an active component of the photonic crystal 
lattice itself [48,57,58]. These two strategies favor emission enhancement from the cavity mode or 
band edge, respectively. Unfortunately, as with most solution-processable perovskites, (EDBE)PbCl4 
can only be casted from broad-spectrum solvents such as dimethylformamide (DMF) and dimethyl 
sulfoxide (DMSO), which are solvents for most of the commercial polymers, thus making mutual 
processing of polymer photonic structures and perovskites incompatible. To circumvent these 
limitations, in a previous work, we coupled white emitting (EDBE)PbCl4 thin films casted on fused 
silica or thick polyethylene terephthalate substrates, with DBRs that where successively grown on 
top of the perovskite layer to create half microcavities able of emission enhancement and suppression 
[21]. Successively, we were able to embed a perovskite thin film as a cavity layer within a polymer 
microcavity, achieving a Q factor of 155 and employing perfluorinated protective layers to avoid the 
dissolution of the underlying polymer photonic structure during the (EDBE)PbCl4 deposition [59,60]. 
In this case, the use of a perfluorinated compound as a protective layer complicated the fabrication 
processes. Indeed, as previously demonstrated, the low wettability of perfluorinated thin films makes 
complex surface activation processes critical for the fabrication of multilayered structures. [38] In this 
work, we integrated (EDBE)PbCl4 in a planar polymer photonic structure made of two commodity 
polymers (polystyrene (PS) and cellulose acetate (CA)), employing part of the underlying DBR as a 
sacrificial layer. Notwithstanding the fact that this layer was dissolved during the (EDBE)PbCl4 
deposition by a DMSO-based precursor solution, the resulting structure could reshape the 
perovskite-like material emission and enhance its intensity. 

2. Materials and Methods  

(EDBE)Cl2 was synthetized by a reaction of 2,2’ (ethylenedioxy)bis(ethylamine) (98%, Sigma 
Aldrich) with two equivalents of HCl (57% w/w in water, Sigma Aldrich) for 2 h at 0 °C. The resulting 
compound was purified by three cycles of dissolution in hot ethanol and reprecipitation with diethyl 
ether. The compound was then dried with a rotary evaporator and in vacuum oven overnight at 60 
°C. (EDBE)PbCl4 thin films were spun-cast at 4000 RPM for 60 s from a 0.1 M solution prepared by 
mixing stoichiometric amounts of (EDBE)Cl2 and PbCl2 (99.999% trace metal basis, Aldrich) in 
dimethyl sulfoxide (anhydrous DMSO, Sigma Aldrich). The resulting films were annealed on a 
hotplate at 100 °C for 15 min. The (EDBE)PbCl4 deposition was performed in glovebox under N2 
environment. 

The polymer microcavities and DBRs were grown on top of quartz substrates by the dynamic 
spin coating of alternate layers of polystyrene (Mw = 200000; refractive index, n = 1.58) dissolved in 
toluene and cellulose acetate (Mw = 61000, n = 1.46) dissolved in diacetone alcohol. The polymer 
concentrations were ~17 mg/ml for cellulose acetate and 35 mg/ml for polystyrene, and the rotation 
speed was kept between 4000 and 8000 RPM. After the deposition of the sacrificial half microcavity, 
a thin (EDBE)PbCl4 film was casted as previously described. After the (EDBE)PbCl4 deposition, a 
second DBR was spun-cast to complete the structures. 

The (EDBE)PbCl4 film thickness and surface roughness were determined by atomic force 
microscopy (AFM) using a Scanning Probe Microscope Digital Instrument Dimension V. 

Angle resolved transmittance and photoluminescence spectra were contemporarily collected, 
coupling a Fluorolog Horiba endowed with a CCD detector with an Avantes AvaSpec-3046 
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spectrometer (200−1150 nm, resolution 1.4 nm). Photoluminescence spectra were collected in the 
range of 390–640 nm using the CCD, with excitation at 335 nm. The transmittance spectra calculated 
in Figure 3c were simulated using a transfer matrix (TMM) formalism as previously described [21,35], 
using a Matlab® home-made software (R2017b). The material refractive indexes used as inputs were 
previously measured and reported in [21,49], while the thickness of the single layers was used as a 
fitting parameter, retrieving values for CA and PS of 75 nm and 115 nm, respectively. The TMM 
formalism employed is described in detail in [21,35]. 

3. Results and Discussion 

Figure 1 reports the absorbance and photoluminescence spectra of a 40 nm thin film of 
(EDBE)PbCl4 casted on fused silica as described in the previous section. The material shows a sharp 
excitonic absorption peak in the ultraviolet part of the spectrum at 360 nm, while it is transparent in 
the visible range (Figure 1a). The layered structure of (EDBE)PbCl4 enhances the exciton-phonon 
coupling, favoring the formation of self-trapped excitons whose radiative decay results in a largely 
Stokes-shifted, broad emission ranging from the UV to the NIR spectral range. [26] The emission does 
indeed peak in the green region of the spectrum and ranges from 380 nm to above 600 nm (red line 
in Figure 1a). In Figure 1b, we report the AFM micrograph of an EDBE(PbCl4) film casted on a flat 
fused silica substrate, showing a thickness of about 40 nm and a roughness RMS below 5 nm, as 
reported in previous researches for film casted under the same condition [20,21]. 

 

Figure 1. (a) (EDBE)PbCl4 absorbance (black line) and photoluminescence (red line) spectra. (b) 
atomic force microscopy (AFM) micrograph of an (EDBE)PbCl4 thin film with thickness of 40 nm 
deposited on fused silica substrate. 

Embedding a (EDBE)PbCl4 thin film into PS:CA multilayered structures, much like the one 
depicted in Figure 2, favors the formation of colored surfaces. Notwithstanding the deposition of the 
(EDBE)PbCl4 film, dissolving part of the sacrificial DBR underneath, the samples are still 
characterized by a vivid color typical of photonic structures. Figure 2 a and c shows the schematic 
and transmittance spectra of a half microcavity (before the (EDBE)PbCl4 deposition), with PBG tuned 
into the green part of the spectrum and of the entire microcavity. The spectra were collected at eight 
different points of a sample. The panel c shows that the DBR (schematized in the panel of the same 
figure) is homogenous and that the spectra are indeed almost superimposable and present a 
minimum at about 530 nm, corresponding to the PBG. Moreover, the background is dominated by a 
Fabry–Pérot interference pattern allowed by partial light reflection at the external interfaces of the 
half microcavity which attests the good structure optical quality. After the deposition of (EDBE)PbCl4 
and the upper half microcavity, we noticed that the spectrum of the sample undergoes several 
variations (Figure 2b and d). The presence of the (EDBE)PbCl4 causes a minimum in the transmission 
spectrum at about 340 nm, corresponding to the (EDBE)PbCl4 excitonic absorption (see Figure 1a). 
Concerning the feature previously assigned to the PBG, we noticed that it appears inhomogeneously 
broadened, while its intensity remains roughly unchanged with respect to the half microcavity 
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previously discussed. In this peak, a cavity mode is detected on the long wavelength side (indicated 
by a black arrow in Figure 2b). This feature arises from the insertion of a defect layer within the 
photonic crystals, introducing a peak in the density of photonic states within the PBG and allowing 
photon propagation [35]. Notice that the background of the spectra does not show any clear 
interference pattern. This characteristic indicates the presence of disorder and light scattering, as can 
be also evidenced by the digital photographs of the microcavities shown in the inset of Figure 2d. 
Such disorder derives from the deposition of the (EDBE)PbCl4 layer from the DMSO solution that 
partially dissolves the underlying sacrificial layers and introduces disorder in the DBR structure. 
Aside from these effects, the microcavity retained a good quality. This represents the first report of a 
polymer microcavity obtained without the use of any protective layer of the polymer structure, thus 
avoiding additional protective films made by expensive and complex processing polymers. 

 
Figure 2. Schematic (a, b) and transmittance spectra (c, d) of a polymer half microcavity (a, c) and of 
a microcavity where the defect layer consist in an EDBE PbCl4 thin film (b, d). The inset of panel (d) 
is a digital photograph of the microcavity. 

Employing a start-to-end solution processing method allowed us to easily modify structure 
properties by simple variation of the deposition conditions such as spin-coating rotation speed and 
concentration of the polymer solution. To better overlap the maxim emission intensity of 
(EDBE)PbCl4 and PBG, we tuned the latter at 545 nm, a slightly larger wavelength with respect to the 
sample described above, and  the cavity mode at 515 nm, on the short wavelength side of the PBG 
feature (Figure 3a). Such variations were achieved by decreasing the rotation speed during the 
deposition of the polymer thin films. The transmittance spectrum of Figure 3a confirms the 
reproducibility of the fabrication processes, in fact, in both the samples, transmittance values at the 
PBG are comparable, and the background appears affected by light diffusion, as indicated by the low 
transmittance values and by the lack of interference fringes. Figure 3a displays the fluorescence 
spectrum of (EDBE)PbCl4 embedded in the microcavity (red line). By comparison with the spectrum 
of Figure 1a, we noticed a sharpening of the emission centered at around 515 nm, which corresponds 
to the cavity mode spectral position. To prove that this effect is assigned to spectral redistribution 
operated by the photonic band structure, the black line of Figure 3b shows the ratio spectrum 
obtained, normalizing the data reported in Figure 3a by the emission of the bare (EDBE)PbCl4 thin 
film. There, the data display a clear enhancement (PLMC/PLREF>1) at wavelengths corresponding 
to the cavity mode. To further confirm this interpretation, we collected angular resolved 
transmittance and photoluminescence spectra (Figure 3c and d, respectively). Figure 3c shows that 
the features assigned to the PBG display the angular dispersion expected from theory [35]. In the plot, 
the x-axis represents the wavelength, while the y-axis represents the angle. The intensity scale is 
instead reported as a color code for the experimental data so that low intensities appear in red shades 
while high transmittance values appear in blue shades. The same plot also reports the transmittance 
calculated via TMM (see Methods section). In this case, only the intensity profile set at transmittance 
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75% is depicted as a black line in the plot. Experimental and calculated data are in full agreement. 
Indeed, the PBG is initially detected at 540 nm. When increasing the angle of incidence, it shifts 
toward the shorter wavelengths in both experimental and calculated data. The panel d of the same 
figure reports the photoluminescence spectra collected at different angles. We can still notice the 
broad (EDBE)PbCl4 signal observed in Figure 1b, but in all of the spectra, we found a sharper peak 
with enhanced intensity moving to the shorter wavelength form 515 nm, for the spectrum collected 
at 10°, to 460 nm for the one collected at 50°. This is confirmed by the normalized spectra of Figure 
3b. The dashed lines that connect panels c and d in Figure 3 guide the eye from the cavity mode 
detected in the transmittance spectra to the enhanced peak detected in the PL spectra. Such peaks fall 
on the short wavelength side of the PBG, where the cavity mode is detected, further confirming that 
the features observed in Figure 3a are assigned to spectral redistribution. 

 
Figure 3. Comparison between the microcavity transmittance (black line) and photoluminescence 
spectra (red line) collected at 10° (a) and 40° (b). (c) Full angular dispersion of the microcavity 
transmittance spectrum. The color scale represents the intensity of the experimental data, while the 
black line is the calculated spectral dispersion of the PBG [35]. (c) Photoluminescence spectra collected 
for different detection angles. The dashed lines connect the enhanced peak (panel b) with the cavity 
mode panel (c). (d) Photoluminescence ratio spectra obtained normalizing the microcavity emission 
spectra by the emission spectra of the bare (EDBE)PbCl4 film. 

For the data reported in Figure 3, it is possible to retrieve a quality factor (Q) for this cavity of 
20–30. Q is calculated as the ratio between the spectral width and the spectral position (Δλ/λ) of the 
cavity mode. [35,61] As suggested by its name, this finesse represents the quality of the microcavity. 
[35,61] The value we retrieved is relatively small compared to other polymer microcavities that 
usually show values five to 10 times larger. However, this finesse is comparable to those of other 
solution processes’ microcavities, such as those made of sintered metal oxide nanoparticles [35]. This 
similarity is probably due to the dissolution of the sacrificial layers upon (EDBE)PbCl4 deposition 
which increases the film roughness. The effect of such roughness appears, however, comparable to 
that observed in the metal oxide nanoparticle multilayers that are successfully applied to a variety of 
fields, including sensing, [62] switchers, [44] and photon control in photovoltaics [6] (aside from 
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lasing and light emission control [58,63–65]). On the other hand, polymer systems possess mechanical 
properties such as a level of flexibility that is inconceivable within inorganic structures [21,35,36,66]. 

4. Conclusions 

We reported on the encapsulation of the broadband-emitting, perovskite-like (EDBE)PbCl4 into 
polymer microcavities. We used sacrificial layers to circumvent the low compatibility of the 
(EDBE)PbCl4 solvent (DMSO) and the polymeric structure underneath. With this strategy, we fully 
achieved a solution processed microcavity with a quality factor of about 20 and an optical behavior 
in agreement with theoretical predictions [35]. The photonic structure is able to modify the 
(EDBE)PbCl4 emission profile over a broad spectral range. Despite a low level of finesse compared to 
other polymer structures, the performances of our system are comparable with those of other spun-
cast inorganic photonic structures commonly employed in light management. 
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