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Investigation of the stability of the optical characteristics of thin films
based on CsPbBr; perovskite nanocrystals and p(MMA-LMA) copolymer

© A.A. Knysh', D.G. Gulevich', |.R. Nabiev?3, P.S. Samokhvalov!-%1

! Laboratory of Nanobioengineering, National Research Nuclear University MEPhI

(Moscow Engineering Physics Institute),
115409 Moscow, Russia
2LIFT Center, Skolkovo,
121205 Moscow, Russia

3 Laboratoire de Recherche en Nanosciences (LRN-EA4682), Université de Reims Champagne-Ardenne,

51100 Reims, France
T e-mail: p.samokhvalov@gmail.com
Received September 22, 2023

Revised September 22, 2023
Accepted September 28, 2023

Despite the excellent optical characteristics of perovskite nanocrystals (PNCs) based on CsPbBrs, they have a
relatively low stability, which limits their use as materials for hybrid light-emitting diodes, single-photon sources,
solar cells, and other optoelectronic devices, as well as X-ray and gamma-ray detectors. The present study reports the
results of experiments on composite thin films based on PNCs and copolymer of methyl and lauryl methacrylates.
The changes in the quantum yield and mean luminescence lifetime in thin film samples with different copolymer
mass fractions relative to CsPbBr;-based PNCs have been investigated. It has been shown that composite samples
containing from 10 to 20 wt.% of copolymer have an improved temporal stability of optical characteristics, which
makes them promising for practical use in optoelectronic applications.
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Introduction

Nanocrystals (NCs) based on cesium lead halides with
a general formula of CsPbX; (X is a halide anion) and
a perovskite structure rank among the most promising
types of colloidal NCs. An upsurge in interest in a wide
range of potential applications of perovskite nanocrystals
(PNCs) in optoelectronics has been noted in recent years
(specifically, since 2015 [1]). Although this promising class
of nanomaterials is being studied extensively, the problem
of long-term structural and optical stability of PNCs still
remains unsolved. External factors such as light, moisture,
and air oxygen are the ones that normally cause PNC
degradation in the course of long-term operation [2,3].
Cesium lead bromide perovksites are considered to be the
most stable of CsPbX3 PNCs [4], but even they are still
insufficiently stable for commercial applications. Several
approaches to solving this problem, which include PNC
doping by partial substitution of cesium or lead cations [5,6],
chemical modification of the PNC surface via ligand ex-
change [7,8], and NC encapsulation in inorganic [9,10] and
organic [11-14] shells/matrices, have been proposed. The
last of the mentioned approaches is particularly promising
in the context of PNC application to X-ray imaging [13,15].

Considerable advances in the fabrication of composites
based on CsPbBr; and polymers of various compositions,
which provide, to some extent, a solution to the PNC

stability problem, have already been made. Specifically,
Xin et.al [16] have reported an enhancement of photolu-
minescence intensity and retention of optical characteristics
of composites CsPbBr; PNCs with polymethyl methacrylate
(PMMA) and polybutyl methacrylate (PBMA) synthesized
via UV polymerization. It turned out that PNC-PMMA and
PNC-PBMA samples retained 70 and 78% of PL intensity
for 30 days of exposure to air and 54 and 56% of PL
intensity for 48 h of exposure to water. The encapsulation
of CsPbBr3 PNCs in a polystyrene (PS) matrix enhanced
the resistance of PNCs to moisture, providing the possibility
to retain 65% of photoluminescence intensity during 3 days
of measurements (and up to 69% of photoluminescence
intensity for samples processed in an alkali solution with
pH 11) [17]. Li etal. [12] have demonstrated that the
copolymer of ethylene and vinyl acetate is highly efficient in
obtaining composite thin films, with their optical properties
remaining unchanged even after 1000 successive cycles of
mechanical bending and 8 and 10 days of exposure to air
and water, respectively. In addition, it turned out that the in
situ crystallization strategy for growth of CsPbBr; NCs in
poly(vinylidene difluoride) yields composite samples with
high thermal stability, which helps preserve a constant quan-
tum yield upon heating to 170°C [14]. Using spray-drying
encapsulation in the process of fabrication of composite
films, Boussoufi etal. [18] have obtained PNC-PMMA and
PNC-PBMA composites resistant to light and high tempera-
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tures. Notably, composites of CsPbBr; with polyaniline [11];
polyvinylpyrollidone [19]; poly(isopropyl methacrylate) [20]
(a copolymer of ethylene and norbornene); and block
copolymers of styrene, ethylene, and butylene [21] have also
exhibited improved long-term optical performance.

In the present study, the destructive effect of the
environment is mitigated by encapsulation of PNCs in a
polymer matrix based on a copolymer of MMA and lauryl
methacrylate (LMA) obtained using free radical polymer-
ization. The proposed approach is promising in terms of
establishing an efficient protection of PNCs not only from
ambient effects, but also from penetrating luminescence-
quenching molecules, contributing to the long-term stability
of a composite luminescent material. The polymer matrix
composition was chosen due to a high optical transparency
and hydrophobic properties of the copolymer. The temporal
variations of the luminescence intensity and the quantum
yield of PL of the obtained samples were in order to analyze
the optical properties of thin PNC-p(MMA-LMA) films and
determine the optimum copolymer content and temperature
regime of film synthesis.

Materials and methods

Colloidal CsPbBr; PNCs were synthesized using the
injection method in a nonpolar medium with cesium
oleate and lead bromide precursors in accordance with the
procedure described by Protesescu etal. [22]. The synthesis
was discussed in detail in our previous study [23]. The
concentration of PNCs in the initial solution was 20 mg/ml.
CsPbBr; samples were treated with argon and stored at
room temperature with no exposure to light. Matrices based
on a copolymer of methyl- and lauryl methacrylates (at a
ratio of 2:1) were synthesized by radical polymerization in
an inert atmosphere at a temperature of 95°C with 1,1’-
azobis(cyclohexanecarbonitrile) used as an initiator [24].

Thin films of the composite of CsPbBr; PNCs and
the p(MMA-LMA) copolymer were deposited onto glass
substrates that were preliminarily cleaned. This cleaning
involved a long-term treatment of the substrates with a mix-
ture of concentrated sulfuric acid (H,SO4) and potassium
dichromate (K,Cr,O7) and a mixture of concentrated nitric
(HNOs3) and hydrochloric (HCI) acids (at a volume ratio of
1:3) and intermediate rinsing with tap and deionized water.
Glass substrates were then dried in a drying cabinet at a
temperature of 110°C for 2 h.

Composite thin films (TFs) were fabricated by spin
coating [25] using a Spin-Coater KW-4A setup (Chemat).
The films were formed by depositing 100 ul of a solution
of PNCs and the p(MMA-LMA) copolymer onto glass
substrates. The weight fraction of the p(MMA-LMA) was
varied from 0 to 90% relative to the percentage of CsPbBr;
in octane. The optimum rotation rate and duration were
determined to be 2000rpm and 60s, respectively. Part
of the samples were then annealed at 100°C for 5min to
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Figure 1. SEM images of a thin film based on CsPbBr; PNCs.

estimate the influence of temperature on the structural and
optical properties of the TFs.

The TF surface microstructure was examined by scanning
electron microscopy (SEM) with a JEOL7900F microscope
at an accelerating voltage of 30kV.

The photoluminescence (PL) kinetics of the composite
TF samples was measured at intervals of four days. The
obtained experimental data were approximated by the
function I(t) (the PL variation law was considered to be
bi-exponential [26]):

1(t) =lo+ Qe 7 + Qe 7, (1)

where I(t) is the PL intensity, l¢ is a constant, t is the
decay time, Q; and Q, are the pre-exponential factors of the
approximation function, and 7; and 7, are the time constants
of the fast and slow PL decay components, respectively.

The average luminescence lifetime (7a,) was calcu-
lated [27] using the following equation

p p
T =» Q> Qi, (2)
i=1 i=1
where p is the number of PL decay components.

Results and discussion

Samples of the composite TFs based on PNCs and the
p(MMA-LMA) copolymer with a weight contents of 0, 2,
10, 20, 50, and 90% relative to CsPbBr; were fabricated by
spin coating. The results of SEM imaging (Fig. 1) suggest
that the TFs obtained under the specified experimental
conditions provided a fairly uniform PNC coverage of the
substrate. It seems likely that local porous structures formed
in the course of evaporation of the solvent. Figure 2 presents
the PL decay curves for the fabricated TFs measured
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Figure 2. PL decay curves for CsPbBr3;, CsPbBr3-poly-2, CsPbBr3-poly-10, CsPbBr3-poly-20, CsPbBr3-poly-50, and CsPbBrs-poly-90
TF samples measured on the first day (a) and on the fifth day (b) after synthesis.

Average PL lifetimes for TFs based on CsPbBr; PNCs and the p(MMA-LMA) copolymer

TF sample Weight fraction of 71, NS T2, NS 71, NS T2, NS Tay, NS Tay, NS
p(MMA-LMA), (first day) (first day) (fifth day) (fifth day) (first day) (fifth day)
%

CsPbBr; 0 2.1 17.0 2.1 16.5 12.6 £0.3 12.24£0.3
CsPbBr;3-poly-2 2 2.1 13.7 2.1 14.7 9.4+0.2 10.6 £0.3
CsPbBr;3-poly-10 10 20 14.5 24 19.1 10.1 £0.2 13.7+£0.4
CsPbBr;3-poly-20 20 20 154 23 19.8 10.8 £0.3 143+04
CsPbBr3-poly-50 50 23 15.6 24 16.2 10.9 £ 0.2 11.7£0.3
CsPbBr3-poly-90 90 20 9.6 22 10.7 6.9+£0.1 7.9+0.2

immediately after the deposition of films onto substrates
and on the fifth day after fabrication.

The average PL lifetime was calculated for the synthe-
sized samples from the obtained experimental data (see the
table). As seen from the table, the average PL lifetime of the
synthesized TFs varies nonmonotonically with increasing
copolymer concentration. Specifically, the lowest 75, value
corresponds to the composite TF sample with the highest
copolymer concentration (90%); at other concentrations
the average PL lifetime increases in the following order
CsPbBr3-poly-2, CsPbBr;-poly-20, CsPbBrs-poly-50, and
pure CsPbBr; (see Fig. 2,a and the table). The PL
kinetics curves for CsPbBr3-poly-20 and CsPbBrs3-poly-50
are identical in shape, which is evidenced by their 74,
(see the table). The measurements of PL kinetics on the
fifth day (see Fig. 2,b and the table) revealed a similar
trend; the sole exception was the CsPbBrs;-poly-20 sample
with the maximum 7, value. The calculated average PL
lifetimes for composite samples are within the margins of
error; in the case of pure CsPbBr; PNC TFs, they agree
with literature data [28]. The enhancement of 7, on the

fifth day of observations, which is especially pronounced
in the case of CsPbBrs;-poly-20 TFs, is likely to be related
to stress relaxation and the removal of molecular oxygen
(MO), which is the main PL quenching agent [29] and is
contained within freshly formed composite samples.

The deviation of the bi-exponential approximation from
the theoretical mono-exponential law is indicative of the
presence of aggregates and a nonuniform distribution of
NCs in the TF layer. This offers the opportunity to isolate
regions emitting photons with different characteristic times
within the bulk composite. Specifically, PL quenching
processes may be induced by nonradiative carrier recom-
bination and the dipole-dipole Forster resonance energy
transfer (FRET) [30].

The observed enhancement of the average PL lifetime
on the fifth day of measurements can also be attributed to
a change in the degree of aggregation of CsPbBr; PNCs
in the samples. This process is apparently influenced by
the polymer matrix structure, which is determined by the
p(MMA-LMA) concentration. The results of approximation
of experimental PL decay curves (see the table) have
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Figure 3. Time course of the variation of PL QY for
the CsPbBr3;, CsPbBrs;-poly-2, CsPbBrs-poly-10, CsPbBrs-poly-
20, CsPbBr3-poly-50, and CsPbBr3-poly-90 samples stored under
normal conditions.

shown that the contribution of the long-lived component
of luminescence kinetics of the synthesized TF samples
increases with time, indicating an increase in the proportion
of individual PNCs in the bulk composite. This is related to
the presence of LMA fragments, which are more compatible
with the PNC surface, in the polymer matrix.

Alongside with kinetics measurements, the quantum yield
(QY) of PL of the thin films was monitored for 20 days. A
drastic PL QY reduction followed by a gradual increase,
was observed at the start of measurements (Fig. 3). This
initial QY reduction is likely have been related to transient
processes in the bulk TFs and the influence of MO. The
QY enhancement in the course of long-term storage can
be attributed to further reduction of the MO concentration
in the bulk TFs. Since equilibrium is established in the
TF in the course of time due to irregular loss of MO
from the synthesized samples, the QY values are likely to
fluctuate (Fig. 3). According to the results of 20 days of QY
measurements, the strongest stabilizing effect was observed
in the composite sample with a p(MMA-LMA) copolymer
weight fraction of 20%.

The data presented in Fig. 3 suggest that the PL QY
decreases with time as the copolymer weight fraction in the
composite increases. This is apparently attributable to the
fact that a p(MMA-LMA) copolymer excess facilitates the
segregation of the PNC and copolymer phases, contributing
to a relative increase in the proportion of PNCs in the
aggregated state.

In order to verify the proposed hypothesis regarding
composite stabilization by LMA fragments present in the
polymer, composite TF samples with low copolymer con-
centrations were fabricated additionally. Immediately after
synthesis, these samples were annealed at a temperature of
100°C for Smin. The presumed dissociation of aggregates
should then occur in the course of annealing. It was found
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experimentally that thermal treatment had no significant
influence on the PL QY. However, the average PL lifetime
of the annealed samples increased, which indicated that
transient processes ceased (and MO escaped from the bulk
of TFs) rapidly. Figure 4 presents a comparison between
the variations of the average PL lifetime for a TF of pure
PNCs and a composite TF with a copolymer weight fraction
of 10% (CsPbBr3-poly-10) with time. It can be seen that
the film annealing procedure is indeed efficient in terms
of acceleration of relaxation processes in composites. It
should be noted that thermal processing of the films did not
improve the optical parameters of samples with a copolymer
weight fraction in the composite above 50%.

Since the results of our experiments demonstrated that
Tay increased with time, it was reasonable to expect that the
QY of PL of the studied samples would increase simulta-
neously. However, this was not observed. This discrepancy
can be attributed to the physical nature of PNCs, which are
similar to well-known chalcogenide quantum dots (QDs).
Charge transfer processes, which induce variations of PL
QY values over time [32], are typical of such QDs [31].
Two groups of PNCs may be isolated in the NC ensemble
in the bulk of synthesized samples: ,;switched-off* crystals,
which only absorb radiation in a wide band, the excitation
within which being relaxed via nonradiative processes, and
wswitched-on“ PNCs, which absorb light and reradiate it.
Emitting PNCs can be further divided into two classes
corresponding to the fast and slow PL kinetics components:
PNGCs in the normal ,,switched-on“ state and ,,gray” PNCs
carrying an additional charge [32], respectively. When
samples are subjected to prolonged irradiation (e.g., in
the course of measurements), the percentage of ,,switched-
off NCs in the nanoparticle ensemble may increase due
to photoinduced transfer of electrons to the bulk polymer
matrix, inducing a PL QY reduction but having no effect

30k
g 25
o
=
< 20
- n\§
~
£
s 15
> CsPbBr3
< -0~ CsPbBr3-poly-10
- CSPbBI‘3-A
10 - ~#- CsPbBr3-poly-10-A
C L 1 L 1 L 1 L 1 L 1
0 2 4 6 8 10
Time, days

Figure 4. Time course of the variation of average PL lifetimes of
CsPbBr; and CsPbBr3;-poly-10 TF samples in comparison with
the samples subjected to thermal processing (CsPbBr3-A and
CsPbBr3-poly-10-A).
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on the PL decay kinetics. At the same time, as part of
PNCs is being ,switched off,* the initially charged ,.gray“
NCs become neutralized, which leads to an increase in the
percentage of NCs with the slow kinetics component and,
consequently, to an increase in 7a,, as illustrated in Fig. 4. It
is worth noting in conclusion that the processes described
above may provide an explanation for the discrepancy
between an increasing 75, and a simultaneously decreasing
PL QY.

Conclusion

Composite TF samples based on CsPbBr; PNCs and
the p(MMA-LMA) copolymer whose fraction varies from
0 to 90% relative to the PNCs were synthesized by spin
coating. Long-term measurements of PL kinetics revealed a
complex nature of dependence of the TF optical properties
on the PNC-to-polymer ratio. The average PL lifetime and
luminescence QY values were determined. The parameters
of the TF sample containing 20% of p(MMA-LMA) were
found to be the most stable in the course of long-term
storage. The variation of optical characteristics of samples
in kinetics measurements performed on the first day after
film synthesis is apparently attributable to FRET quenching
of luminescence in aggregates and to the presence of MO
(with its concentration decreasing with time due to gradual
loss) in the bulk composite. It has been demonstrated that
the procedure of thermal TF treatment does not improve
the optical parameters of composite samples with a high
copolymer weight fraction, although the average PL lifetime
does increase considerably after annealing in composites
containing less than 50% of p(MMA-LMA). The obtained
results suggest good prospects for composite nanomaterials
to be used as a light-emitting active layer of advanced hybrid
LEDs and an activating scintillation layer in medical X-ray
detectors.
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