
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:2

9:
32

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Investigation of t
aDipartimento di Matematica e Fisica “Ennio

Arnesano, 73100 Lecce, Italy. E-mail: marco
bIMM-CNR Institute for Microelectronic and

Lecce, Italy

† Electronic supplementary informa
10.1039/d1ra06821k

‡ Present address: Istituto Italiano di Tec
Nanotechnologies, Via Barsanti 14, 73010

Cite this: RSC Adv., 2021, 11, 33531

Received 10th September 2021
Accepted 7th October 2021

DOI: 10.1039/d1ra06821k

rsc.li/rsc-advances

© 2021 The Author(s). Published by
he exciton relaxation processes in
poly(9,9-dioctylfluorene-co-
benzothiadiazole):CsPbI1.5Br1.5 nanocrystal hybrid
polymer–perovskite nanocrystal blend†

Antonio Balena,‡a Arianna Cret́ı,b Mauro Lomascolob and Marco Anni *a

The combination of lead halide perovskite nanocrystals and conjugated polymer in a blend film opens the

way to the realization of hybrid active layers with widely tunable optical and electrical properties. However,

the interaction between the polymeric and the perovskite component of the blends is mainly unexplored to

date. In this work we perform temperature-dependent photoluminescence and time resolved

photoluminescence measurements in order to deeply investigate the photophysics of a poly(9,9-

dioctylfluorene-co-benzothiadiazole) (F8BT):CsPbI1.5Br1.5 nanocrystal hybrid film. Our results suggest

that the primary interaction channel is charge transfer, both from F8BT to the NCs and from the NCs to

F8BT, while Förster resonant energy transfer has no visible effects. Moreover, we show that the charge

transfer is assisted by energy migration within the F8BT excited state distribution and that it is dependent

on the local micromorphology of the film. Our work improves the current understanding of the

polymer:perovskite NC interactions in hybrid films, and it is expected to be relevant for the development

of hybrid organic–perovskite optoelectronic devices.
1. Introduction

Aer their rst demonstration by Protesescu et al.1 fully inor-
ganic lead halide perovskite nanocrystals (NCs) emerged as
extremely fascinating systems for basic science investigations
and as possible active materials for photonic and optoelectronic
devices.2 Perovskite NCs show very high photoluminescence
quantum yield,3,4 fully tunable emission from the blue to the
NIR either acting on the chemical composition or on the size,1,5

narrow emission, and high optical gain at room temperature
both under femtosecond and nanosecond excitation.6–10 These
properties allowed the demonstration of light-emitting diodes
(LEDs) with external quantum efficiency exceeding 20%11–13 and
low threshold optically pumped lasers exploiting thin lms of
NCs as active layers.14

In particular, the combination of broad emission wavelength
tunability and narrow emission linewidth allows obtaining an
ultra-wide color gamut, exceeding the National Television
De Giorgi”,Università del Salento, Via per

.anni@unisalento.it

Microsystems, Via per Monteroni, 73100

tion (ESI) available. See DOI:

nologia (IIT), Center for Biomolecular
Arnesano (Lecce), Italy.

the Royal Society of Chemistry
System Committee (NTSC) TV colour standard, and almost
entirely covering the CIE 1931 color space.1,15

Despite these interesting features, the lack of long term
operational stability to date still prevents the use of lead halide
perovskites in general, and of their NCs in particular, in
commercially available devices. In particular, the two main
degradation channels of perovskites NCs are related to the
interaction with the environmental moisture and oxygen7 and,
in electrically driven devices, to ion migration under applied
bias.16,17

A particularly promising strategy to reduce these effects is
the NCs inclusion within inert or semiconducting polymeric
matrices.18,19 This approach has been exploited to date to realize
polymer–perovskites composites by mixing an inert polymer to
the perovskite precursors, thus obtaining lms made by
perovskites nano and micro-crystals embedded in a polymer
matrix.20–25 Ultrastable hybrid organic–perovskites composites
containing perovskites nanocrystals can also be simply realized
by directly mixing in solution the NCs and a hydrophobic
polymer in order to obtain thin lms that can be exploited as
down converter layer for white LEDs26–28 or as active systems in
highly efficient LEDs.29

Even more interesting is the possibility of blending perov-
skites NCs with semiconducting polymers, thus allowing the
generation of hybrid composites to combine the electrical and
optical properties of both components, thus obtaining active
properties not available for the individual materials. This
RSC Adv., 2021, 11, 33531–33539 | 33531
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approach has been widely used in order to improve the lm-
forming and charge injection properties of II–VI colloidal
nanocrystals, thanks to their inclusion in proper conjugated
polymer matrices, thus obtaining functionalized hybrid active
layers for LEDs (both monochromatic and white), lasers30 and
solar cells.31

On the contrary, despite the conceptual similarity between
polymer:II–VI NCs blends and polymer:perovskite NCs ones,
that suggests their potential exploitation in the same broad
range of devices, the work to realize, understand and optimize
hybrid blends of conjugated polymers and perovskites NCs with
properly engineered active properties is still in an initial stage,
even if some very interesting preliminary results have been
published. For example blends between blue emitting
CsPbBrxCl3�x NCs and orange emitting poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH:PPV) have been
used as active lms in LEDs,32 showing an emission spectrum
made by the superposition of the component materials ones
and an emission color controllable by acting on the blend
relative content. In particular the blend content optimization
allowed the demonstration of a white emitting LED. The emis-
sion color tunability of hybrid polymer–NCs blends have been
later investigated in details33 demonstrating full photo-
luminescence (PL) color tunability from the blue to the red,
including white light generation, by combining a blue emitting
poly(9,9-dioctyluorene) (PFO) with green emitting CsPbBr3 or
red emitting CsPbBr1.5I1.5 NCs and a yellow emitting poly(9,9-
dioctyluorene-co-benzothiadiazole) (F8BT) and the red NCs, in
different proportions. Finally, improved lasing properties of
conjugated polymer particles ascribed to Förster resonant
energy transfer (FRET) from CH3NH3PbX3 NCs34 has been also
reported.

A fundamental aspect of the development of hybrid active
lms with optimized optical and optoelectronic properties is
a deep understanding of their photophysics and of the
processes related to the interaction between the two component
materials. This point has been deeply investigated in hybrid
systems containing an organic molecule and II–VI colloidal NCs
evidencing that the two main processes are FRET from host to
the guest or charge transfer and that the dominant process is
determined by the energy level alignment, by the type of ligand
of the NC and on the donor–acceptor distance.30,35–40

The photophysics of active polymer:perovskite NCs blends is
instead to date still largely unexplored, with only few prelimi-
nary experiments claiming the presence of FRET either from the
NCs to the organic or from the organic to the NCs,32,34,41,42 based
only on partial experimental evidences that do not allow to
evaluate the possible presence and importance of charge
transfer processes. In some experiments41,42 claims of energy
transfer from the organic to the perovskite, or vice versa, are
simply based on the evidence of good overlap between the
candidate donor PL and the candidate acceptor absorption.
Unfortunately the spectra overlap is only a necessary, but not
sufficient, condition to have FRET thus preventing to conclude
about the presence of FRET only by considering it. A deeper
investigation of the photophysics of a CsPbBrxCl3�x:MEH:PPV
blend32 evidenced a lifetime shortening of the NCs in presence
33532 | RSC Adv., 2021, 11, 33531–33539
of the MeH–PPV, thus demonstrating that an interaction
between the two components takes place. Also in this case the
made attribution of this effect to FRET is only tentative, as also
a NC/MEH:PPV charge transfer would result in a NCs lifetime
shortening. In a similar way the investigation of the relaxation
dynamics variation of the NCs and the organic34 lead to the
claim of FRET from the NCs to the polymer despite a NCs life-
time reduction dependence on the spectral overlap not fully
consistent with the behavior expected for FRET.

The lack of a clear understanding of the kind of interaction
between the polymer and the NCs in the blend is currently
a strong limit in the understanding of the kind of devices that
could efficiently exploit this kind of active systems. For example,
the presence of efficient FRET from the polymer to the NCs
would lead to a blend emission spectrum dominated by the NCs
emission, and could be useful for the realization of mono-
chromatic LEDs43,44 or low threshold optically pumped
lasers.45,46 On the contrary the lack of FRET would allow to
combine the emission of both components, thus generating
widely tunable emission color, including white light,33 that
could be interesting for white LEDs.32 Finally, the presence of
efficient charge transfer between the polymer and the NCs could
be exploited in photoelectric devices, like solar cells and
photodetectors.47

In this paper, in order to improve the understanding of the
basic photophysics of hybrid polymer:perovskite NCs blends,
we exploit the temperature dependence of the photo-
luminescence spectra and relaxation dynamics in order to
deeply investigate the interaction between a green-emitting
conjugated polymer poly(9,9-dioctyluorene-co-benzothiadia-
zole) (F8BT) and red-emitting CsPbBr1.5I1.5 fully inorganic
perovskite NCs in a hybrid blend. We demonstrate that, despite
the excellent spectral overlap between the donor (F8BT) pho-
toluminescence and the acceptor (CsPbBr1.5I1.5 NCs) absorp-
tion, the F8BT / NCs FRET has no observable role in the
exciton relaxation. On the contrary we observe the presence of
an exciton quenching process both for the F8BT and for the NCs
ascribed to charge transfer from F8BT to NCs and from NCs to
F8BT, assisted by exciton energy migration within the organic
matrix. We also demonstrate that the polymer–NC interaction is
affected by the local micromorphology of the lm.

Our results provide the rst complete experimental investi-
gation of the interaction between the two component materials
of active polymer–perovskite NCs blends and are expected to be
relevant for the development of optoelectronic devices based on
hybrid blends.

2. Results and discussion

The investigated sample is a blend between F8BT and
CsPbBr1.5I1.5 NCs with a relative NCs content of 2.1%.

As a rst step we investigated the temperature dependence of
the PL spectra of the component materials and of the blend
lm. The PL spectrum of the F8BT lm at low temperature (T ¼
10 K) shows (see Fig. S1†) a clear peak at about 547 nm, followed
by a shoulder at about 586 nm that can be ascribed to a vibronic
replica of the S1 / S0 transition. As the temperature increases
© 2021 The Author(s). Published by the Royal Society of Chemistry
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we observe a progressive intensity reduction, a slight blue-shi
and a broadening of the emission peaks, overall leading to
a progressively reduced visibility of the vibronic band.

Concerning the NCs pure lms (see Fig. S2†) we observe, at T
¼ 10 K, a single emission peak at about 587 nm with a Full
Width at Half Maximum (FWHM) of only 9.0 nm. As the
temperature increases the emission peak progressively blue-
shis and broadens, as typically observed in this class of
materials. In particular the FWHM increase it typically related
to the progressive increase of exciton–phonon coupling.48

Concerning the NCs PL intensity we observe a progressive
intensity decrease up to 230 K, followed by a PL intensity
increase at higher temperatures. This anomalous behavior is
qualitatively similar to previous results on formamidinium lead
triiodide NCs,10,49 ascribed to the thermal activation of exciton
detrapping from surface states. We also observe that a similar
temperature induced PL intensity has been recently obtained in
CsPbBr3 NCs lms,48 only in positions of the lm showing
strong NCs aggregation, suggesting that the exciton detrapping
involves surface states of NCs aggregates. Finally, the absence of
the temperature induced PL intensity increase in other lms of
nominally comparable NCs allows us to exclude the attribution
of this effect to eventual crystalline phase transitions in the
investigated temperature range.50

Moving to the PL spectra of the F8BT:NC blend we observe, at
low temperature (T ¼ 10 K), two clear peaks at about 547 nm
and 592 nm (see Fig. 1a) that can be ascribed, by comparison
with the PL spectra of the blend components, to F8BT and to the
NCs, respectively (see Fig. 1b). As the temperature increases
both the F8BT and the NC peaks show a progressive blue-shi
up to about 5 nm at 310 K, a broadening, and a gradual inten-
sity reduction. The disappearance of the NCs PL intensity
increase above 230 K is consistent with the aggregation reduc-
tion, due to NCs dispersion in the polymer matrix, and with the
passivation of surface states from the polymer.51

In order to have a direct insight in the interaction between
the F8BT and the NCs in the blend we also performed time
resolved PL measurements at the peak wavelength of the cor-
responding PL bands.

The PL relaxation dynamics of the pure F8BT lm (see
Fig. S3a†) shows a monoexponential decay at all the tempera-
tures, becoming progressively faster as the temperature
increases. The decay time has been determined from a mono-
exponential t of the experimental data, and it is about 2.1 ns at
Fig. 1 (a) PL spectra of the F8BT:NC blend as a function of the
temperature. The spectra are vertically translated for clarity. (b)
Comparison between the blend spectra at 10 K and 310 K and the F8BT
and NC ones.

© 2021 The Author(s). Published by the Royal Society of Chemistry
10 K, and decreases down to about 1.8 ns at room temperature
(see Fig. 2b).

The relaxation dynamics of the F8BT in the blend (see
Fig. S3b†) is, at all the temperatures, faster than the pure F8BT
one, evidencing a variation of the F8BT excitons relaxation due
to the presence of the NCs. A simple comparison between the PL
relaxation dynamics at 10 K and at 310 K of the pure F8BT and
of the F8BT in the blend (see Fig. 2a) allows to observe that the
faster relaxation in the blend is due to the appearance of a fast
relaxation process, superimposed to a slower relaxation similar
to the pure F8BT one. This result evidences the presence of
a further F8BT relaxation process in the blend, clearly demon-
strating the presence of a F8BT–NCs interaction channel. The
decay time related to this process (sfast) has been obtained from
a bi-exponential t of the experimental traces (see Fig. 2b), and
it is about 1.2 ns up to 130 K, an then progressively decreases
down to 0.90 ns at room temperature, while the second decay
time (sslow) is identical to the one of the pure F8BT in all the
investigated temperature range. As the temperature increases
the relative importance of the faster process progressively
increases from about 55% at 10 K up to about 95% at room
temperature (see inset of Fig. 2b).

Concerning the NCs we observe, at low temperature, a non
exponential relaxation (see Fig. S4a†), that can be reproduced by
the superposition of three exponential decays with a short
lifetime s1 z 0.7 ns, an intermediate one s2 z 2.7 ns and a long
one s3 z 30 ns. All the decay times show a weak temperature
dependence up to 230 K (see Fig. 3b and S5†), followed by the
disappearance of the faster process, by an increase of the rela-
tive contribution of the slowest process, and by a progressive
increase of s2 and s3 up to room temperature.

When the NCs are mixed to the F8BT in the blend we observe
a PL relaxation dynamics different from the pure NCs lm one
(see Fig. 3a and S4b†). In particular, for temperatures between
10 K and 90 K, we observe the suppression of the faster relax-
ation process while s2 and s3 are basically unchanged (see
Fig. 3b and S5†), overall leading to a PL relaxation slower than
the pure NCs one. When the temperature reaches 110 K
a further fast relaxation process appears, not present in the pure
NCs, with a lifetime s1z 1.6 ns becoming progressively faster as
the temperature increases. The relative contribution of this
Fig. 2 (a) Comparison between the relaxation dynamics of the F8BT in
the blend at 10 K and 310 K with the pure F8BT ones. The curves are
normalized to the peak value and vertically scaled for clarity. (b)
Temperature dependence of the fast and slow decay time of the F8BT
in the blend (full symbols) and of the decay time of the pure F8BT film
(empty symbols). Inset: temperature dependence of the relative
amplitude of the fast process.

RSC Adv., 2021, 11, 33531–33539 | 33533
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Fig. 3 (a) Comparison between the relaxation dynamics of the NCs in
the blend at 10 K and 310 K with the pure NCs ones. (b) Temperature
dependence of the fast and slow decay time of the NCs in the blend
(full symbols) and in the pure NC film (empty symbols). Inset:
temperature dependence of the relative amplitude of the fast process.
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additional fast relaxation process progressively increases with
the temperature, up to about 93% at room temperature (see
inset of Fig. 3b). The presence of this additional decay process
demonstrates that the NCs in the blend interacts with the F8BT
through a process causing NCs excitons relaxation.

Beyond the clear evidence of the presence of additional decay
channels for both F8BT and NCs in the blends, related to their
interaction, it is also interesting to evidence that, for both the
blend components, the PL relaxation dynamics show the
superposition of the decay related to the polymer–NCs inter-
action and the one due to exciton relaxation of the pure mate-
rials. This result strongly suggests that the F8BT–NCs
interaction does not uniformly take place across the blend lm
otherwise the interaction process and the intrinsic relaxation
processes would take place in parallel, leading to a general
shortening of the intrinsic decay dynamics. On the contrary the
coexistence in the blend of PL signal from F8BT molecules
(NCs) interacting with the NCs (F8BT) and the pure material
ones evidences that the F8BT–NCs (NCs–F8BT) interaction
takes place only in some regions of the sample, leaving the PL
relaxation unchanged in the regions in which the interaction is
not present.

In order to quantitatively investigate the previous results we
started from the analysis of the F8BT data, observing that the PL
quenching and PL decay time decrease with the increase of the
temperature are the typical signatures of the presence of ther-
mally activated non-radiative processes. Assuming a tempera-
ture independent radiative decay time (sr) and a thermally
activated non-radiative decay time (snr (T)) the PL decay time s is
given by:

1

s
¼ 1

sr
þ 1

snr
e
� DE
kBT (1)

where DE is the activation energy and kB the Boltzmann
constant. It is also straightforward to demonstrate that the
previous temperature dependence of the PL decay times leads to
a temperature dependence of the PL intensity given by the
following Arrhenius equation:

IðTÞ ¼ I0

1þ sr
snr

e
� DE
kBT

(2)

where I0 is the PL intensity at T ¼ 0 K.
33534 | RSC Adv., 2021, 11, 33531–33539
The best t curve of the temperature dependence of the pure
F8BT PL intensity with eqn (2) nicely reproduces the experi-
mental data for DE ¼ 30 � 2 meV and sr/snr ¼ 0.60 � 0.05 (see
Fig. 4a). The obtained value of DE is of the same order of
magnitude of the values reported in other polymers52,53 and
allows to ascribe the observed PL quenching to thermal acti-
vation of up-hill energy migration within the disordered
distribution of the polymer excited states, allowing exciton
migration towards non-radiative defects.

The temperature dependence of the pure F8BT PL decay time
can be instead well reproduced by the best t with eqn (1) (see
Fig. 4b), with best t DE ¼ 40 � 5 meV and sr/snr ¼ 0.55 � 0.05,
evidencing that the observed progressive lifetime shortening
with the temperature is due to the thermal activation of a non
radiative process. The similarity between the best t values of
DE and sr/snr obtained from the best t of the PL intensity and of
the PL decay time temperature dependence allows to ascribe
both effects to thermally activated energy migration toward
defects in the F8BT lm.

Concerning the PL intensity temperature dependence of the
F8BT in the blend (see Fig. 4a, and ESI† for the procedure used
to separate the F8BT and the NCs contribution to the blend PL
intensity), we obtained a good t of the experimental data with
eqn (2) for DE ¼ 33 � 2 meV and sr/snr ¼ 1.41 � 0.15. The
activation energy of the thermal quenching of F8BT in the blend
is thus the same of the pure F8BT one, evidencing that the
quenching is still related to exciton migration in the F8BT lm.
On the other side, the ratio sr/snr is strongly increased in the
blend (about 2.4 times), evidencing a higher non-radiative rate
in the blend, at any given temperature, assuming an unchanged
F8BT radiative decay time. This clearly indicates the presence of
a further F8BT PL quenching channel when NCs are present,
which is assisted by intermolecular energy migration, as sug-
gested by the unchanged activation energy.

Finally, the best t of the PL intensity temperature depen-
dence of the NCs in the blend evidences that the activation
energy of the NCs PL quenching (DE ¼ 33 � 2 meV) is the same
of the F8BT, and sr/snr ¼ 6.2 � 0.6 (see Fig. 4a). The coincidence
of the NCs quenching activation energy with the F8BT ones
suggests that the same thermally activated process (energy
migration) allows PL quenching of both F8BT and NCs.

Overall, these results allow us to conclude that the F8BT and
the NCs interact in the blend, that the F8BT–NCs interaction
determines a PL intensity quenching of both species, and that it
is assisted by intermolecular energy migration within the F8BT
molecules that allows F8BT excitons to reach the interface with
NCs.

In order to have further insight into the polymer–NC inter-
action we also investigated the temperature dependence of the
decay time of the additional relaxation channel observed from
the time-resolved PL measurements (see Fig. 4c). In this case,
considering that the additional fast relaxation process is
observed in the time-resolved PL measurements of the NCs only
from 130 K, we limited the analysis of the data to the temper-
ature range 130–310 K both for F8BT and NCs and we tted the
data with the thermally activated term in eqn (1).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Temperature dependence of the integrated PL intensity (dots) of pure F8BT, F8BT in the blend and NCs in the blend PL. The red lines
are the best fit curves with eqn (2). (b) Temperature dependence of the slow decay time of pure F8BT (dots). The red line is the best fit curve with
eqn (1). (c) Temperature dependence of the decay time due to the F8BT–NCs interaction (dots). The red line is the best fit curve with the
thermally activated term of eqn (1).

Fig. 5 Energy level scheme and schematic chemical structure of F8BT
(left) and NCs (right). The dotted lines are Gaussians curves with 165
meV and 70 meV standard deviation for F8BT and NCs, respectively,
evidencing the role of the line broadening on the relative level position.
The continuous black lines represent absorption of the pump laser, the
colored continuous lines the possible charge transfer processes and
the dotted line the unlikely hole transfer from NCs to F8BT,
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Both decay times show a thermally activated decrease with
the temperature (see Fig. 4c), with a comparable activation
energy of DE ¼ 6.0 � 0.3 meV and DE ¼ 7.0 � 0.9 meV for F8BT
and NCs, respectively.

Concerning the nature of the F8BT–NCs interaction we
preliminary observe that our results clearly allow to exclude any
important role of F8BT / NCs FRET, despite the excellent
spectral overlap between the F8BT PL and the NCs absorption
spectra (see Fig. S7†). Actually FRET from F8BT to NCs should
result in a F8BT PL quenching and lifetime shortening, as
observed, but also to a NCs PL enhancement, that instead it is
not present. Moreover the F8BT / NCs should not modify the
PL decay dynamics of the acceptor (NCs), while a further decay
process is observed. This conclusion, that is in clear contrast
with the general assumptions done in literature in similar
systems,32,34,41,42 is instead perfectly consistent with our previous
data evidencing that the observed value of the fast lifetime in
the F8BT relaxation dynamics is about 2.4 times shorter than
the FRET lifetime lower limit,33 and thus that the F8BT–NCs
interaction is much faster than the expected FRET lifetime.

On the contrary, the simultaneous presence of PL quenching
and lifetime shortening that demonstrates the presence of an
exciton quenching process for both F8BT and NCs, is consistent
with the presence of F8BT / NCs and NCs / F8BT charge
transfer.

The possibility to have charge transfer both from F8BT to the
NCs and from the NCs to the F8BT can be understood by
looking at the energy level scheme of our system (see Fig. 5),
evidencing that the F8BT Lowest Unoccupied Molecular Orbital
(LUMO) level54 is slightly above the NCs conduction band,55

while the F8BT Highest Occupied Molecular Orbital (HOMO) is
below the NCs valence band edge. This makes energetically
favored both an electron and a hole transfer from a photoex-
cited F8BTmolecule to a close NC. Concerning the possibility of
observing a charge transfer between a photoexcited NC to an
unexcited F8BT molecule we observe that in both the blend
components the energy levels are not at a unique position along
the sample due to inhomogeneous broadening. At room
temperature the PL linewidth is about 230 meV and about 100
meV for the F8BT and the NCs, respectively. Assuming that both
the ground state and the excited state contribute in the same
© 2021 The Author(s). Published by the Royal Society of Chemistry
way to the linewidth we estimated a standard deviation of about
165 meV and 70 meV for F8BT and NCs, respectively.56 This
makes statistically possible to have F8BT molecules with LUMO
below the NCs conduction band, thus allowing also electron
transfer from a photoexcited NC to a F8BT molecule. On the
contrary the estimated level broadening makes unlikely to have
hole transfer from NCs to F8BT energetically convenient.

Our conclusion, that could be conrmed by photoinduced
absorption measurements, is fully consistent with previous
results on blends between polymers and II–VI NCs demon-
strating a thermally activated interaction39 and a switching of
the main interaction process from FRET to charge transfer
when the ligand is changed from tri-octylphosphine oxide
(TOPO) to oleic acid (OA).40

The evidence of a further common activation energy for the
charge transfer (beyond the energy migration one) observed in
the temperature dependence of the interaction times, demon-
strates that aer the thermal activation of energy migration
a second process has to be thermally activated in order to allow
respectively.

RSC Adv., 2021, 11, 33531–33539 | 33535
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Fig. 6 200 mm � 150 mm fluorescence map of F8BT (a) and NCs (b) in the blend and composite image (c).
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the charge transfer. Considering that the activation energy of
the interaction time is the same both for F8BT and for the NCs
this further process is common both to F8BT / NCs and NCs
/ F8BT charge transfers, and it is thus likely related to charge
motion along the ligand molecules separating the F8BT from
the NCs.

In addition, we investigated the spatial uniformity of the
blend emission properties by performing PL mapping
measurements by uorescence microscopy. The obtained
results (see Fig. 6) clearly evidence that the sample emission
properties and morphology are not uniform across the lm
surface. In particular we observe several elongated bright
aggregates with a typical length of about 10 mm and a width of
about 2 mm, that are likely related to NCs aggregation during the
drop-casting.7,48 The regions surrounding the aggregates are
bright in the F8BT emission channel and dark in the NCs one.
The regions with a uniform morphology show instead rather
uniform PL intensity both for the F8BT and for the NCs.
Considering the spontaneous aggregation tendency of the NCs
during the solvent evaporation it is likely that the aggregates are
due to NCs aggregation and that the surrounding regions have
a locally lower density of NCs. This would explain both the weak
NCs PL, due to the low NCs density, and the bright F8BT PL, due
to the absence of non-radiative interaction with the NCs. In
these regions we thus expect to observe the PL properties of the
pure NCs, in the clusters, and of F8BT, in the surrounding
regions, that are responsible for the presence of the PL relaxa-
tion dynamics of the pure materials in the PL decay dynamic of
the blend. The regions with uniform morphology and PL
intensity suggest that F8BT and NCs are nely and uniformly
mixed, thus allowing their interaction, resulting in the decay
time shortening and PL quenching for both materials.

Finally, in order to probe the generality of our conclusions
about the polymer–NCs interaction type and the effects of the
dominance of charge transfer over FRET on the blend emission
properties we also realized a different blend, between blue
emitting poly(9,9-dioctyluorene) (PFO) and green emitting
CsPbBr3 NCs (GNC) with a relative NCs content of 5.5%, and we
investigated its Amplied Spontaneous Emission (ASE) prop-
erties under nanosecond pulsed excitation.

Also in this lm the two used materials allow to obtain
a good spectral overlap between the PFO (host) PL and the GNCs
33536 | RSC Adv., 2021, 11, 33531–33539
(guest) absorption (see Fig. S8a†), thus fullling the necessary
condition to allow FRET from the host to the guest.

Moreover, the GNCs show efficient ASE properties in neat
lms7,9 under nanosecond pumping that, in case of PFO /

GNC FRET should be further enhanced, as widely demonstrated
in host:guest organic blends interacting by FRET.45,46,57,58

The PL spectrum of the blend at low excitation density shows
(see Fig. S8b†) the superposition of the PFO59 and of the GNC
PL7,33 but, as the excitation density increases, only a general
intensity increase is observed, without any evidence of ASE from
the GNCs. This behavior clearly demonstrates that the GNC ASE
properties are not only not improved by the dispersion in PFO,
as expected in case of PFO / GNC FRET, but are even sup-
pressed in the blend. This result is fully consistent with the
presence of a non radiative interaction of the GNCs with the
PFO due to charge transfer, that suppressed the ASE due to both
the NCs exciton quenching and to the spectral overlap between
the GNCs gain and the PFO polaron photoinduced absorption
band.60
3. Conclusions

In conclusion, we investigated the interaction between a green-
emitting conjugated polymer poly(9,9-dioctyluorene-co-ben-
zothiadiazole) (F8BT) and fully inorganic red-emitting
CsPbBr1.5I1.5 perovskite NCs in a hybrid blend. The obtained
results demonstrate that, contrary to what typically believed in
literature, F8BT/NCs FRET has a negligible role in the exciton
relaxation of the lm, and strongly suggest that charge transfer
both from F8BT to NCs and from NCs to F8BT takes place,
resulting in a PL quenching and PL lifetime decrease. These
results, beyond improving the understanding of the photo-
physics of hybrid polymer–perovskite lms, also clarify the
potential device applications of these systems. In particular, the
lack of efficient FRET explains the previous evidence of coexis-
tence of polymer and NCs emission in the blend emission
spectra32,33 and suggests hybrid polymer:perovskite NCS blends
as possible active material for white LEDs but not for low
threshold laser exploiting host / guest FRET. Moreover, the
dominance of charge transfer processes suggests the possibility
of exploiting these blends as active materials of photoelectric
devices, like solar cells and photodetectors, whose working
principle requires efficient exciton dissociation is free charges.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Experimental section
4.1. Nanocrystal synthesis and thin lm deposition

The oleic acid/oleylamine coated CsPbI1.5Br1.5 (NC) and
CsPbBr3 (GNC) nanocrystals are identical to the ones used in A.
Perulli et al.33 (please refer to this paper for details on the
synthesis and basic properties like shape, size and PL quantum
yield). The CsPbI1.5Br1.5 active lm has been deposited by drop-
casting on glass substrates, at room temperature and in air. In
order to improve the lm morphology the lm was le to dry
under a Petri dish, thus slowing the solvent evaporation. The
room temperature PL spectrum is peaked at 578 nm (525 nm),
with a FWHM of 26 nm (19 nm) for NC (GNC). The FWHM
values are in line with the ones of state of the art nano-
crystals,1,50 thus evidencing a narrow size distribution. The F8BT
and PFO have been obtained from ADSdyes and used as
received. The pure F8BT lm has been deposited by spin coating
at 2500 rpm for 2 minutes from a 10 mg ml�1 solution in
toluene.

The blend was realized by mixing the F8BT solution to the
CsPbI1.5Br1.5 solution and the PFO to the CsPbBr3 one, all in
toluene and with a concentration of 10 mg ml�1. The relative
concentration (30% of polymer solution and 70% of NCs solu-
tion) has been converted into the percentage of emitters by
considering the different molecular weights of the polymers
and the NCs. The realized blend has thus a relative content of
NCs of 2.1% for the F8BT:CsPbI1.5Br1.5 and 5.5% for the
PFO:CsPbBr3 one.

The used polymer:NCs relative content was determined
taking into account that, as the NCs content in the blend
increases, the effects of their interaction with the polymer
become stronger,33 but the lm uniformity decreases, due to the
NCs aggregation. The lack of uniformity could make the spec-
troscopic investigation, that probes the optical properties of
a region with a size of about 100 mm, not necessarily represen-
tative of the averagemacroscopic emission properties. The lms
realized by mixing 30% of polymer solution and 70% of NCs
solution thus provide the best compromise between high NC
content and uniform macroscopic morphology.

The lms were obtained by drop-casting on glass substrates
pre-cleaned with toluene, thus obtaining lms with a typical
thickness of about 300 nm � 30 nm.
4.2. PL and time-resolved PL

The time-resolved PL (TR-PL) measurements were performed by
exciting the samples by a solid-state pulsed laser (mod. PLP-10,
Hamamatsu), which provides pulse at a wavelength of 400 nm
of about 58 ps at a repetition rate of 1 MHz. The PL has been
dispersed using an iHR320 (focal length of 0.32 m) Horiba
monochromator equipped with a Peltier cooled Hamamatsu
photomultiplier (head-on mod R943-02), operating in single-
photon counting. The time-resolved PL measurements have
been performed by Time Correlated Single Photon Counting
(TCSPC) technique using an Edinburg Instruments TCC900
TSCPC electronics card. The temporal resolution of the system
is about 0.46 ns. The sample temperature has been changed by
© 2021 The Author(s). Published by the Royal Society of Chemistry
a closed circle He cryostat, allowing to change the temperature
in the range 10–310 K. The uorescence microscopy measure-
ments have been performed with a Nikon C1 microscope,
exciting the sample with a Hg lamp in the spectral range 340–
380 nm, and collecting the F8BT and the NCs PL with band pass
lter in the 515–555 nm and 580–630 nm range, respectively.
4.3. Amplied spontaneous emission measurements

The excitation density dependence of the photoluminescence
under pulsed nanosecond excitation has been investigated by
pumping the lms with a LBT MNL 100 nitrogen laser, deliv-
ering 3 ns pulses at a wavelength of 337 nm, with a repetition
rate of 10 Hz. The pump beam was focused onto the sample
surface by a cylindrical lens in a rectangular stripe with a length
of about 4 mm and width of 80 mm, collecting the PL from the
sample edge aer waveguiding in the active lm. The emission
was dispersed with an Acton SpectraPro-750 spectrometer
equipped with a Peltier cooled CCD (Andor). The spectral
resolution was about 0.5 nm.
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Seró, J. K. Stolarczyk, J. Z. Zhang, J. Feldmann, J. Hoens,
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