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Cellulose-Assisted Formation of 2D Hybrid Halide
Perovskite Nanocrystals with Enhanced Stability for
Light-Emitting Devices

Susana Ramos-Terrón, Lea Spitzer, Cristina Martín, Eduardo Solano,
Daniel Hermida-Merino, Sébastien Lecommandoux, François Jérôme, Henri Cramail,
Pablo G. Argudo,* and Gustavo de Miguel*

A common approach to enhance the stability of metal halide perovskites
(MHPs) implemented in optical and optoelectronic devices is to incorporate
polymer additives into the perovskite layer. A 𝜷-(1,4) cellulose oligosaccharide
(COS) synthesized by mechanocatalytic depolymerization of cellulose has
been incorporated to films of the BA2MA4Pb5I16 (BA = n-butylammonium and
MA = methylammonium) two-dimensional (2D) Ruddlesden-Popper (RP)
hybrid perovskite. Scanning Electron Microscopy (SEM) images displayed a
three-fold reduction of the 2D RP perovskite grains (≈30–40 nm), close to the
quantum confinement scale. The analysis of the dark J–V curves of single
carrier devices by using the space charge limited current (SCLC) method
resulted in a rise of the defect concentration. A notable 14-fold increase in the
photoluminescence (PL) signal at high COS content is detected. Moreover,
the analysis of the temperature dependence PL measurements (80–300 K)
resulted in a larger exciton binding energy, Eb = 180 to 370 meV, at high COS
content. Light emitting diodes of the 2D RP perovskites (PeLEDs) are
fabricated w/o the COS compound. The stability test performed under
operation (5 V) displays 20 times higher operational lifetimes at high COS
content while the luminance is also increased in the devices with the COS
compound.
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1. Introduction

Metal halide perovskites (MHPs) have
already established themselves as the
most promising material for emerging
photovoltaic devices.[1–4] The outstanding
optoelectronic properties of the MHPs
make them excellent candidates for many
other applications such as light-emitting
diodes,[5,6] X-ray photodetectors,[7,8] field-
effect transistors[9,10] or lasers.[11,12] In
particular, the use of MHPs nanocrystals
(NCs), quasi-2D MHPs, and, more recently,
the use of core/shell MHPs NCs[13–20] in
perovskite light-emitting diodes (PeLEDs)
has experienced a remarkable develop-
ment, at a level similar to that of the
perovskite solar cells.[21] Even though
PeLEDs devices offer several advantages, as
a high external quantum efficiency (EQE),
ease of tuning the emission wavelength,
narrow linewidth of the emission, and in-
trinsic high photoluminescence quantum
yields (PLQYs),[6,22–24] there are still some
limitations like the brightness, operational
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lifetime and the long-term instability of MHPs under harsh en-
vironments, e.g., heat,[25,26] light[27] and moisture.[28]

A common approach to overcome the existing drawbacks of
PeLEDs is to incorporate different types of polymer additives
into the MHPs films[29,30] which is a strategy borrowed from
the technology of perovskite solar cells (PSCs).[13,28,31–34] The ad-
dition of the polymer chains is typically achieved by blending
them with colloidal MHPs nanocrystals or with the MHPs pre-
cursors to fabricate thin films.[13,35] For instance, the incorpora-
tion of poly(maleic anhydride-alt-1-octadecene) (PMA) polymer
during the synthesis of 𝛽-CsPbI3 nanocrystals[36] can regulate
their crystallization kinetics and reduce deep defects by forming
Pb–O bonds that passivate the NCs surface. The addition of the
PMA polymer results in improved device performance, includ-
ing a three-fold increase in PLQY, superior operational stability
(T50 = 317 hours), and a higher EQE (17.8%).[36]

However, the impact of the polymer depends on its ratio to the
MHPs precursors. Low levels of the polymer (1–5 wt.% or 0.5–
5 mg mL−1) enhance the PLQY due to surface defect passivation
and improve the PeLEDs in terms of operational stability[37,38]

while higher polymer percentages result in higher PeLED effi-
ciencies (EQE).[13,30] In all published works, although the role
of the polymer percentage in controlling nucleation and growth
of MHPs grains has been suggested[39] the detailed interaction
mechanism is not fully understood due to the chemical complex-
ity of the solution containing the MHPs precursors.

Among the wide variety of existing polymers, cellulose is
pointed out as the best option for designing eco-friendly de-
vices due to their unique chemical and structural properties.[40,41]

However, only a few articles report the use of cellulose in combi-
nation with MHPs for energy and electronics applications.[42–44]

For example, very low incorporation of cellulose (0.01–1 mg mL−1

or 0.001–0.1 wt.%) into a 3D MAPbI3 perovskite layer has
proved to enhance the operation stability and efficiency of PSCs
devices.[45–47]

Herein, we report the use of a mostly based 𝛽-(1,4) cellulose
oligosaccharide (COS) to control the formation of nanocrystals of
the BA2MA4Pb5I16 (BA = n-butylammonium and MA = methy-
lammonium) 2D Ruddlesden-Popper (RP) hybrid perovskite for
light-emitting applications. In this work, the increasing content
of COS (0.3–20 wt.% or 1–75 mg mL−1) in PeLEDs enhances both
the operational stability (T50 = 0.5 min. without COS vs T50 =
10 min. with 75 mg mL−1 of COS, T50 is the time at which the ef-
ficiency of the PeLEDs reduces to half of the initial value) and the
performance (a six-fold increase of luminance). The enhanced
stability is ascribed to a protective effect against moisture and O2
of the COS compound and the suppression of high leakage cur-
rent due to the better quality and homogeneity of the films con-
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taining the COS compound. The higher luminance is explained
due to the larger PLQY of the 2D RP perovskite films with the
COS compound, as a result of a larger exciton binding energy,
Eb. The SEM images and the analysis of the width of the X-ray
diffraction (XRD) peaks reveal a reduction of the grain size to the
nanometer scale, consistent with the rise of the Eb due to spatial
confinement.

2. Results

The synthetic cellulose oligosaccharide (COS) was obtained from
the mechanocatalytic depolymerization of cellulose. Further de-
tails related to its obtention and characterization are described in
the Supporting Information . The incorporation of the COS com-
pound into the 2D RP BA2MA4Pb5I16 hybrid perovskite films is
performed through its addition to the MHPs precursor solutions.
Thus, BAI, MAI, and PbI2 in a 2:4:5 molar ratio are dissolved in
DMF at 0.6 M (PbI2) followed by the addition of COS at differ-
ent concentrations (1, 5, 10, 25, 50, and 75 mg mL−1). The sto-
ichiometric ratio of the precursors in the solution only defines
the canonical formula for the 2D RP perovskite, BA2MA4Pb5I16,
but a mixture of different phases (variation of the number of oc-
tahedra layers) is always obtained for the 2D RP perovskites. The
thin films were prepared by the spin-coating technique obtain-
ing blended films of the 2D RP BA2MA4Pb5I16 perovskite and
the cellulose oligosaccharide (Figure 1a), see the supporting in-
formation for details.

The changes in the crystalline structure of the 2D RP per-
ovskite films caused by the COS have been investigated by us-
ing X-ray diffraction (XRD) at Cu K𝛼 wavelength (1.54 Å). In
Figure 1b,c, the XRD diffractograms of the films exhibit two XRD
peaks at 14.07° and 28.37°, which are typically assigned to the
(111) and (202) crystallographic planes of the 2D perovskites.[48]

However, the XRD peaks are broadened at high COS concentra-
tions, 50 and 75 mg mL−1, suggesting a reduction in the size
of the crystalline domains. The mean size of the domains was
calculated using the Scherrer equation,[49] which showed a sym-
metrical three-fold reduction of the mean size of the crystallites
from ≈110 nm to ≈40 nm at high COS percentage (Figure S2,
Supporting Information). This indicates the formation of 2D RP
perovskite nanocrystals (NCs) incorporation of a very low concen-
tration e.[50]

The orientation of the perovskite domains is a key factor that
determines the vertical conductivity of the 2D RP perovskites
for optoelectronic applications. Synchrotron Grazing Incident
Wide Angle X-ray Scattering (GIWAXS) measurements at ALBA
synchrotron (Cerdanyola, Spain) were performed to analyze the
changes in the orientation of the blended films depending on the
COS concentration (Figure 1d). Thanks to the grazing incidence
configuration, the sample was probed over a larger beam foot-
print compared to the transmission mode, obtaining average sta-
tistical information of the sample. GIWAXS results showed that
without COS added (0 mg) the perovskite films exhibit a typi-
cal scattering texture with multiple bright small diffraction spots,
indicating a high crystalline orientation of large crystals of the
2D RP perovskite. At low COS content (10 mg mL−1) the spots
are transformed into narrow bands, but still contain bright re-
gions, revealing a texturization of the perovskite and hence, los-
ing the initial well-oriented structure. At high COS content (50
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Figure 1. Structure and orientation of the blended COS/2D RP perovskite films. a) Schematic illustration of the chemical structure of the 2D RP perovskite
and the cellulose oligosaccharide b,c) Normalized X-ray diffraction (XRD) patterns recorded at Cu K𝛼 wavelength (1.54 Å) (b) and magnification of the
reflection peaks (c) of the BA2MA4Pb5I16 2D RP perovskite films blended with different amount of the COS in the initial precursor solution: 0, 1, 5, 10,
25, 50, and 75 mg mL−1. d) 2D GIWAXS patterns of the BA2MA4Pb5I16 2D RP perovskite films containing different amounts of the COS in the initial
precursor solution: 0, 10, 50, and 75 mg mL−1.

Figure 2. Morphology and interactions of the blended COS/2D RP perovskite films. a) Top-surface SEM images of the 2D RP perovskite films containing
0, 10, 50, and 75 mg mL−1 of the COS compound. Scale bar= 1 μm and 200 nm (inner image) b) XPS spectra of I 3d, Pb 4f, and N 1s of the BA2MA4Pb5I16
2D RP perovskite films containing 0 mg mL−1 (black line), 10 mg mL−1 (blue line), 50 mg mL−1 (orange line), and 75 mg mL−1 (red line) of the cellulose
oligosaccharide.

and 75 mg mL−1), the disorientation effect is more pronounced,
resulting in a quasi-isotropic sample with almost no preferen-
tial orientation. Also, band broadening indicates a reduction of
the crystallite size. Thus, the intercalation of the COS compound
within the 2D RP perovskite domains also hampers the function-
ing of the template effect that produces the preferential growth of

certain crystallographic planes within the films and the reduction
of the crystal domain size.

To characterize the influence of the COS on the size and
morphology of the 2D RP perovskite NCs, Scanning Electron
Microscopy (SEM) was performed. Figure 2a illustrates the
top-surface images of the different films displaying significant
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Figure 3. Spectroscopic characterization of the blended COS/2D RP perovskite films. a–c) UV–vis absorption spectra (a), photoluminescence, PL,
spectra (b) and time-resolved PL decays of the BA2MA4Pb5I16 2D RP perovskite films with different amounts of the COS compound in the initial
precursor solution: 0, 1, 5, 10, 25, 50, and 75 mg mL−1. 𝜆exc = 405 nm. d) PL lifetimes derived from a biexponential fit of the experimental data displayed
in panel (c). e,f) Dark J–V curves for electron-only devices of the BA2MA4Pb5I16 2D RP perovskite films containing 0 mg/mL (e) and 75 mg mL−1 (f) of
the COS compound.

variations upon increasing the COS percentage. In the films
without COS or at low COS content, the SEM images display
a compact film with a flat surface formed by a densely packed
grain structure with a grain size range from 200 to 700 nm.
The observed size of the grains mismatch with the crystallite
size (≈110 nm) calculated from the XRD measurements which
indicates that a large majority of the grains are composed of
many crystallites.[6] These results are in agreement with the 2D
GIWAXS patterns recorded since the presence of highly oriented
and big grains was deduced from the scattering patterns. On
the other hand, at high COS percentages (50 and 75 mg mL−1),
the size of the grains is considerably reduced leading to a very
homogeneous film, but as observed with GIWAXS, highly
textured. A higher magnification of the SEM image exhibits
clusters of grains with an average size of 30–40 nm, matching
well with that deduced from the width of the XRD peaks. These
results are relevant since they clearly prove that the addition of
high COS content reduces the size of the 2D RP domains to the
nanometer scale.

To investigate the type of interactions between the surface of
the grains of the 2D RP perovskite and the functional groups
of the COS compound, X-ray photoelectron spectroscopy (XPS)
measurements were carried out. Figure 2b illustrates the XPS
spectra of I 3d, Pb 4f, and N 1s for the 2D RP perovskite films
with a COS content of 0, 10, 50, and 75 mg mL−1. Interest-
ingly, the XPS signal of the three atoms, I, Pb, and N, display
the same shift to lower binding energy, being more intense in
the films containing 50 and 75 mg mL−1 of the COS compound.

The shift to lower binding energies can be explained due to the
close proximity of the electronegative O atoms present in the COS
compound to the surface of the 2D RP perovskite grains which
produces an increased electron cloud density around the Pb, I
and N atoms.[51,52,53] The previous result demonstrates the in-
teraction between both the COS compound and the surface of
the 2D RP perovskite grains. Additionally, FTIR measurements
were performed to further investigate the formation of specific
chemical interactions in both materials. Figure S3 (Supporting
Information) displays a broad and intense FTIR signal centered
at 3321 cm−1 in the film of the COS compound due to O‒H
stretch vibration modes, which indicates the formation of intra-
and intermolecular H-bonds. In the FTIR spectra of the blended
COS/2D RP perovskite films, the signal of the O‒H stretch vibra-
tion modes is shifted to a higher wavenumber and with a simi-
lar width of the peaks. This fact indicates that new types of H-
bonds are formed in the presence of the 2D RP BA2MA4Pb5I16
perovskite, which proves the formation of specific interactions
between both materials in the films.

The optical properties of the BA2MA4Pb5I16 2D RP perovskite
were studied by using steady-state and time-resolved absorption
and photoluminescence (PL) spectroscopy at different COS per-
centages. Figure 3a exhibits the absorption spectra for the 2D
RP perovskite showing three excitonic absorption bands ≈570,
605, and 640 nm and the absorption onset at 750 nm. In 2D RP
perovskites, the high-energy absorption bands are attributed to
the formation of excitons due to quantum confinement in the
inorganic layers whose thickness is represented by the n value,
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i.e., number of octahedra layers.[54,55] Thus, the observed absorp-
tion peaks are assigned to the n = 2, 3, and 4 phases from the
high- to low-energy absorption bands, respectively. As displayed
in Figure 3a, the COS addition modifies the distribution of the
n phases in the film, decreasing the content of the low dimen-
sional phases (n = 2 and 3) and increasing the absorption at
red-shifted wavelengths (700–745 nm) with respect to the ab-
sorption onset. In line with this observation, the normalized PL
spectrum (Figure S3a, Supporting Information) exhibits a grad-
ual blue shift upon increasing the COS percentage in the films
(𝜆max = 760 to 745 nm at 75 mg mL−1). Moreover, the weak PL
signal from the low dimensional phases (Figure S3b, Supporting
Information) practically vanishes at high COS content. These re-
sults prove a change in the phase distribution due to COS addi-
tion. The phases with a large stacking of inorganic layers (n ≈ ∞)
are not formed but only those with finite n values (n = 7–10).[56]

Thus, in addition to the decrease in the size of the 2D RP per-
ovskite grains, the COS content in the films controls the growth
of the number of octahedra layers in the grains.

Regarding the PL measurements, Figure 3b displays the PL
spectra of the BA2MA4Pb5I16 2D RP perovskite at increasing con-
tent of the COS compound. The addition of a moderate amount
of COS (1–25 mg mL−1) only slightly modifies the intensity of
the PL signal. However, at high COS content, 50–75 mg mL−1,
an up to 14-fold increase in the PL signal is observed. This re-
sult is remarkable since the vast majority of the reported studies
display a moderate rise of the PL signal when adding a polymer
additive into the perovskite films.[13,35,37,38] Surface passivation is
generally described as the mechanism responsible for the modest
increase in PL but, in our samples, the significant rise of the PL
indicates an alternative origin for this experimental result. The
measured PLQY of the film with 75 mg mL−1 of the COS com-
pound is 12% at a very low excitation intensity of 1 mW cm−2

which is a notable value for a 2D RP perovskite film with n-
butylammonium as the large organic cation.[57,58] Time-resolved
PL measurements reveal a similar trend. While slightly similar
time decays are observed at low COS content (< 25 mg mL−1), a
significant elongation of the PL decays is observed at high COS
content, 50 and 75 mg mL−1 (Figure 3c). Table in figure 3d col-
lects the time decays after fitting the experimental data with bi-
exponential functions. The average time decays are also displayed
in Table in figure 3d. The longer values for the time decays in the
films with high COS content are in line with the larger PLQYs of
these films. The usual justification found in the literature for the
moderate increase in PLQY after polymer doping of MHPs films
is surface passivation of defects.[59,60] However, the intense rise of
the PLQY in our films with high COS content must be accounted
for other additional mechanisms, such as size-dependence ef-
fects or delayed fluorescence.[61,62]

To get an insight into the mechanism, the determination of de-
fect concentration in the MHPs films upon variation of the COS
percentage has been carried out. In this regard, the space charge
limited current (SCLC) method in single carrier devices (elec-
tron or hole only devices) allows one to calculate the defect con-
centration by measuring trap densities (Nt) from the voltage at
the trap-filling limited (TFL) region.[63–65] Figure 3e,f and Figures
S4,S5 (Supporting Information) display the dark J–V curves for
electron- and hole-only devices of the BA2MA4Pb5I16 2D RP per-
ovskite films at different COS concentrations. In the film without

the COS compound, the obtained Nt values, NCBM = 1016 cm−3

and NVBM = 1015 cm−3, are in good agreement with those reported
in the literature for 2D perovskite films.[66,67] Similarly to the PL
measurements, the defect concentration barely changes at mod-
erate COS percentage (10 mg mL−1) while it rises, especially for
defects close to the CBM, at high content of the COS compound
(NCBM = 4∙1016 cm−3 and NVBM = 2∙1015 cm−3). The reason be-
hind of the higher surface trap density can be ascribed to the
mentioned reduction of the crystalline size (XRD data) which dra-
matically increases the specific surface area in the blended films
with high COS percentage. These outcomes certainly rule out the
role of the COS compound as a passivating agent of the surface
defects in the 2D RP perovskite. It has been reported that the
high PLQY of MHPs is due to a rapid reversible process of mul-
tiple trapping and de-trapping of carriers from deep traps.[68] In
this sense, the observed increased concentration of defects close
to the bands in our films might stimulate the spontaneous radia-
tive recombination of the carriers after de-trapping, explaining
the higher PLQY and longer PL time decays.

The transport and recombination mechanism of the photo-
generated charges in the 2D RP perovskites was studied by us-
ing femtosecond transient absorption spectroscopy. Figure S6
(Supporting Information) displays the transient spectra at differ-
ent pump-probe delays. Photobleaching bands at 570, 610, and
640 nm are observed at early times for all films which are as-
signed to the n = 2, 3, and 4 phases, while at longer times, a
broad bleaching signal at 730 nm appears which is associated to
phases with high n values. Figure S7 (Supporting Information)
shows that the different photobleaching signals evolve on distinct
timescales, with a concomitant decay of the transient signals with
low n values and a growth of the signals with high n values. This
behavior is typically reported for a downward funneling of en-
ergy of the photogenerated charges in phases with low n values
to those featuring high n values.[58] This energy cascade is almost
complete after ≈100 ps and then, the recombination dynamics
take place from the phase with the highest n value. Figure S8
(Supporting Information) displays a small blue shift of the tran-
sient absorption spectra measured after a 200 ps delay for films
with increasing COS percentage, which is consistent with an in-
creased proportion of phases with moderate n values (n = 7–10)
as it was observed in the steady-state absorption and PL measure-
ments. Importantly, the same recombination kinetics in all thin
films highlights that the addition of the COS compound does not
alter the initial ultrafast energy transfer from lower to higher di-
mensional phases in the 2D RP perovskites.

To further investigate the origin of the high PLQY in films
with high COS content, temperature dependence PL measure-
ments were performed. Figure 4a,b, and Figure S9 (Supporting
Information) exhibit the PL spectra of the BA2MA4Pb5I16 2D
RP perovskite films at different COS concentrations from 300
to 80 K. It is observed a continuous blue shift of the PL signal at
increasing temperatures in all films which is a counterintuitive
result compared to most known semiconductors.[69,70] The
competition between thermal expansion and electron-phonon
interactions is the mechanism responsible for the temperature
evolution of the band gap (renormalization) and therefore, the
position of the PL band.[71,72] A closer view to the PL signals
reveals certain asymmetry (a weak shoulder at lower energy) in
the shape of the bands which has been attributed to two emission
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Figure 4. Calculation of the exciton binding energy, Eb. a,b) Photoluminescence spectra of the BA2MA4Pb5I16 2D RP perovskite films at different tem-
peratures (80–300 K) containing 0 mg mL−1 a) and 50 mg mL−1 b) of the COS compound. c,d) 1/Integrated PL intensity as a function of 1/T of the
BA2MA4Pb5I16 2D RP perovskite films containing 0 mg mL−1 (c) and 50 mg mL−1 (d) of the COS compound. The solid lines are best fits using a model
that assumes the existence of free and self-trapped excitons.

peaks from free excitons (charges) and self-trapped states.[73] The
FWHM of the temperature dependence PL peaks are collected
in Table S1 (Supporting Information), where a narrowing of
the peak is observed ≈160 K in both samples. To investigate the
changes in the relaxation dynamics of the 2D RP perovskites
upon COS addition, the temperature dependence PL intensity
was quantitatively analyzed. In the low-temperature regime, 140–
80 K, the PL intensity decreases as the temperature drops which
is generally explained due to thermal escape of trapped carriers
in the interfacial states.[69] In the high-temperature regime, 150–
300 K, the PL intensity is reduced as the temperature increases
due to exciton dissociation and trapping in surface defects or ion
vacancies.[74] The experimental PL data at the high-temperature
regime are employed to estimate the exciton binding energy for
the different blended films. Equation (1) expresses the variation
of PL intensity (IPL) versus temperature[74]

1
IPL (T)

= 1
I0

+ Be−Ea∕(kT) + Ce−Eb∕(kT) (1)

Where I0 is the PL intensity at 0 K, B, and C are preexponential
factors, Eb is the exciton dissociation or exciton binding energy,
Ea is the activation energy for thermal de-trapping and kB is the
Boltzmann constant.[75] Figure 4c,d and Figure S9 (Supporting
Information) represent the inverse of the integrated PL intensity
of the 2D RP perovskite in the blended films as a function of 1/T.
It is observed that the decrease in the PL intensity occurs at lower

temperatures in the films without COS or with a low percentage
(10 mg Ml−1) as a result of a lower binding energy. Fitting the PL
traces with equation (1) resulted in particularly different exciton
binding energies, Eb, for the films. Thus, a value of Eb = 180 meV
was obtained for the film without the COS compound. The re-
ported Eb value for a pure-phase (n = 5) and for a mixed-phase (n
= 4) BA-based 2D RP perovskite is in the range of 100–220[76,77]

and 242[70] meV, respectively. The obtained Eb values for the films
with a high COS content (50 and 75 mg mL−1) rise to 350 and
370 meV. In these blended films, the low dimensional phases (n
= 2 and 3) with high Eb values are strongly reduced, so that the
increase in Eb cannot be assigned to the change in phase distribu-
tion. Thus, in line with the three-fold reduction of the mean size
of the crystallites at a high COS percentage determined from the
XRD measurements, the increase of the Eb can be related to a
spatial confinement effect generated in the nanometer-scale per-
ovskite grains. The high value of Eb in the films with a high per-
centage of the COS compound prevents the dissociation of the
excitons into a free charge carrier, enhancing the radiative deacti-
vation and, therefore, the probability of PL emission.[78] The high
PLQY in the films with high COS content is then ascribed to both
a delayed fluorescence caused by the higher amount of defects,
and an efficient radiative recombination of the photogenerated
excitons due to spatial confinement.

To explore additional beneficial effects of adding high content
of COS to the 2D RP perovskites, the stability of the films was
tested. The blended films were stored under environmental

Adv. Optical Mater. 2023, 11, 2300676 2300676 (6 of 10) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Characterization of the PeLEDs. a–c) Current density-voltage and radiance curves (a), radiance stability test (b), and electroluminescence
spectra (c) of the BA2MA4Pb5I16 2D RP perovskite light emitting device containing 0 mg mL−1 (black line) and 75 mg mL−1 (red line) of the COS
compound.

conditions at room temperature for more than three months.
The photographs of both 2D RP perovskite films w/o COS
(Figure S10, Supporting Information) reveal a clear enhance-
ment of the stability at a glance. While the film without COS
appears yellowish because of prompt degradation of the ma-
terial to the PbI2 precursor, the color is brownish in the films
containing the COS compound, as in the freshly prepared
films. The 2D scattering patterns from GIWAXS confirm the
better stability of the films with COS (Figure S11, Supporting
Information). A clear evolution towards a more textured and
oriented crystalline structure was evident (smaller and brighter
Bragg peaks) for the parent and low COS content (10 mg mL−1)
films, while in samples with 50 mg mL−1 and 75 mg mL−1 of
COS, the preferential orientation is almost unaltered (noticed by
the anisotropic diffraction rings). In order to clarify the higher
stability of the crystalline structure against aging, azimuthal 𝜒
(2D) cuts patterns at |q| 10 and 20 nm−1 were done, showing the
intensity profiles along the different azimuthal 𝜒 exiting angles
(Figure S12, Supporting Information). While the film without
COS compound clearly presents a variation of the scattering peak
positions, the films with the COS compound, which presented
a polycrystalline isotropic structure, retained a similar scattering
pattern after three months. Therefore, COS provides superior
resistance toward moisture inhibiting the typical degradation
reactions in MHPs (i.e.,. defect formation, phase separation).[79]

Based on the enhanced optical properties and the excellent
stability of the blended films, the fabrication of perovskite light
emitting devices (PeLEDs) by adding COS in the electrolumines-
cent 2D RP perovskite film was examined. The inset of Figure
5a shows the architecture for the “proof-of concept” devices. In
both devices (without COS and with 75 mg Ml−1 of COS), bright
light PeLED devices with high color purity (CIE coordinates 0.71,
0.29) were obtained with an almost unchanged position with re-
spect to their PL spectra (Figure 5c). Figure 5a illustrates the cur-
rent density and luminance expressed as a radiance of both de-
vices. While a higher turn-on voltage (5 V instead of 4 V) and a
3-fold reduction in the current density were observed when the
COS compound is present, a six-fold increase of luminance (from
1.9·10−5 to ≈1.18·10−4 W Sr m−2, at 5 V) was also obtained. These
outcomes clearly prove that the 2D RP perovskite is responsible
for the electroluminescence in both devices and the presence of
the COS compound improves the PeLEDs performance by in-

creasing the luminance. The reduction of the current density in
the PeLEDs can be ascribed to the low conductivity of the COS
compound while the enhanced luminance can be related to both
reduction of the non-radiative recombination along grain bound-
aries interfaces[80] and efficient radiative recombination due to
spatial confinement in the nanometer-scale grains.

Since the stability of the MHPs under operation in a de-
vice is the major drawback of the PeLEDs, the luminance of
non-encapsulated devices was tested at a fixed current density
(200 A m−2, 5 V) inside an N2-filled globe box (Figure 5b). While
the device without COS has a T50 (operational lifetime to reach
50% of the initial luminance) of 0.5 min, T50 = 10.0 min (20 times
better) was obtained for the device prepared with 75 mg mL−1 of
COS. Since moisture and O2 are the most common extrinsic fac-
tors to degrade the MHPs,[67,81] the COS compound is expected
to act as a protective scaffold against those agents. However, the
COS compound also induces the formation of smaller crystal
size, high quality and homogeneous films, both factors directly
involved in the stability of the devices. The reason behind this is
the suppression of high leakage current in the pinhole-rich per-
ovskite films, mainly caused by the presence of grain boundaries
in large crystals.[82]

3. Conclusion

The addition of a large amount of polymer additives to MHPs
layers has not been studied in depth in the literature. Our work
proves the two-fold behavior during the addition of the COS com-
pound to the 2D RP perovskite films. A reduced content of COS
in the films, between 1 and 25 mg mL−1, does not produce ma-
jor changes in the structure, orientation, morphology, defect con-
centration, or optical properties of the BA2MA4Pb5I16 2D RP per-
ovskite film. This result is in line with previous reports where
PeLEDs fabricated with this approach only display a moderate
improvement in stability. However, the increased content of COS
to 50–75 mg mL−1 in the films notably modifies their size and
texture, changing the optoelectronic features of the film. In par-
ticular, the high content of COS is homogeneously intercalated
among the perovskite grains reducing its size to the nanometer
scale (30–40 nm), close to the quantum confinement scale. In-
deed, both the higher PLQY (14-fold) and longer PL decays are
attributed to the decrease of grain size that entails a rise of the

Adv. Optical Mater. 2023, 11, 2300676 2300676 (7 of 10) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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exciton binding energy, Eb (370 meV in films with 75 mg Ml−1 of
the COS compound) as measured with temperature dependence
PL measurements. The fabricated PeLEDs containing high COS
content display both enhanced luminance and stability. The ori-
gin of the large luminance in the PeLEDs is the more efficient ra-
diative deactivation of the excitons (large Eb) and the reduction of
the non-radiative recombination along grain boundary interfaces
since the films are more homogenous. Regarding the enhanced
operational stability, the COS compound acts as a protecting scaf-
fold against moisture and O2 but also promotes the decrease of
grain boundaries (smaller crystals) which suppress the leakage
current that degrades the structure of the MHPs.

Our work may pave the way for investigating other types of
polymer additives at high concentrations blended in MHPs films
for optoelectronic devices. The nature of the functional groups
present in the polymer is expected to regulate the interactions
between both materials and, therefore, the morphology and opti-
cal properties of the blended film. In addition, the selected poly-
mer must also fulfill the requirements needed for high-efficient
PeLEDs devices.
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Supporting Information is available from the Wiley Online Library or from
the author.
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