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ABSTRACT: Thanks to their broadband emission and
solution processability, 2D hybrid perovskite materials are
promising for the realization of large area and flexible lighting
devices. The deposition of 2D perovskites, however, requires
wide range solvents that are incompatible with commodity
polymers used for structural support and light management.
Here we demonstrate coupling of broad-emitting 2,2-
(ethylenedioxy)bis(ethylammonium)PbCl, perovskite with
solution processed polymer distributed Bragg reflectors on
both rigid fused silica and flexible polymer substrates. The

optical functions of the chemically engineered perovskite were determined by ellipsometric measurements and used to design
dielectric multilayer structures with photonic bandgap tunable over the entire visible range. The resulting photonic structures
control directionality and spectral enhancement or suppression of the perovskite photoluminescence, in agreement with simple
analytical optical models. These results pave the way to the development of a new generation of color-tunable light-emitting

devices based on a single active material.

KEYWORDS: 2D hybrid perovskites, broadband luminescence, light management, polymer distributed Bragg reflectors (DBRs),

hybrid multilayered structures

rgano-lead halide perovskites are attracting considerable

fundamental and technological interest due to their
potential as efficient light-emitting"* and photovoltaic materi-
als.’™ Indeed, perovskite-based photovoltaic devices have
already been commercialized.'™"* The compatibility of
perovskite film synthesis and deposition with solution-based
fabrication techniques has opened up the possibility to
manufacture a variety of low-cost optoelectronic devices besides
photovoltaic cells, which include solid state lasers, light-emitting
diodes, and transistors.">~'” Moreover, a variety of perovskite
materials, with wide range of optoelectronic properties
underlying device operation, have been synthesized by simple
compositional design.'”'>'®'” Among these, 2D perovskite
structures with general formula 2,2'-(ethylenedioxy)bis-
(ethylammonium), where X = Cl or Br ((EDBE)PbX,, Figure
la) are considered particularly appealing due to their
broadband photoluminescence (PL) spectrum.”’™>* In partic-
ular, it is thought that broad-emitting 2D perovskites could be
employed as the active layer in flexible large area light-emitting
devices, where compositional tuning may be replaced by light
emission engineering in compatible photonic struc-
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The spontaneous emission properties of an emitter can be
altered by engineering the photonic environment surrounding
it.”**’ Photonic structures such as distributed Bragg reflectors
(DBRs) and microcavities are the most commonly used
approaches to accomplish this task due to spectral and
directional redistribution of the photoluminescence oscillator
strength.”” Polymer multilayered structures have been widely
employed for efficient enhancement and suppression of
fluorescence of organic dyes.”' >’ Only recently, solution-
based processes for the encapsulation of inorganic nanocrystals
in polymer photonic structures®® made plastic devices suitable
to control the luminescence properties of inorganic and hybrid
emitters as well. Integration of solution-processed perovskite
films into photonic crystal structures made of commodity
polymers would be the natural next step. Fabrication of
multilayered dielectric lattices from solution can be accom-
plished by techniques like spin-coating®*****' and dip-
coating””** of polymers or inorganic nanoparticles and by
block copolymer self-assembly.”* While block copolymer self-
assembly requires complicated and expensive synthesis
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Figure 1. (a) Crystalline structure of the (EDBE)PbCI, perovskite, the
magenta plane indicates the (001) crystalline plane in the (EDBE)-
PbCl, structure.”® (b) Schematic of the (EDBE)PbCl, DBR. (c, d)
Photograph of the (EDBE)PbCl, DBR cast on flexible PET substrate
under visible (c) and ultraviolet (350 nm, panel d) illumination. The
images from left to right illustrate the flexibility of the all-polymer DBR
under mechanical bending.

45,46 . : ; :
routes, " the assembly of inorganic nanoparticles necessitates

time-consuming postdeposition annealing.”’ ' On the other
hand, polymer processing is a fast and low cost technique to
produce free-standing and flexible devices, which can be readily
scaled-up using existing industrial packaging technologies.’*"

Spun-cast polymer microcavities and DBRs have been
extensively used to control Iasin§ and directional enhanced
spontaneous emission.”' T30 735%55 1n most realizations, the
emitter is either embedded within a defect of the periodic
photonic crystal structure®™*” or used as an active dielectric
component of the photonic crystal lattice’***” to achieve
cavity-mode or band-edge emission enhancement, respectively.
Unfortunately, as most of solution-processable perovskite films,
(EDBE)PbC, can only be cast by wide range solvents, which
would dissolve most polymers. This makes the deposition of
(EDBE)PbCl, within DBRs or microcavities, made of polymer
thin films, very challenging. To overcome this issue, we
fabricated a photonic crystal structure where (EDBE)PbCl, is
first cast on SO um thick polyethylene terephthalate (PET)
sheets and on fused silica substrate. The polymer DBR
multilayer was subsequently grown over the perovskite film
to create a half planar microcavity (Figure 1b). Figure lc,d
shows a series of photographs of the flexible DBR cast on PET
collected under visible light and ultraviolet illumination. We
demonstrate that this structure allows directional and spectral
redistribution of the (EDBE)PbCl, broadband photolumines-
cence. We first discuss the structural and optical properties of
the (EDBE)PbCI, thin films, and then focus on the
modification of their spontaneous emission properties when
coupled to the flexible DBRs made of commodity polymers.
The DBR structures are made of polystyrene and cellulose
acetate®® and designed for optimal spectral overlap between the
photonic band gap (PBG) and the (EDBE)PbCl, broad
emission. Spectral and intensity distributions of the photo-
luminescence collected from either side of the multilayer stack
are reproduced by simple optical models based on the transfer
matrix formalism.
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Bl RESULTS AND DISCUSSION

The two-dimensional (EDBE)PbCI, crystal structure consists
of single layers of highly distorted PbCly octahedra linked to
each other by a layer of ordered 2,2'(ethylenedioxy)bis-
(ethylammonium) ditopic cations (Figure 1a).”>*"*® The
perovskite is grown by spin-coating a stoichiometric solution
of (EDBE)CI, and PbCl, in dimethyl sulfoxide (DMSO), and
farther annealing at 100 °C (see Methods). This process
facilitates growth of perovskite films with thicknesses ranging
from 20 nm to a few microns and with roughness down to 3
nm (Figure 2a and Supporting Information, Figures S1 and S2).

1.8
1.5
1.2 n
X~
- 0.9
c
0.6
03 k
0.0

400 500 600 700

Wavelength (nm)

800 900

-
o

-«—

Abs (Arb. units)
o o o o
N £ o oo
(synun quy) 1d

(©)

0.0
300 350 400 450 500 550 600
Wavelength (nm)

Figure 2. Morphological and optical properties of the (EDBE)PbCl,
thin film spun-cast on fused silica from solution with concentration 0.1
M: (a) Three-dimensional topography of the film retrieved from
atomic force microscopy data; (b) Spectral response of the real (n,
black line) and imaginary (k, red line) parts of the refractive index; (c)
Absorbance (black line) and emission spectra collected from the front
(red continuous line) and back (green dashed line) sample surfaces.

The X-ray diffraction pattern reported in Supporting
Information, Figure S3, shows that perovskite layers are
strongly oriented toward the (100) direction, in agreement
with previous reports.*">***

In this work, we used perovskite films with thickness of 40
nm. Figure 2b displays the real and the imaginary parts of the
film optical constants determined by ellipsometry (see
Methods), which were then used to design the DBRs. The
refractive index far from the resonance approaches 1.35. This
low value is probably due to the low density of the layered
system. Only below 500 nm the refractive index increases, while
absorption is negligible within the investigated spectral range.
Figure 2¢ compares the absorbance and photoluminescence
spectra of the perovskite thin film. The (EDBE)PbCI,
absorption (black line) shows a sharp peak with a maximum
at 335 nm, while its broad photoluminescence spectrum
(Figure 2, red line) extends from 400 to ~750 nm and has a
maximum of intensity at ~530 nm, which decreases at larger
tilting angles (Supporting Information, Figure SS). Such broad
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Figure 3. (a) Measured transmittance spectrum of an (EDBE)PbCl, DBR with stop-band centered at 560 nm (black line) and PL spectrum of bare
(EDBE)PbCl, film (red line) spun cast on fused silica substrate. (EDBE)PbCl, emission intensity collected from the front (b) and back (c) sides of
the multilayer stack (DBR stop-band cantered at 560 nm). (d) Schematics of the front and back collection configuration used in photoluminescence

measurements.

emission is an intrinsic property of the 2D perovskite, which
derives from the formation of self-trapped excitons, involving
the localization of holes and electrons at sépeciﬁc sites of the
inorganic lattice as small polarons,>232+60¢!

The optical constants of the perovskite film reported in
Figure 2b, along with 6previously measured data for polystyrene
and cellulose acetate,”* were used to design three DBRs with
stop-bands overlapping the perovskite emission spectrum. The
(EDBE)PbCl, film thickness and roughness obtained with
different deposition conditions were evaluated by atomic force
microscopy (see Methods and Supporting Information, Figures
S1 and S2). A schematic of the architecture is shown in Figure
1b. Figure 1c,d shows actual photographs of an (EDBE)PbCl,
DBR cast on flexible PET substrate, a video showing the
flexibility of the all-polymer DBR under mechanical bending is
also available as Supporting Information. Because PET, like
many commercial polymers, absorbs and emits light in the same
spectral region as (EDBE)PbCl,, detailed analysis of the optical
response of the DBR was performed using UV transparent
fused silica substrates. The optical characterization of the
flexible samples is reported in Supporting Information, Figure
S4. Supporting Information, Figure S5, shows the calculated
and experimental transmittance spectra for the three DBRs cast
on fused silica substrate with PBG centered at 505, 560, and
590 nm. All measured transmittance spectra show a minimum
at wavelength corresponding to the stop-band, and a Fabry-
Pérot pattern due to the interference of the transmitted/
reflected beams from the top and bottom surfaces of the DBRs,
in full agreement with calculations. Figure 3 compares the
experimental transmittance data of the samples with PBG
centered at 560 nm with the PL spectrum of the perovskite film
(see also Figure 2) and with the emission of the film coupled
with the DBR. We report the data collected from the front and
bottom surfaces of the multilayer sample (see schematics of the
two collection configurations in Figure 3d). The data for the
other two samples, with DBR PBG centered at 505 and 590
nm, are available in Supporting Information, Figure S6. For the
bare (EDBE)PbCl, thin film, the shape and intensity of the PL
spectrum is identical when recorded in the front or back
collection configurations (Figures 2c and 3a). Conversely, when
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the perovskite film is coupled to the DBR, the PL spectra
collected from the front surface (with the substrate facing the
collection side, Figure 3b) and from the back surface (with the
DBR facing the collection side, Figure 3c) display major
differences. We first notice that the PL intensity of the
spectrum recorded from the substrate side (front geometry,
Figure 3b) is more intense than for the DBR side (back
geometry, Figure 3b). Moreover, irrespectively of the collection
configuration, the emission spectra measured from the
perovskite film coupled to the DBR are by far more intense
than those recorded for the bare perovskite film (Figure 3a).
While the emission intensity collected in the back configuration
is suppressed within the PBG region (Figure 3b), the
photoluminescence collected in the front configuration is
enhanced at the low wavelength side of the DBR PBG (Figure
3c). This suggests that the DBR behaves as a mirror for front
detection, and as a filter for back detection. An identical
behavior is observed in the other two samples (Supporting
Information, Figure S6). The effects leading to the emission
enhancement and its spectral shift with respect to the stop-band
will be discussed in the following (Figure S and related
discussion).

The characteristic spectral features induced by the coupling
of the (EDBE)PbCl, with the DBR are strongly dependent on
the collection angle (Supporting Information, Figures S4 and
S8), in agreement with the photonic band structure of DBRs
(see refs63 and 64 and references therein reported). Since the
anisotropy of the perovskite layer (see Supporting Information,
Figure S3) and the DBR structure may affect angle dependent
measurements for different polarizations,*°° all measurements
were performed using unpolarized light, which allows capturing
the main effect of the DBR on the perovskite fluorescence
without complicated gpolarization sensitive excitation and
detection schemes.”” " Figure 4 shows the angular dispersion
of the ratio between the PL emitted by the perovskite coupled
to the DBR with PBG centered at 560 nm and the PL of the
perovskite reference sample (PLpgr/PLyyy im)- The different
data sets were also normalized to account for the different
extraction efficiency accordingly to the literature (see ref 70 and
references reported therein). For detection in the back
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Figure 4. Angle resolved transmittance and normalized PL spectra of
(EDBE)PbCl, coupled to the DBR with PBG centered at S60 nm.
Transmittance (a) and normalized photoluminescence intensity
measured in the back (b) and front (c) collection configurations. All
spectra were collected at 10° (red), 20° (yellow), 30° (green), 40°
(cyan), and S0° (blue). The colored dashed lines indicate the spectral
position of the PBG for the five collection angles.

configuration (red line in Figure 4b), the fingerprint of the PBG
is observed in the normalized PL spectrum as a dip positioned
at ~550 nm, with amplitude smaller than one. This feature is
slightly red-shifted with respect to the PBG shown in the
transmittance spectrum of Figure 4a, which is positioned at 555
nm. This minimum in relative PL intensity shows that light
propagation is forbidden for photon wavelengths within the
PBG region. On the long wavelength side of the PBG, the
relative PL intensity remains lower than one (PL of the
perovskite coupled to the DBR is suppressed), while one would
expect a value of the order of unity. Based on the simulations
discussed later on, this is due to different light out-coupling
efficiency from the front and back sides of the DBR (eq 2 and
Figure Sb). For increasing detection angle, the dip in the
emission spectrum blue shifts, according to the angular
dispersion properties of the DBR. When collected from the
front side of the sample, the intensity of the PL spectrum is
strongly asymmetric (red line in Figure 4c). The maximum of
the relative PL emission intensity is blue-shifted by ~20 nm
with respect to the stop-band (red dashed line in Figure 4).
Moving to longer wavelengths, the signal strongly decreases in
correspondence of the DBR stop-band, then evolves into a
Fabry—Perot interference pattern with average intensity close
to unity. Similar behavior is observed in the two samples with
different PBG, both in the front and back detection
configuration (Supporting Information, Figure S7).

To develop a quantitative understanding of the spectral PL
enhancement/suppression induced by the DBR in the front
and back measuring configurations, we calculated the out-
coupling (OC) factor and the PL spectra of the (EDBE)PbCl,
film coupled with the DBR at the two perovskite interfaces.
Neglecting orientation effects and emission lifetime, in a system
where the emitter is placed within a nonabsorbing DBR and a
partially reflecting surface (the substrate), the OC factor
depends on the transmittance of the top medium (T,) and on
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Figure S. Transmittance spectra calculated for the bare DBR sample
(red line) and for the fused silica substrate (black line). (b) Real
(continuous lines) and imaginary (dashed lines) parts of the Fresnel
reflection coefficients for the bare DBR (red lines) and for the fused
silica substrate (black lines). (c) OC factors calculated for light
collection form the two DBR sides: front collection in blue and back
collection in green (refer to Figure 3d for collection geometry).
Calculated (EDBE)PbCI, emission spectra for front (green line) and
back (blue line) collection, and measured photoluminescence of
(EDBE)PbCl, thin film on fused silica substrate (black dashed line).
All spectra are calculated via the transfer matrix method as previously
reported,38 for a collection angle of 8 = 10°.

the amplitude of the electric field reflected by the media at the
emitter interfaces (ry,r,): "
21,
OC=ni—
11— rre |

(1)

where n, is the emitter refractive index, k is the wavenumber, L
is the thickness of the emitting layer and position, and £ is the
antinode factor, which equals 1 for an emitter homogeneously
distributed within the emitting layer.*””" To model the OC
factor, we first calculated the transmittance (Figure Sa) and the
Fresnel reflection coefficients (Figure Sb, real part) at the angle
of incidence of 8 = 10° for a self-standing fused silica substrate
(red line) and a DBR with the normal-incidence stop-band
centered at ~560 nm (black lines). The Fresnel reflection
coefficient of the DBR is highly asymmetric, which is attributed
to two factors: (i) the optical thickness of the polystyrene and
cellulose acetate layers does not fulfill the 4/4 condition, and
(i) the first polystyrene layer grown on the perovskite has a
considerably different thickness (see Methods) than the layers
spun-cast on cellulose acetate with the same velocity and
solution concentration due to the different friction endured.
These factors affect the spectral out-coupling from the two
sides of the sample. Indeed, the OC factor shows a minimum at
the long wavelength side of the PBG for front detection, while a
broader maximum is observed in the back detection
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configuration. Therefore, the shape of the PL spectrum, which
is given by the product between PL, ¢ and the calculated OC
factor, is strongly dependent on the detection configuration
(Figure 5d). As anticipated, the differences in PL spectral shape
are dictated by T and r. When the emission is collected from
the front side, since the transmittance of fused silica T, ~ 1, the
OC factor is mainly influenced by the Fresnel reflection
coefficients of the DBR, whereas for back-side collection
(where DBR is the top medium), it is affected by the DBR
transmittance spectrum as well, which carries the spectral
fingerprint of the PBG.

B CONCLUSIONS

In summary, we demonstrated directional spectral redistrib-
ution of the spontaneous emission of broad-emitting 2D
perovskite (EDBE)PbCIl, embedded in flexible polymer DBRs.
The coupled multilayered structures were fully processed from
solution. Intensity and spectral shape of the PL recorded from
the two sides of the structure are fully reproduced by a simple
optical model based on transfer matrices, using the optical
constants of (EDBE)PbCl, measured by ellipsometry as input
parameters. Emission suppression and enhancement at specific
wavelengths could be used to tune the emission color in light
emitting devices comprising of a single broadband emitting
active material. Thanks to the ease of fabrication and scalability
of solution-processed multilayer structures, this approach could
enable industrial scale production of low-cost, large area,
lightweight, and flexible polymer-perovskite lighting devices,
which may be tuned over the entire visible spectrum without
resorting to compositional engineering.

B METHODS

Sample Design and Fabrication. (EDBE)PbCl, Synthesis.
(EDBE)Cl,, where EDBE = 2,2'-(ethylenedioxy)bis-
(ethylammonium), was synthesized by reaction of 2,2’-
(ethylenedioxy)bis(ethylamine) (98%, Sigma-Aldrich) with 2
equiv of HCI (57% w/w in water, Sigma-Aldrich) for 2 h at 0
°C. The resulting white salt was purified by dissolving it in hot
ethanol, followed by precipitation with diethyl ether (X3) and
finally dried with a rotary evaporator and in vacuum oven
overnight at 60 °C. The hybrid perovskite (EDBE)PbCl, was
spun-cast at 4000 rpm for 60 s and annealed at 100 °C for 15
min. Thin films were fabricated from 0.1 M solutions prepared
by mixing stoichiometric amounts of (EDBE)CIl, and PbCl,
(99.999% trace metal basis, Aldrich) in dimethyl sulfoxide
(anhydrous DMSO, Sigma-Aldrich). The perovskite deposition
was performed in glovebox under N, environment.

DBR Design. Angle dependence of transmittance spectra for
polymer DBRs were calculated using a Matlab home-written
code based on the transfer matrix formalism.*”**°* Measured
film thickness and refractive index dispersion were used as
inputs.

DBR Preparation. Polymer multilayers were grown on top of
a 40 nm (EDBE)PbCl, thin film deposed on fused silica or
PET substrates by dynamic spin coting of alternate layers of
polystyrene (M,, = 200000, n = 1.58) dissolved in toluene and
cellulose acetate (M,, = 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. The first
polystyrene layer at the perovskite interface was deposed using
identical conditions, but static spin-coating was employed.
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Polystyrene was used as the capping layer for the perovskite
thin film due to the orthogonality between toluene and the
(EDBE)PbCl,. Indeed, toluene has been widely employed in
solar cells as a solvent to cast hole transport layers on top of
perovskite films.”>~’* The PS films also offers a barrier to the
cellulose acetate solvent (diacetone alcohol), which does not
dissolve polystyrene,”> as demonstrated in our previous
works,3340,58,62,76,77

Optical and Morphological Characterization. Optical
Constants. The optical constants of the perovskite were
obtained by ellipsometric measurements of a 50 nm thick film
on silicon substrate. Measurements were carried out in the
range of 380—950 nm using the Woollam alpha Spectroscopic
Ellipsometer. The real and imaginary parts of the optical
constant of the perovskite film were determined by fitting the
ellipsometry data to a Cauchy-Urbach model. In this model, the
real part of the optical constant (n) is modeled using the
Cauchy dispersion formula,

B C

n=A+ P + I )
while the absorption in the UV region is described by an
Urbach absorption tail, and the imaginary part (k) is modeled
according to literature”®””

k= ape") 3)

where the parameters A, B, C, @, and f are fit-parameters
determined by modeling the ellipsometry data, A is the
wavelength in nm, E is the energy in eV, and y (eV) is the
band-edge parameter which is set equal to the largest energy in
the measured data. The used parameters are A = 1.3361, B =
0.0141, C = 0.0019, @ = 0.1262, 8 = 0.3326, and y = 3.2522.

Morphological Characterization. The polymer and the
perovskite film thicknesses and surface roughness were
determined by atomic force microscopy (AFM) using a
Scanning Probe Microscope Digital Instrument Dimension V.

Crystallographic Characterization. X-ray diffraction pat-
terns of (EDBE)PbCl, were measured with a BRUKER D8
ADVANCE goniometer with Bragg—Brentano geometry using
Cu Ka radiation (4 = 1.54056 A). The measurements were
collected with a step increment of 0.02° and 1 s acquisition
time.

Optical Characterization. Angle resolved transmittance and
photoluminescence spectra were contemporary collected
coupling a Fluorolog Horiba endowed with a CCD detector
and coupled with an Avantes AvaSpec-3046 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.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS DPublications website at DOI: 10.1021/acsphoto-
nics.7b01077.

(EDBE)PbC], thin film characterization (Figures S1—
S3), characterization of (EDBE)PbCl, DBRs cast on
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