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Abstract

Over the years, highly-fluorescent lead-halide perovskite nanoparticles (PNPs) have become
of great interest in the field of electronics and photonics due to the wide range of optoelectronic
applications. The embedding of these nanostructured particles into a protective polymeric
matrix allows an improvement of their optical stability as well as a fine distribution of the
particles which enables the investigation of concentration effects in solid-state thin films. The
aim of this thesis was to find a compatible transparent polymer that allows to finely distribute
and homogenously encapsulate highly-photoluminescent formamidinium lead bromide
(FAPbBr3) and methylammonium lead bromide (MAPbBrs) PNPs. Furthermore, the
photoluminescent properties of the prepared PNP-polymer films should be examined with the
main focus lying on the investigation of effects from the PNP concentration and agglomeration.
The results of this study exhibit that PNPs dispersed in toluene show a good compatibility with
polystyrene or polymethyl methacrylate. However, for as-synthesized nanoparticles an
unfavourable strong PNP cluster formation in the PNP-polymer films was observed. Thus,
different treatment methods for the reduction of the PNP agglomeration were investigated. By
a short-time redispersion in tetrahydrofuran, large PNP agglomerates could be significantly
reduced in size without altering the initial high-quality photoluminescence properties of the
untreated PNPs. Using this treatment method, PNP-polymer films were prepared which
showed a finer and more homogenous PNP distribution as well as a good optical stability.
Moreover, for these PNP-polymer films a slight increase in photoluminescence lifetime was
observed when decreasing the PNP concentration. These findings demonstrate the great
potential of PNP-polymer films being a basis for further studies of concentration dependent

effects as well as for the examination of PNPs at a single-particle level.
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Kurzfassung

Stark fluoreszierende Bleihalogenid-Perowskit-Nanopartikel (PNPs) haben Uber die Jahre
immer mehr Interesse in den Forschungsfeldern der Elektronik und Photonik erregt, da die
Nanopartikel in einer Vielzahl an optoelektronischen Anwendungen eingesetzt werden
kénnen. Durch die Einbettung dieser Nanopartikel in eine schiitzende Polymermatrix, kann
einerseits die optische Stabilitat der PNPs erhoht werden und andererseits kodnnen
Konzentrationseffekte in festen Dlnnschichtfiimen untersuchen werden. Das Ziel dieser Arbeit
war es, ein kompatbles transparentes Polymer zu finden, in dem man
Formamidiniumbleibromid (FAPbBr3) und Methylammoniumbleibromid (MAPbBrs) PNPs fein
und homogen verteilt einbetten kann. Weiters wurden die photolumineszierenden
Eigenschaften der hergestellten PNP-Polymerfiime untersucht, wobei der Schwerpunkt der
Untersuchung auf den Effekten der PNP-Konzentration und Agglomeration. Die Studie zeigte
eine gute Kompatibilitat von PNPs dispergiert in Toluol mit den Polymeren Polystyrol und
Polymethylmethacrylat, jedoch war beim Einsatz von PNPs ohne Vorbehandlung ein starkes
Auftreten von groRen PNP-Agglomeraten im Film zu beobachten. Daher wurden verschiedene
Vorbehandlungsmethoden fiir die Verringerung der PNP-Agglomeration untersucht. Durch die
kurzzeitige Redispergierung in Tetrahydrofuran konnten grofle PNP-Agglomerate deutlich
verkleinert werden, ohne dabei die urspringlichen hochwertigen Photolumineszenz-
Eigenschaften der PNPs zu verandern. Mit dieser Vorbehandlungsmethode konnten PNP-
Polymerfilme hergestellt werden, die eine feinere und homogenere PNP-Verteilung, sowie
zusatzlich eine gute optische Stabilitat aufwiesen. Dartber hinaus wurde bei diesen PNP-
Polymerfiimen eine leichte Erhohung der Photolumineszenz-Lebensdauer bei einer
Verringerung der PNP Konzentration beobachtet. Diese Ergebnisse demonstrieren das grof3e
Potential von diesen PNP-Polymerfiimen, als Grundlage fur weitere Studien zu
konzentrationsabhangigen Effekten sowie fur die Untersuchung von PNPs auf

Einzelpartikelebene zu dienen.
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1. Introduction

1.1. Time-correlated single photon counting

Time-correlated single photon counting is a useful method to measure fast relaxation
processes of electronically excited materials. When a molecule is electronically excited to a
higher molecular quantum state, it is energetically unstable, and the molecule will
spontaneously lose the gained energy to reach the ground state again. One of the possibilities
to release the surplus of energy is by radiative emission, whereby the excited state has equal
spin multiplicity as the lower state reached upon relaxation. This radiative emission is called
fluorescence. Moreover, the emission of fluorescence is an extremely fast happening process,
which typically has a lifetime of picoseconds up to microseconds!'. With conventional
measurement techniques it is not possible to properly resolve this fluorescence decay, hence
time-correlated single photon counting is the method of choice. In contrast to typical
photoluminescence spectroscopy, the sample is irradiated with a periodically pulsed laser and
multiple measurement cycles are conducted. The measurement is carried out via a start-stop-
time measurement principle, whereby the recorded time equals the time difference between
excitation laser pulse and detected fluorescence photon (see Figure 1)

The time measurement starts, when the laser emits photons and it is finished, when a photon
arrives at the detector, as can be seen in Figure 2. Thereby, one detected photon corresponds
to one count. Consequently, a histogram of detected photons versus time difference can be

constructed from the multiple measurement cycles?.

/N

fluorescence
photon

fluorescence

laser pulse
photon

laser pulse

i ] ] i 1 ] ] 1 i ] ] : 1 1
Q 1 2 3 4 0 1 2 3 4 0 1 2:3 4
start) «€——> (stop start ) <€——>( stop Tlme / ns

Figure 1. Scheme of the TCSPC principle adapted from 1.
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Figure 2. a) Simplified scheme of the TCSPC set-up and b) obtained histogram with reconstructed PL decay

curve.

From this histogram of single photon counts, the photoluminescence decay curve of the
investigated material can be reconstructed. It is also important to note, that the detector has a
certain dead time after a photon has been detected. In this time, photons that are later hitting
the detector will not be detected. Since only the information of the first detected photon is
processed, a high rate of fluorescence photon counts on the detector would lead to a pile-up
of early photon counts and therefore the decay curve will be falsely constructed. In order to
preserve a low probability of more than one photon hitting the detector, the photon count rate
at the detector is adjusted to a value that corresponds to approximately 1 % of the repetition
rate of the laser!?.

The fluorescence lifetime of materials is strongly dependent on sample parameters (e.g.
chemical composition, solvent, dispersant) as well as measurement parameters (e.g.
temperature, excitation light fluence). By varying different sample and measurement
parameters, the dependence of the lifetime can be examined. The elucidation of these
dependencies can reveal essential information to understand the nature of the excited states
of the sample and their relaxation mechanisms as well as the influence of sample parameters

on the excited states!?.
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1.2. Perovskite nanoparticles

Organic-inorganic hybrid halide perovskites are a prominent class of perovskite materials with
advantageous optical and electronic properties, such as tunable band gap energy, high
absorption coefficient, high charge carrier mobility and defect tolerance®. Organic-inorganic
hybrid halide perovskite materials are defined by their characteristic ABXs crystal structure,
which is shown in Figure 3. Thereby, A corresponds to a monovalent organic cation (e.g.
methylammonium), B to a divalent cation (e.g. Pb?") and X to a halide anion®. The divalent
cations (B) form a complex with the halide anions (X) resulting in an arrangement of corner-
sharing octahedra®. Moreover, the cations (A) are positioned in the space between the ions
that form the octahedral structure, and thereby are neutralizing the present charge of the
complex®. If the composition of the perovskite material is altered, the band gap of the structure
will also be affected®™. Consequently, the optical properties of such perovskites can be
influenced®. Nanomaterials of these perovskites can be prepared by techniques such as the
hot-injection method or the ligand-assisted reprecipitation method!®. In both cases organic
capping ligands are utilized which passivate the surface of the perovskite core and stabilize
the nanocrystalline statel®. In this work the nanoparticles based on the perovskite materials
formamidinium lead bromide (FAPbBr;) and methylammonium lead bromide (MAPbBTr3) were
used. Nanoparticles were fabricated using the ligand-assisted reprecipitation method,
employing Nq-(tert.-butyloxycarbonyl)-L-lysine and hexanoic acid as capping ligands. The
fabricated perovskite nanoparticles are additionally surrounded by a matrix material of

unknown composition!”.

0 X
>LO)LNWN®
H Hs
tboc-Lysine

A+

@ Br

Hexanoic acid » pp2t

Unknown

. . Perovskite nanoparticle
matrix material

Figure 3. Organic-inorganic hybrid halide lead perovskite structure with capping ligands adapted from
reference [,
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1.3. Encapsulation of PNPs in polymer matrices

Lead-halide perovskite particles have been reported to show low stability against moisturel®.
To reduce the effects of humidity on the luminescence stability of PNPs, the embedment of
PNPs into a shielding polymeric matrix has been proposed by Raino et al.['%!. Important for an
efficient embedment of the PNPs is the interaction between polymer and passivating ligand in
terms of polarity'®l. The hydrophobic polystyrene serves as promising embedding material for
highly hydrophobic PNP passivating ligands (e.g. oleic acid and oleylamine) leading to better
optical properties in comparison with more hydrophilic polymers!'®'!. Additionally, if a
sufficient interaction of polymer and PNPs exists, a fine and homogenous distribution of
particles in the polymer matrix can be achieved!'?.. This is not only important for the reduction
of sensitivity against moisture, but also allows studies on the optical properties of single-
particle emitters!'?. Furthermore, PL lifetimes show to be correlated with the degree of
passivation of traps states!'. It was observed that better passivation leads to longer PL
lifetime since trap-assisted non-radiative recombination induces a fast early decay

component!'?,

Another crucial property that has an influence on the optical behaviour of PNPs is their size
and size distribution. As described by Crooker et all'¥, the PL lifetime in a nanocrystal
ensembile is linked to the inter-particle energy transfer occurring after excitation. It has been
shown that smaller nanoparticles, which show a higher energy PL, can transfer energy to
larger particles upon photoexcitation. This serves as a fast alternative relaxation pathway
besides radiative recombination and leads to a steep decrease in PL intensity (fast decay
component) during the first nanoseconds of the PL decay function when observing the PL at
the high-energy side of the ensemble emission spectrum. On the other hand, when higher
wavelengths are used for excitation primarily larger NPs which show lower energy PL are
excited. As the probability that those big NPs find even larger PNPs to transfer their energy to
is low, the energy transfer occurs less frequently, and the energy is released via a radiative
decay. This radiative excited state decay is much slower compared to the decay curve
involving the fast energy transfer of small particles. Consequently, the PL decay curve
measured at lower emission energies related to the larger nanoparticles is less steep and the
PL lifetime increases for excitation on the low energy side. By embedding PNPs in a finely
distributed manner into a polymeric matrix, the PNPs are separated from each other. Thereby,
the distance between two neighboring particles is increased by decreasing the concentration
of PNPs in the polymer. As a results, the described energy transfer at excitation with higher
energies might be hindered and the fast decay component at high-energy side of the PL is
supposed to vanish to some extent. Consequently, the PL lifetime should increase for higher

degrees of dilution('4.
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In this work, the aim is to finely distribute PNPs in a sample thin film by embedding the PNPs
into a transparent polymer matrix. In order to achieve this goal, a suitable polymer has to be
found that is compatible with the investigated PNPs. Importantly, also different treatment
methods are investigated to separate PNP agglomerations which hinder the accomplishment

of a fine PNP distribution (see Figure 4).

Treatment

Perovskite nanopartlcle e

\\\-, Polymer chain ik ea ==355%
\ : pping ligands \

Figure 4. PNP clusters embedded in a polymeric matrix and single PNPs after treatment.
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2. Experimental

2.1. Sample Preparation

2.1.1. Perovskite Nanoparticle Dispersions

The perovskite particles used in this study were prepared by DI Felix Mayr (Johannes Kepler
University Linz, Austria) and by Elisabeth Leeb, BSc (Johannes Kepler University Linz,
Austria). The synthesis was conducted following the procedure described by Leeb E.F.
Thereby, the perovskite nanoparticles (PNPs) were produced by precipitation upon injection
of 150 uL precursor solution in DMF, containing the ligands t-boc-Lysine (t-boc-lys) and
hexanoic acid (HeA), into toluene. A controlled crystal growth and size of the PNPs could be
achieved by the addition of a specific amount of water to the precursor solution. From the
dispersion in toluene, the obtained nanoparticles were centrifuged at 5000 rpm for 5 min. The
supernatant was discarded and the produced PNPs were redispersed in 2 mL of toluene using
the ultrasound bath producing a PNP concentration of approximately 1 mg mL-'. The 2 mL
colloidal PNP solution were then further used for the experiments. Standard synthesis

parameters like the perovskite composition and ligands are listed in Table 1.

Table 1. Synthesis parameter of the PNPs films.

perovskite

No. of sample " ligand molar ratio of water’
composition
1 MAPDbBr3 t-boc-lys/HeA 32 equiv.
2 FAPbBr; t-boc-lys/HeA 16 equiv.

' with respect to PbBr, in the precursor solution

2.1.2. Solvent test

Different solvents ranging from polar to non-polar were first tested as dispersion medium for
the MAPbBrs and FAPbBrs particles. The tested solvents were H.O, methanol (MeOH),
ethanol (EtOH), 2-propanol (i-PrOH), acetonitriie (ACN), dimethyl sulfoxide (DMSO),
chloroform, ethyl acetate, dichloromethane (DCM), tetrahydrofuran (THF), diethyl ether (Et.O)
and toluene. For the tests, 100 uL of the PNP stock dispersion are added to 1 mL of the tested
solvents. The photoluminescence of the dispersions was then examined after 1 h and 24 h
under illumination of UV light at 254 nm.

2.1.3. Polymer solubility test

Following from the solvent test acetonitrile, DCM, THF, diethyl ether and toluene were selected
for further investigation. In order to find a polymer that is suitable for embedding the perovskite

nanoparticles, first the solubility of the six polymers polystyrene (PS), polymethyl methacrylate
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(PMMA), polyethylene glycol (PEG), polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVOH)
and polyvinylidene fluoride (PVDF) in the selected solvents was examined. For the solubility
test approx. 10-20 mg of the respective polymer were dispersed in 1 mL of the respective
solvent (ACN, DCM, THF, Et,O and toluene). If the polymer was not fully dissolved at room

temperature, the dispersion was heated up and/or treated with ultrasound.

2.1.4. Polymer-PNP compatibility test

The stability of the investigated PNPs in solutions of the polymers listed in section 2.1.3 were
investigated. For this purpose, 40 pyL original PNP dispersion were added to 100 pL of
20 mg mL™" polymer-solvent solution. The mixtures were treated with ultrasound for approx.
30 s. Afterwards, the PL of the dispersed PNPs was examined under radiation of UV-light at
254 nm.

Further embedding studies were carried out with ca. 20 mg mL™" solutions of the following

polymers:

e PSin toluene, THF or DCM
¢ PMMA in toluene, THF or DCM
e PVDF in THF or DCM

2.1.5. Preparation of pristine PNP films, concentrated and diluted PNP-
polymer films
Pristine PNP films were prepared by dropcast deposition from the respective PNP dispersions
onto glass substrates (1x1 cm?) which were pre-treated with an oxygen plasma for 5 min at

100 W. Depositions were carried out at room temperature.

For the preparation of the concentrated PNP-polymer films, 40 pL of the approx. 20 mg mL""
polymer solution were added to 200 yL of the original PNP dispersions. Thereby, the same
solvent was used as PNP dispersant as well as solvent for polymer dissolution. The mixture
was then treated with ultrasound for approx. 30 s and afterwards drop-casted onto a glass

substrate (1x1 cm?) that was pre-treated with oxygen plasma for 5 min at 100 W.

In order to prepare the diluted PNP-polymer films, the stock PNP dispersion was diluted 1:5,
1:10, 1:20, 1:50 and 1:100 with the respective polymer solution (approx. 20 mg mL™"), whereby
again the dispersant and the polymer solvent were matching. The diluted PNP-polymer
dispersions was treated with ultrasound for approx. 30 s. Afterwards, the mixture was
immediately spin coated at room temperature onto a glass substrate (13x13 mm?) that was
pre-treated using oxygen plasma (5 min, 100 W). Here, standard spin coating parameters

were used, which are listed in Table 2.
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Table 2. Standard spin coating parameter used for all experiments.

time/s rpm / min™ ramp / rpm s
1 30 800 400
2 20 4000 1000

It is important to note, that although special attention was paid to the dilution and spin coating
step, exact concentrations of PNPs on the films cannot be provided. The reason for this
problem was that a portion of the PNPs were sticking to the glass walls of the vials as well as
to the pipette tip. This could not be hindered by sonication before spincoating the dilutions

onto the glass substrate.

2.1.6. Dispersion, washing and sonication experiment

For redispersion of the PNPs in different solvents, the 1.5 mL of the original PNP dispersions
were put into a centrifugation vial and placed into a centrifuge for 5 minutes at 5000 rpm. The
supernatant was discarded and the sedimented PNPs were redispersed in 1.5 mL of new
solvent (THF or DCM) using an ultrasonic bath. For the dispersion experiment, the dispersion
was filled into a vial and further used for making pristine PNP films, concentrated as well as
diluted PNP-polymer films after 2 h and 24 h following the standard procedure described in

section 2.1.5.

For the PNP solvent washing, the same procedure was performed except that after 20 min
the dispersion with new solvent (THF or DCM) was centrifuged again for 5 minutes at
5000 rpm. Subsequently, the supernatant was discarded and the PNPs were redispersed in
1.5 mL toluene. The washed dispersion was then further used in the standard procedure for

making pristine PNP films, concentrated as well as diluted PNP-polymer films.

The sonication experiment was performed by adding 1 mL of toluene to 500 pL of the original
dispersion. Then, this mixture was treated with ultrasonic processor (Hielscher UP50h, 50 W,
Cycle: 1, amplitude: 100 %) for 0 s, 30 s, 2 min and 10 min under cooling on an ice bath. The
ultrasonicated dispersion were used to fabricate concentrated PNP-PS films as well as PNP-

PS films in the concentrations of 1:10 and 1:100 following the standard procedure.
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2.2. Sample Characterization

2.2.1. Time-correlated single photon counting measurements

The time-correlated single photon counting (TCSPC) measurements under different
measurement temperatures were conducted using a custom-made setup. The investigated
sample was mounted on a copper sample holder inside a closed-cycle helium cryostat (Oxford
Instruments Optistat Dry) equipped with a temperature controller (Oxford Instruments Mercury
iTC). The cryostat sample chamber was put under vacuum (ca. 10® hPa) by a turbomolecular
pump (Pfeiffer Vacuum). A supercontinuum white light laser (NKT Photonics SuperK extreme
FIU-15) was used as a radiation source connected to the monochromator (Photonetc LLTF
contrast). With this combination not only a specific wavelength can be selected from the broad
range of wavelengths (400 — 1000 nm) with high spectral brightness, but also the maximum
power output can be regulated between 15-100%. For the experiments the laser was operated
at a repetition rate of 3.12, 4.34 and 4.88 MHz depending on the measured PL lifetime. The
output light beam was then guided into the sample chamber by an assembly of two mirrors
and focussed onto the center of the mounted sample film. Light emitted by the excited sample
was then collimated by a lens (plano-convex, focal length f = 50 mm). An iris diaphragm was
put into the set-up to adjust the amount of emitted light passing through. This diaphragm is
followed by a mirror that guides the light to two focus lenses (Thorlabs LA1433 plano-convex,
focal length f = 150.0 mm and Thorlabs LA1608 plano-convex, f = 75.0 mm) which focus the
emission light onto the monochromator entrance slit. Two suitable longpass filters were placed
in front of the monochromator slit to ensure a sufficient attenuation of the excitation wavelength
in the recorded spectrum. Using a monochromator (DeltaNu DNS-300, grating: 600 I/mm,
500 nm blaze; slit: 1 mm) a specific emission wavelength was selected and the incoming
photons were detected with the photomultiplier tube (Becker & Hickel PMC-100-1). The
instrument response function has a full width half maximum of approx. 230 ps, as seen in

T T
Instrument response function -
Gaussian fit

12

1.0F

081 FWHM = 0.23 ns

06

04+

Normalized intensity / a.u.

021

0.0

-1.0 -0.5 0.0 0.5 1.0
t/ns

Figure 5. Instrument response function with Gaussian fit (red).
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Figure 5. Since the response function was much shorter than the typically measured PL decay

times, no correction of the decay function was applied.

For the investigated PNP films, measurements of the PL decay were performed at
temperatures of 4, 100, 200 and 295 K. For a thorough characterization, measurements under
variation of the detected emission wavelength were performed at each temperature. Prior to
these measurements, the steady-state emission spectrum of the PNP film was recorded at
each respective temperature (see Low-Temperature Photoluminescence spectroscopy).
Since the lower wavelength tails of the steady-state emission spectra of the investigated films
extended to wavelengths down to ca. 460 nm, the excitation laser wavelength was set to 415
nm for the TCSPC measurements at different emission wavelengths. This excitation
wavelength was chosen due to the comparatively high laser power at this wavelength which
allows to easily reach a sufficient emission intensity of the sample. Consequently, a 435 nm
and a 455 nm longpass filter were used in the emission light path to block the excitation laser
light. Besides measuring at the emission maximum, the PL decay curves were recorded at
two emission wavelengths below and above the PL maximum. For all measurements the
excitation power of the laser was held constant in order to eliminate any possible impact on
the PL lifetime. Additionally, the respective integration time was adjusted according to the
detected number of photons.

2.2.2. Temperature dependent steady-state photoluminescence
measurements
Temperature dependent steady-state photoluminescence spectra were recorded using a
custom-made set-up. Measurements were performed on PNP samples mounted in the closed
cycle helium cryostat as described in section 2.2.1. A 405 nm continuous wave laser
(Coherent OBIS) was used as excitation source. The laser light was guided to the sample
chamber and the emitted light of the sample is coupled into an optical fiber by a fiberport
equipped with a lens. A set of lenses is placed in front of the output fiberport which focus the
light on the aperture of an Andor Shamrock monochromator (grating 2: 300 | mm™'; blaze:
760 nm) equipped with an Andor iStar (iCCD) detector (cooled to -30°C). Two 420 nm optical
longpass filters are placed in front of the aperture to block the 405 nm excitation light.

Measurements were carried out at the temperatures described in 2.2.2.

2.2.3. PLQY measurements at room temperature

Photoluminescence quantum yield (PLQY) measurements were carried out by a. Univ.-Prof.
Dr. Markus Scharber. The measurements were performed on a Hamamatsu Photonics
quantum yield measurement system, which was equipped with a Xe lamp, an A10080-01
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monochromator, an A9924-06 integrating sphere and a PMA-12 multichannel analyser. All

measurements were performed at an excitation wavelength of 405 nm.

2.2.4. Magnetic field measurements at low temperature

The study of magnetic field effects on the photoluminescence of perovskite PNPs was
performed in a magneto-optical measurement system. Thereby, the Physical Property
Measurement System (PPMS) Dynacool type (Quantum Design) was used which was
equipped with a single-stage pulse tube cooler. In this way, measurements in a temperature
range from 1.8 K to 400 K could be carried out. Using an electromagnet, a magnetic field
strength of up to £ 9 T could be applied onto the sample inserted into the PPMS. An OBIS
405 nm laser diode was used for excitation and the emitted light was focused onto the slit of
the Andor Shamrock monochromator (grating 2: 300 | mm™'; blaze: 760 nm) equipped with an
Andor iStar (iCCD) detector (cooled to -30°C). Excitation and emission light were coupled
infout of the PPMS sample chamber by optical fibers. A more detailed description of the used

setup is provided by Putz C.["®.

For the investigated PNP films first PL spectra were recorded at temperatures of 4 K, 50 K,
100 K, 125 K, 200 K, and 295 K. For a thorough examination of the magnetic field effects, the
PL spectra were recorded several times at a magnetic field strengthof 0 T,1 T, 3T, 5T and

19 T at a fixed temperature of 4 K.

2.2.5. Optical microscopy

For optical microscopy an Eclipse LV100ND — Nikon was used in bright field and fluorescence

mode.

High-resolution fluorescence microscopy was carried out on a Nikon Eclipse 150LV
microscope equipped with a Nikon L-UEPI illuminator with a 100 W halogen lamp and a dark-
field condenser. A 100x objective (Nikon, NA 0.90) was used. For the fluorescence microscopy
the microscope was operated in dark-field mode and a 525 nm optical short-pass filter was
placed in front of the halogen lamp. To detect only the PL of the investigated PNPs, a 550 nm

longpass filter was placed in the detection channel of the microscope.
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3. Results and Discussion

3.1. Effect of different solvents on PNP dispersions

In course of this study different polymers are investigated as polymeric matrix for embedding
perovskite nanoparticles in a finely dispersed and homogenised manner. For this, solvents
have to be determined that are compatible with the perovskite particles and that could properly
dissolve the tested polymers. Additionally, it was previously observed that the synthesized
PNPs, especially FAPbBrs PNPs, show an increased tendency of cluster and aggregate
formation in toluene. In these dispersions, large particle aggregates are visible to the naked
eye and the aggregation phenomenon results in a fast sedimentation of the PNPs. This strong
agglomerate formation is attributed to the presence of a matrix material around the PNPs
synthesized by the procedure used in this study!”. This occurrence of PNP clusters is
unfavourable for preparing a fine distribution of PNPs in a polymer matrix. In order to
investigate the effect of solvent choice on cluster formation and emission colour of PNPs,
different solvents ranging from polar to non-polar were first tested as dispersion medium for
the MAPbBrs; and FAPbBr3 particles. The PNP stability and aggregation tendency in each
investigated solvent were qualitatively investigated by observing the PNP photoluminescence
under UV light illumination (254 nm) and the PNP sedimentation behaviour. The results are
listed in Table 3.

Table 3. Compatibility of tested solvents for MAPbBrs and FAPbBrs PNPs.

# solvent MAPbDbBr; FAPbBr;

1 H.O X X

2 MeOH X X

3 EtOH X X

4 i-PrOH X X

5 ACN « ;

6 DMSO X X

7 cic, S

8 Ethyl acetate : :
(agglomerationt) (agglomeration 1)

9 DCM : L
(agglomeration |) (agglomeration |)

v 10 THF - :
non-polar (agglomeration ||) (agglomeration ||)
11 Et.O v
12 Toluene
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As seen in Table 3, polar solvents like H.O and ethanol (EtOH) proved to be non-suitable as
dispersant due to PNP degradation, whereas the PNPs in most of the less polar solvents still
emit light under illumination with UV-light at 254 nm. The use of acetonitrile (ACN), chloroform
(CHCIs), dichloromethane (DCM) and tetrahydrofuran (THF) resulted in a visible blue-shift of
the emission light with the strongest blue-shift observed in THF. The dispersions in chloroform
additionally showed a relatively fast decrease in the emission intensity of dispersed particles
over time while dispersions in ACN showed a much slower decrease of emission intensity with
time. Dispersions in DCM and THF still showed stable bright light emission. In contrast to this,
ethyl acetate and diethyl ether (Et.O) exhibited a green light emission that was similar to that
of the original toluene dispersion. Figure 6 shows an exemplary depiction of the PNPs
dispersed in the solvents 5-12 (see Table 3) illuminated with UV-light, whereby the emission
light colours of the respective dispersant only slightly varied for all conducted dispersant tests.
The PNPs in ethyl acetate showed increased aggregation compared to the original toluene
dispersion. In contrast to this, for THF a clear, stable cluster-free dispersion was obtained,
where also no particle sedimentation was observed after 24 h. A similar observation was made
for ACN and DCM, whereas here still PNPs agglomeration and sedimentation were visible.
For Et,0 as dispersant no change in aggregation tendency could be seen compared to the

original toluene dispersion.

Subsequently, acetonitrile, dichloromethane, tetrahydrofuran, diethyl ether and toluene were
selected for further experimental use. Using them as dispersion medium showed either a
visible reduction in PNP aggregation size or the intensity of fluorescence remained unchanged

decreased compared to the original dispersion using toluene.

5 6) 7) 8 9) 10) 11) 12) orig.

Figure 6. PNPs dispersed in different solvents: 5) ACN, 6) DMSO, 7) CHCIs, 8) ethyl acetate, 9) DCM, 10)
THF, 11) Et20, 12) toluene and the original dispersion under illumination with UV light at 254 nm.

3.2. Solubility of polymers in selected solvents

In order to find a polymer that is suitable for embedding perovskite nanoparticles, first the
solubility of the six polymers polystyrene (PS), polymethyl methacrylate (PMMA), polyethylene
glycol (PEG), polyvinyl pyrrolidone (PVP), polyvinylalcohol (PVOH) and polyvinylidene fluoride
(PVDF) in the selected solvents had to be examined. The selection of used solvents is based

on the compatibility of the solvents with the PNPs (see Effect of different solvents on PNP
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dispersions). The obtained results are presented in Table 4, whereby insoluble and soluble is

marked as X and V', respectively.

Table 4. Solubility of different polymers in the selected solvents.

solvent PS PMMA PVDF PVP PEG PVOH
ACN X X X
DCM X
THF - atascc Vatasc X
Et.0 X X X X X X
non-polar toluene X X X X

It could be observed that diethyl ether (Et20) did not dissolve the tested polymers even upon
treatment with ultrasound. Therefore, Et;O was excluded from further investigations.
Furthermore, it could be seen that none of the selected solvents could dissolve PVOH, which
was also not further tested.

3.3. Compatibility of PNPs with polymer materials

The solubility test was followed by checking the compatibility of PNPs and the polymers, which
were both dispersed in the same solvents (ACN, DCM, THF, toluene) (see Table 5). For this
test, FAPbBrs PNP dispersions in the investigated solvents were added to polymer solutions
in the same solvent and the PL of the resulting mixtures was qualitatively investigated under

UV irradiation. All PNP dispersions that still were emitting light under illumination of UV-light

were marked as v . When the fluorescence of the dispersion vanished, the mixture was
labelled as X. For solvent-polymer combinations in which the PNPs showed stable
photoluminescence, solid PNP-polymer films were fabricated and investigated under UV
radiation. As shown in Table 5, the compatibility of PNPs in ACN was not given for the tested
polymers PMMA, PVP and PEG. Moreover, all dispersions using DCM appeared to emit light
under UV radiation. For THF all dispersions except with PVP were emitting light. In both cases,
however, solid films of PNPs embedded in PVP and PEG did not show any light emission
under UV illumination anymore. PNPs dispersed in toluene proved to be compatible with PS
and PMMA. The presented results were obtained for FAPbBrs PNPs and due to the typically
similar behaviour in comparison to MAPbBr; it was assumed that the found results are also
valid for MAPbBrz PNPs. Due to the obtained compatibility results, the further investigation
was focussed on the use of toluene, THF and DCM as solvents and PS, PMMA and PVDF as

polymer matrices.
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Table 5. Compatibility of polymers with PNPs dispersed in the respective solvent.

solvent PS PMMA PVDF PVP PEG
acetonitrile - X - X X
DCM v ; ~* ~*
THF V/ v X ~*
toluene - - -

* Dispersion was still fluorescent but solid PNP-polymer films did not emit light under
radiation of UV-light.

3.4. Dispersion of PNPs in THF and DCM

Followed by a general check of compatibility, further examinations concerning the embedding
of PNPs into polymer were conducted. Prior to this, it is important to distinguish between
influence of polymers and solvents, especially THF and DCM, on the PNPs. For this purpose,
the impact of THF and DCM on the PNPs was examined in more detail by redispersion of the
PNPs in THF and DCM, respectively and fabrication of pristine PNP films from these
dispersions after 2 h and 24 h. The PLQY and PL maximum wavelengths of the corresponding
FAPDbBr; PNP films in comparison to those prepared from the initial dispersions in toluene are
summarized in Table 6. Additionally, also MAPbBrz PNP were examined, but here the PNPs

were only dispersed in THF and DCM for 2 h. The corresponding results are shown in Table 7.

Generally, it could be observed for FAPbBrs PNPs that the PLQY of particles dispersed in THF
and DCM decreased with time while the PLQY values of toluene films remained similar. The
films fabricated from PNP dispersions in DCM showed a moderate decrease of PLQY and
shift to higher emission wavelengths over time. In contrast, the films fabricated from THF
showed a strong red-shift of emission and significant decrease of PLQY already after 2 h of
dispersion of the PNPs in THF. Interestingly, for both THF and DCM a clearly visible blue-shift
of the PNP PL in the dispersion as compared to toluene could be observed under UV
illumination while the corresponding pristine PNP films fabricated from the dispersions in THF
and DCM showed emission at higher wavelengths than those deposited from toluene (see
Figure 7).

S E

toluene HF DCM

toluene THF DCM

Figure 7. Dispersion of PNPs in toluene, THF and DCM (left side) and dropcast pristine PNP films (right
side) from the corresponding dispersions under UV light illumination at 254 nm.
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This behaviour was not observed for the PNP dispersions in toluene. A possible explanation
for this observation could be a solvent-PNP interaction in the case of THF and DCM. These
more polar solvents could potentially dissolve the matrix material around the PNPs (see
3.1. Effect of different solvents on PNP dispersions) and the capping ligands, depending on
the residence time in the solvent. This could lead to a decrease in degree of surface
passivation and lower PLQY in the pristine PNP films with increasing dispersion time in the
respective solvent. Simultaneously, the solvent molecules might interact with PNPs and to a
certain extent passivate the PNPs in the dispersions. This leads to a bright-blue-shifted
emission which is indicative of the presence of smaller PNP sizes. The emission might shift to
longer wavelengths in the solid PNP films again, due to evaporation of the solvent and PNPs
again agglomerate forming clusters during the drying process. It should be noted, however,
that over the course of the study, different batches of FAPbBrs and MAPbBr; PNPs were
investigated which showed slight differences in the degree of passivation and initial PLQY
values. These PNP specific properties slightly influence the behaviour of PNPs towards
different dispersion solvents. Additionally, the water content in THF might have been changing
leading to varied measured values. Thus, no consistent relative decrease of PLQY and shift
of emission wavelength could be determined.

Table 6. Dependence of PLQY and the maximum emission wavelength of dropcast pristine PNP films on the
dispersion duration in the respective solvent.

sr‘:r)r.\;))li; c':‘rar:g‘;zli(tiitsn dispersant ditsi:1eer7i: n PLQY / % em Amax/ Nnm
1 FAPbBr; toluene 2 100 527
2 FAPbBr; toluene 24 100 527
3 FAPDbBr3 THF 2 53 542
4 FAPDbBr3 THF 24 40 543
5 FAPDBr3 DCM 2 93 530
6 FAPDBr3 DCM 24 88 535

Table 7. Dependence of PLQY and the maximum emission wavelength of dropcast pristine PNP films on the
dispersion duration on the respective solvent.

s'\:r)r.\p:i; c?:'r::‘:)zli(tiitgn dispersant ditsi::zr7i: n PLQY / % em Amax/ Nm
1 MAPbBTr3 toluene 2 98 513
2 MAPDbBr3 THF 2 97 513
3 MAPDbBTr3; DCM 2 91 514
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3.5. Polymer embedment of PNPs

After checking the solvent and polymer compatibilities of the investigated PNPs, studies on
the embedding of MAPbBr; and FAPbBrs; nanoparticles in PS, PMMA and PVDF were
conducted. Hence, PNP dispersions with a selected polymer were made and subsequently,
concentrated and diluted films were prepared (see 2.1.5. Preparation of pristine PNP films,
concentrated and diluted PNP-polymer films). As obtaining a fine and homogenous particle
distribution plays a key role in this study, the diluted PNP-polymer films were investigated by

bright-field and fluorescence microscopy.

Figure 8 shows a comparison of a PNP:PS-THF and a PNP:PS-DCM film. Here, it can be
clearly seen that for both films using PS clusters were formed in the polymeric matrix.
Additionally, the films showed bubble inclusions and a rough and inhomogeneous surface

Similar morphologies were also observed for the combinations PNP:PMMA-DCM and
PNP:PMMA-THF.

Figure 8. Microscope pictures (magnification: 40x) of a) FAPbBrs PNP:PS-THF and ¢) FAPbBr3 PNP:PS-
DCM films in bright-field mode both with a volumetric ratio of 1:10, whereby b) and d) show the same spots
on the thin films investigated in fluorescence mode, respectively.
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In contrast to THF and DCM, PNP:PS and PNP:PMMA films fabricated from toluene showed
a smooth and homogeneous surface and a better distribution of the embedded PNP, however
the nanoparticles still showed strong cluster formation (see Figure 9). Since PNP dispersed
in toluene are reported to achieve high PLQY values!® and are stably storable, the focus was

put on PS-toluene and PMMA-toluene for further investigations.

Figure 9. Microscope pictures (magnification: 40x) of a) FAPbBrs; PNP:PS-toluene and b) FAPbBrs
PNP:PMMA-toluene films (volumetric ratio 10:1).

Furthermore, PVDF was used as polymeric matrix for THF-PNP and DCM-PNP dispersions.
In Figure 10 PVDF polymer islands are shown in which the PNPs are finely distributed without
larger particle agglomerations. A reason for this advantageous interaction between the PNPs
and PVDF might be the large binding capacity of PVDF for amino acids!'®.. PVDF might interact
with the passivating ligands t-boc lysine and thereby distribute the PNPs more finely compared
to the other polymers dissolved in THF and DCM (see Figure 8). This might lead to a

decreased PNP cluster formation in the film.

Figure 10. Microscope pictures (magnification: 40x) of a) a FAPbBrs PNP:PVDF-DCM film (volumetric ratio
10:1), whereby b) show the same spots on the thin films investigated in fluorescence mode, respectively.
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To study the influence of the polymer matrix on the PLQY and the emission maximum of the
embedded PNPs, concentrated PNP-polymer films (ratio: 5:1) were made. In Table 8 and
Table 9 one can see the PLQY and maximum emission wavelength of several combination of
polymers and used dispersion solvent. The respective films were dropcasted after the PNPs

were dispersed in the new solvent for 48 h (see Figure 11).

It could be observed that the PS and PMMA had no influence on the optical parameter of the
PNPs dispersed in toluene. Additionally, the PLQY values for the PNP:PS-toluene thin film
remained constant over 1 week. This suggest that the PNPs can be properly protected against

ambient influences by the proper embedding into PS.

without
polymer

without 7 ] /
polymer .B)

(1) (2) (3)
"Bl
|| PS

Figure 11. FAPbBr3 (left) and MAPbBr; (right) PNPs dispersed in 1) toluene and 2) THF and 3) DCM
embedded in the polymers PS, PMMA and PVDF shown under illumination with UV light at 254 nm.

Table 8. Results of pristine PNP and concentrated PNP-polymer films fabricated from dispersions of FAPbBr3
in toluene, THF and DCM.

No. of sample cz‘:g\cgssli(tiit:n dispersant Polymer PLQY /% emn)r\:ax/
1 FAPbBr; toluene - 98 529
2 FAPDbBr3 toluene PS 97 527
3 FAPDBr3 toluene PMMA 99 530
4 FAPDbBTr3 THF - 53 542
5 FAPDbBTr3 THF PS 43 532
6 FAPDbBTr3 DCM - 93 530
7 FAPDbBTr3 DCM PS 65 535
8 FAPDbBTr3 DCM PVDF 80 532
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Table 9. Results of pristine PNP and concentrated PNP-polymer films fabricated from dispersions of
MAPDBrs in toluene, THF and DCM.

s::“;fe cz(:::\ézli(tiifn dispersant Polymer PLQY / % emn)r\:axl
1 MAPDbBTr3 toluene - 98 513
2 MAPDbBTr3 toluene PS 95 511
3 MAPDbBr3 THF - 97 513
4 MAPbBr; THF PS 94 513
5 MAPbBr; DCM - 91 514
6 MAPbBr; DCM PS 81 520
7 MAPbBr; DCM PVDF 90 513

Furthermore, the results of the experiments show that PVDF gives a similar or even higher
PLQY values for both THF- and DCM-dispersed PNPs as compared to PS or PMMA.
Consequently, PVDF shows the potential of stabilizing PNPs after the removal of the matrix
surrounding the PNPs. Additionally, the fluorescence microscopy images suggest a nice
distribution of PNPs in diluted PNP-polymer films without the presence of larger cluster
agglomeration. It is important to note here, that the surface of PVDF is rather uneven forming
polymer islands, when PVDF is processed in ambient conditions. This rough surface leads to
problems during characterization of the polymer films. Smoother PVDF films could be
prepared when deposited in a nitrogen-filled glovebox as proposed by Li et al. ['"). However,
in course of this study the focus was not put on the optimization of PVDF films and for this

reason PVDF was only processed in air.

In general, PNPs dispersed in DCM or THF showed significantly lower PLQY values than
PNPs dispersed in toluene. As a consequence, the focus was put only on the PNP-polymer
combinations PNP:PS-toluene and PNP:PMMA-toluene in this work. As for these
combinations an increased PNP cluster formation was observed within the polymers, a
treatment method has to be found for decreasing the PNP cluster size. In this way, a fine
distribution of PNPs in PS or PMMA might be realizable.

3.6. Effect of sonicating on cluster size

In course of this study, PS and PMMA show a promising embedding behaviour for PNPs
dispersed in toluene. Although still cluster formation of PNPs was observed which is
unfavourable for a homogeneously distributed PNP-polymer film. As a consequence,
ultrasonication was investigated as a potential method of cluster size reduction. For this
purpose, a dispersion of MAPbBrs PNPs was ultrasonicated for durations of 0.5 to 10 min and

the sonicated dispersions were immediately used for fabrication of pristine PNP films and
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PNP-polymer films with different PNP concentrations. Table 10 presents typical PLQY and
emission wavelength values for pristine PNP films obtained from the ultrasonication

experiments.

Table 10. Results of pristine MAPbBrs PNP films made in a sonicating experiment.

No. of sample cz‘:r:;‘;zli(tiitgn solvent iit:;‘zclart;?: PLQY /% °™ Amax !
1 MAPDbBr3 toluene 0 87 520
2 MAPDbBr3 toluene 0.5 86 517
3 MAPDbBr3 toluene 2 80 518
4 MAPDbBTr3 toluene 10 59 515

The data gathered from several sonicating experiments show, the PLQY values and the
maximum emission wavelength of the investigated PNPs were not significantly changed upon
sonication treatment for 0-2 min. However, longer sonicating treatment led to an unfavourable
decrease in PLQY values. Additionally, fluorescence microscope pictures revealed that the
tendency of cluster formation was not decreased. Fluorescence microscope pictures of diluted
PNP-polymer films, which were treated for 10 min showed that the size of clusters increased

and the formation of additional PNP agglomerations might be promoted.

3.7. Reduction of cluster size by washing with selected
solvents

As shown in chapter 3.3, the properties of PNPs dispersed in THF and DCM for 2 h visibly
changed in terms of agglomeration tendency, sedimentation behaviour of the PNPs and
emission colour. While the investigation of the dispersions in THF and DCM suggested a
significant decrease of particle agglomeration, an unfavourable decrease of PLQY and shift of
emission wavelength was observed. To avoid this unwanted change of PL properties but still
benefit from the decrease of the agglomeration tendency of the PNPs, washing of the PNPs
with THF and DCM with only short contact time of PNPs with the solvent was investigated. In
this way, the PNP could possibly be finely dispersed in the solvent and the initial high-quality
PL properties of the PNPs originally dispersed in toluene could be retained. Consequently,
washing the PNPs with THF and DCM before the encapsulation in a polymer was examined
for the potential as cluster size reduction method. For this purpose, the PNPs were
redispersed in THF or DCM from the original toluene dispersion and after 20 min redispersed
in toluene again. The washed PNP redispersions in toluene were used for the preparation of
pristine PNP and PNP-polymer films with different concentrations.
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When comparing bright-field microscope images of THF/DCM washed FAPbBr3 PNP:PS films
fabricated from a dilution of PNP dispersion with 20 mg mL"' PS solution in a volumetric ratio
of 1:10, the size of the clusters could significantly be reduced by washing with THF (see
Figure 12). In contrast to this, washing with DCM has only slightly changed the PNP
agglomeration size. Consequently, the focus was put onto the washing procedure with THF.
In order to further investigate if not only large PNP clusters were scaled down by the washing
with THF but also single particles were separated, high-resolution fluorescence microscope
pictures were taken of MAPbBr; PNP:PS films (volumetric ratio 1:5). These small-scale
microscope images prove that using the washing procedure the visible PNPs clusters could
be significantly reduced in size to approx. 700 nm (see Figure 13 b)) and the likelihood of
even smaller agglomerations being present is increased. Hence, the smaller clusters might

approach a single-emitter behaviour that could be further characterized.

Figure 12. Bright field pictures of FAPbBrs PNP:PS films (volumetric ratio 1:10) whereby particles were
embedded without washing, and with washing with THF and DCM before embedment, respectively.
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Figure 13. MAPbBr; PNP:PS films (volumetric ratio 1:5) films investigated in fluorescence mode whereby, a)
PNPs were embedded without washing and b) PNPs were washed with THF before embedment.

Next, concentrated PNP-PS films were made in order to establish the influence of the washing
procedure on the PNP PL properties. The PLQY values and the maximum emission
wavelengths of PNP-PS film fabricated from untreated as well as the corresponding THF
washed PNPs can be found in Table 11. Figure 14 shows the corresponding concentrated
films under illumination with UV-light.

Table 11. Results of pristine PNP and concentrated PNP-polymer films fabricated from dispersions made of
unwashed and THF washed PNPs.

perovskite PLQY /% em Amax/
composition solvent Polymer PLQY /% after 7 nm
days
MAPDbBr3 toluene - 98 - 523
MAPbBr3 toluene PS 86 - 523
MAPbBTr3 toluene PMMA 88 - 522
MAPDbBr3 toluene (THF washed) - 72 - 522
MAPbBr3 toluene (THF washed) PS 84 - 522
MAPDbBr3 toluene (THF washed) PMMA 89 - 523
FAPbBr; toluene - 89 84 535
FAPbBrs3 toluene PS 84 85 533
FAPbBr; toluene PMMA 88 - 533
FAPbBr; toluene (THF washed) - 86 79 534
FAPbBrs; toluene (THF washed) PS 88 86 532
FAPbBrs3 toluene (THF washed) PMMA 89 - 532

Katharina Matura 34



JXU

JOHANNES KEPLER
UNIVERSITY LINZ

untreated THF washed

FA MA FA MA

} ! PS
/ i -—
AN ks

Figure 14. Pristine PNP films and concentrated polymer films fabricated from untreated and THF washed
FAPbBrs and MAPbBrs PNPs shown under illumination with UV light at 254 nm.

Compared to the properties of the untreated PNPs the PLQY values of the pristine THF
washed PNP films slightly decreased whereas the corresponding emission wavelengths
remained similar for both FAPbBr; and MAPbBrs PNPs. Interestingly, for THF washed PNPs
embedded into a polymer (PS or PMMA) PLQY values were acquired that match the values
of untreated PNPs. Moreover, the PLQY values of the both untreated and treated FAPbBr;
PNP-PS films did not change when being measured after 7 days. In contrast to this, the pristine
PNP films especially the ones using THF washed PNPs showed decreased PLQY values.
This suggests, that the PNPs could be protected from ambient influences that could cause

aging effects and damage to their high-quality initial properties.

3.8. Low-Temperature Photoluminescence spectroscopy

For this work low-temperature photoluminescence measurements were conducted in order to
examine if the THF washing procedure has somehow influenced the PNPs with respect to
their photoluminescence emission spectra. In this chapter, untreated and THF washed PNPs
are compared according to their PL emission spectra, the PL temperature dependence and

the relation of emission spectra to the PNP concentration within a PNP-polymer film.

3.8.1. Temperature dependence of PL emission spectra

In general, the peak shape of PL emission spectra is primarily affected by electron-hole pair
(exciton) recombination. Beside this, the particle size distribution, trap states and exciton-

phonon interactions are also contributing to the PL emission appearance®.
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In course of the low temperature PL measurements the same trend could be observed for all
sample films including unwashed and THF washed PNP-polymer films in all orders of dilution.
An exemplary PL spectrum of one concentrated and one diluted PNP-polymer film measured
at different temperatures is shown in Figure 15. The inset presented in Figure 15 shows the

integrated PL intensity and the FWHM of the PL spectra measured at the respective

temperature.
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Figure 15. PL emission spectra measured at different temperatures temperature-dependent
photoluminescence spectra, the corresponding integrated PL intensity as well as the full width at half
maximum (FWHM) of THF washed FAPbBrs PNPs embedded into PS in a) a volumetric ratio of 5:1 and b)
1:10. The spectra were recorded at an excitation wavelength of 405 nm.
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For all measurements, it was observed that for increasing temperature, the emission maxima
shifted towards lower wavelength (blue shift), which can be seen exemplarily in Figure 15.
Additionally, the full-width half maximum increased toward higher temperature while the
integrated PL intensity decreased from 4 K to 295 K. These trends were measured for all PNP-
polymer sample films. The observed decrease in integrated PL intensity is mainly explainable
by the presence of trap states and surface traps in PNP-polymer films. At higher temperature
those traps states more strongly interact with the excitons and therefore have a greater
influence on the PL intensity at higher temperatures, which is also known as thermal

quenching!'®l,

For all PNP films the symmetry of the PL peak increased with decreasing temperature. In
Figure 15 a) one can see a shoulder at higher wavelength for all temperatures but observed
only for diluted PNP-PS films (1:5,1:10,1:20). This effect might be attributed to the fluorescent
behaviour of glass that has a maximum emission wavelength of approx. 600 nm. As for higher
order of dilution the PL intensity decreases the glass fluorescence is more dominant than for

more concentrated films.

It is important to note that the band gap energy E4 of conventional semiconductors typically
decreases upon a temperature increase due to enhanced electron-phonon interactions and
thermal expansion of the crystal lattice. Consequently, a red shift of emission spectra is
observed for most semiconductors!'. In contrast to this, bulk perovskite films are reported to
show a rather unusual shift of PL towards the lower wavelength regions upon increasing the
temperature??l. This blue shift could be explained by the thermally induced expansion of the
crystal lattice leading to a change in potential energy of the valence band maxima and the
conduction band minima. Here, the interaction of the two valence orbitals is reduced and
therefore the band gap energy is increased?!. However, the full explanation of the
temperature dependent shift is still heavily under discussion and therefore further research is

necessary.

3.8.2. Comparison of PL emission spectra of untreated and THF washed
PNP-polymer films
Previous research has indicated an observed blue shift in PL spectra for small CdSe quantum
dots (QD) compared to larger CdSe QDs/??. In this study, the PL emission spectra of THF
washed and unwashed PNPs showed a similar effect, whereby the THF washed PNPs appear
to be present in smaller PNP cluster sizes compared to the unwashed PNPs (see Figure 16).
Additionally, the PL emission spectra of THF washed PNPs exhibits a larger full width half
maximum (FWHM) compared to the PL spectra of unwashed PNPs. This difference in FWHM
might be explained by THF washed PNPs having a larger PNP size distribution. Another
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possible explanation for this effect could be that due to the THF interaction the energy transfer
from small to bigger PNPs is hindered and consequently, the spectrum gets broader at the

high energy side.

FAPDbBr,; PNPs
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Figure 16. PL emission spectra measured at 4 K of unwashed and THF washed PNPs embedded into PS
in a volumetric ratio of 1:20. The arrows are pointing to the respective emission maxima.

3.8.3. Influence of PNP concentration on PL emission spectra

In Figure 17 the PL spectra of THF washed and unwashed PNPs embedded into PS at
different volumetric ratios are illustrated. As clearly visible in Figure 17, with increasing
concentrations of PNPs (THF washed and unwashed) in the polymer the PL spectrum shows
an increasing red-shift. This concentration dependent spectral red-shift also known as inner
filter effect (IFE) is well-studied for solution PL measurements but less researched for solid-
film samples!?®l. Considering sample dispersions, this effect originates from the concentration
dependent change of the dielectric constant of the surrounding of the PNPs as well as the
Forster Resonance Energy Transfer (FRET)?¥. For solid-state dispersions Koc et al.l?
reported that highly concentrated quantum dot (QD) films involving QD clusters show PL
spectra which are red-shifted compared to spectra of diluted solid film samples. The authors
attribute this phenomenon to increased FRET interactions in QD clusters, which are not
observed for isolated QDs in dilute solid-state dispersions. For PNP clusters a similar
behaviour could be expected which can account for the red-shift observed at higher PNP
concentrations. Since this red-shift was observed for both the THF washed as well as the
unwashed PNP films, this trend could be most likely attributed to a photon reabsorption of the
emission of smaller PNPs by larger PNPs or PNP agglomerations leading to higher

wavelength emission or further FRET interactions before the photons are emitted.!?*!
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Figure 17. PL emission spectra measured at 4 K of a) THF washed and b) unwashed PNPs embedded into
PS in different volumetric ratios.

3.9. Time-correlated single photon counting measurements

3.9.1. Influence of emission wavelength on PL lifetime of PNP-polymer films

After the examination of steady-state PL emission spectra, time-resolved measurements were
conducted in order to investigate if the unwashed and THF washed PNPs embedded into a
polymer show any difference in dependence of the PL lifetime on the emission wavelength.

Figure 18 displays an exemplary depiction of the PL decay curves obtained from the TCSPC

measurements of THF washed and unwashed PNPs.
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Figure 18. Comparison of the PL decay curves of FAPbBrs PNP:PS (1:20) films at different emission
wavelengths with excitation @ 415 nm measured at 4 K. — The emission maximum (marked bold) of (a)
sample film using THF washed PNPs lies at 543 nm and for (b) the unwashed PNPs at 545 nm.
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Figure 18 shows the comparison of PL decay curves of two sample films using (a) THF
washed PNPs and (b) unwashed PNPs, respectively. The PL decay curves were measured
at different emission wavelengths at 4 K, whereby the emission maximum is marked bold in
the legend of the graph. In general, it was observed that when going from the lowest measured
emission wavelength to the emission maximum the PL lifetime increases. This trend was
measured for both unwashed and THF washed PNP:PS sample films for all orders of dilution
and at every measured temperature. When measured at 4 K a slight increase in PL lifetime
for emission wavelengths above the maximum was observed. Additionally, the PL decay
curves for all selected emission wavelengths of every sample exhibit two decay components:
a fast and a slow decay component, as seen in Figure 18 a) and b). Considering
measurements at higher temperatures, the decay curves show both a fast and a slow decay
component at lower emission wavelengths measured for all orders of dilutions (see
Figure 19). At the PL maximum and above it only the slow component appears to be present.
Moreover, for PL decay curves measured at 295 K the shape of PL decay curves measured
above the emission maximum do not change significantly. Therefore it is assumed that also

the PL lifetime remains the same.
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Figure 19. Comparison of the PL decay curves of FAPbBrs PNP:PS (5:1) films at different emission
wavelengths with excitation @ 415 nm measured at 295 K. — The emission maximum (marked bold) of (a)
sample film using THF washed PNPs lies at 530 nm and for (b) the unwashed PNPs at 531 nm.
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3.9.2. Dependence of PL lifetime on PNP concentration within a PNP-polymer

film
To study the dependence of PL lifetime on the PNP concentration within a polymer film it is
assumed that the size PNP agglomerates could be sufficiently reduced by the THF washing
procedure. In this respect, the PNP-polymer films are considered to show a sufficiently fine
and homogenous distribution of PNPs utilizable for further PNP concentration dependence

studies.

When measuring at 4 K with an emission at 10 nm below the maximum wavelength, the PL
lifetime slightly increases for THF washed PNPs with rising order of dilution (see Figure 20 a)).
A similar trend has been previously reported in literaturel'¥. It was stated that the PL lifetime
showed a significant increase for decreasing PNP concentration. The reason for this effect
might be that by increasing the order of dilution within a PNP-polymer film the average
distance between two PNPs can be increased. Due to this increase in distance the possibility
for an inter-particle energy transfer to happen is decreased. These energy transfers serve as
a fast alternative relaxation pathway besides radiative recombination and lead to a steep
decrease in PL intensity (fast decay component) during the first nanoseconds of the PL decay
function when observing the PL at the high-energy side of the ensemble emission spectrum.
If there is only a low tendency of energy transfers between the particles due to an increased
distance, the PL intensity will decline slower. Consequently, higher values for the PL lifetime
are obtained!". Even though for this work the same concentration dependence was seen, the
observed trend was not as enhanced as it would be expected from literaturel'¥. Possibly, still
smaller clusters are present in the sample films which would lead to a slightly reduced effect

of the energy transfers. Consequently, the effect on the PL lifetime is more difficult to detect.
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Figure 20. PL decay curves of differently diluted PNP-polymer films measured at the respective maximum
emission wavelength - In a) the PNPs used for the fabrication of the PNP-polymer film were washed with
THF and in b) the PNPs were used unwashed.
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Another point which does not support the explanatory approach from literature!™! is that when
measuring at 295 K no change in PL lifetime was seen for increasing the degree of dilution in
the PNP-polymer films (see Figure 21 a)). According to Crooker et al.['¥ the mentioned energy
transfers should only depend on concentration rather than on temperature. Hence, anincrease
in PL lifetime should also be expected at 295 K. In contrast to this, the unwashed FAPbBr3
PNPs-polymer films measured at the respective wavelength showed a similar PL lifetime for
all concentrations at 4 K. In Figure 20 b) the PL decay curves of the unwashed PNP are
presented, whereby the film with the voluemtric ratio 1:20 seems to show a longer PL lifetime
compared to the other films. This observation might correspond to a slight displacement of the
decay onset in the curve of the sample with a dilution of 1:20, while the PL decay time is similar
to the more concentrated films. Figure 21 b) presents the PL decay curves measured at
295 K. Here, it can be clearly seen that the PL lifetime does not change for differently diluted
PNP-polymer films. A possible explanation for this observation might be that untreated
PNP:PS films showed a characteristic formation of PNP clusters for all volumetric ratios in
contrast to the treated PNPs. Consequently, for these films only the concentration of clusters
was changed, whereas the cluster size was unaltered throughout the sample films and the
PNPs were still interacting due to their close vicinity. Hence, when measuring PNP-polymer
films (unwashed) of different concentration, the laser beam hitting the films might has been
fixed on a spot with higher density of PNP clusters. Consequently, similar PL lifetimes were

obtained for different concentrated PNP:PS films by the measurements.
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Figure 21. Comparison of the decay curves of FAPbBrs PNP:PS films with excitation @ 415 nm and PL
measured at the respective emission maximum wavelength - a) the PNPs used were washed with THF and
b) the PNPs were used unwashed.
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3.10. Influence of magnetic field on PL intensity of finely
distributed PNP thin films

In order to study the effect of the magnetic field on the PL intensity of the prepared diluted
THF washed PNP-polymer thin films, measurements in a PPMS measurement system were
conducted. The obtained PL spectra measured at 4 K and at different magnetic field strengths
are shown in Figure 21. Interestingly, when applying a magnetic field of 9 T the PL intensity
decreased by 3.8 % for the FAPbBr; PNP:PS (1:5, THF washed) film and 2 % for the FAPbBTr;
PNP:PS (1:10, THF washed) film, as seen in the insets of the respective graphs. A decrease
of the PL intensity upon application of an external magnetic field has been reported by Pavliuk
et al.? for CsPbBrs; nanocrystal dispersions, although with a much stronger decrease in
intensity of ca. 15 % and already at lower magnetic field strengths of 500 mT. The authors
explained this decrease by a magnetic field dependent modulation of the triplet excited state
population which act as non-radiative channels?. A similar decrease of PL intensity by ca.
1 % in a magnetic field of ca. 300 mT has been reported for bulk perovskite films by
Hsiao et al?®. They also attributed this decrease to suppression of the spin state mixing by
the magnetic field which leads to an increase of the population of parallel spins in electron-
hole pairs thus increasing the non-radiative triplet population?®. As a consequence, the PL

intensity is decreased®.
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Figure 22. Averaged PL emission spectra measured several times at the respective magnetic field strength.
The PL emission spectra correspond to a) a FAPbBrs PNP:PS film (THF washed, 1:5) and b) a FAPbBr3
PNP:PS film (THF washed, 1:10). The inset in both panels shows the relative decrease of integrated PL
intensity vs. the applied magnetic field strength.
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4. Conclusion

The aim of this work was to distribute highly-fluorescent perovskite nanoparticles in
homogenous and fine way in a polymeric matrix. It has been shown that the most promising
PNP-polymer films in terms of compatibility and stability were prepared by PNPs dispersed in
toluene embedded into polystyrene or polymethyl methacrylate. However, for this combination
of PNPs, solvents and polymers a treatment method was necessary to reduce the size of PNP
agglomerates before embedding the PNPs into the polymers. By washing the PNPs with THF
the sizes of the PNP clusters could be visibly reduced without altering the PNP’s original high-
quality photoluminescence properties including PLQY and emission maximum. Additionally,
the study showed that the untreated and THF washed PNPs exhibited similar trends
concerning the temperature dependence of the PL emission spectra as well as the influence
of the emission wavelength on the PL lifetime. The research has revealed that the PL lifetime
of PNP-polymer films slightly increases with increasing order of dilution, whereby this effect
was only observed for THF washed PNPs measured at low temperatures. Furthermore, it was
found that the PL intensity of diluted PNP-polymer films using THF washed PNPs decreased

by approx. 2-4 % when an external magnetic field was applied.

In course of this study a significant challenge were the fluctuating initial PLQY values of the
PNP stock dispersions as well as their varying behaviour towards the solvents THF and DCM.
Therefore, it would be highly recommended to further optimize the PNP synthesis procedure
to obtain PNP batches with reproducible properties. Additionally, also the water content of the
used solvents should be determined to ensure a reproducible PNP-solvent interaction. Even
though in this study the size of PNP agglomeration could be significantly reduced, single
nanoparticles could not be reliably separated. Therefore, it is highly recommended to do
further research on the treatment method for PNP agglomerates.

Overall, PNP-polymer films show a promising distribution of PNPs in the polymeric matrices
leading to highly interesting spectroscopic effects. These results suggest that the PNP-
polymer films can be a basis to study the PL behaviour of single perovskite particles and
besides this, the sample films show a great potential for the use in specific application, as for
instance in LEDs.
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5. Appendix

5.1. Chemicals

Table 12. List of solvents used in this study.

J

YU

JOHANNES KEPLER
UNIVERSITY LINZ

No. Chemical Abbreviation I g mol” Purity Supplier
1 Methanol MeOH 32.04  ACS, Reag. Ph. Eur. VWR
2 Ethanol EtOH 46.07  ACS, Reag. Ph. Eur. VWR
3 2-Propanol i-PrOH 60.10  ACS, Reag. Ph. Eur. VWR
4 Acetonitrile ACN 41.05 299 % VWR

Dimethyl 299.5% Sigma-

S sulfoxide DMSO 78.13 Aldrich
6 Chloroform CHCly 119.38 99 % VWR
99.8 % Sigma-

7 Ethyl acetate - 88.11 Aldrich
8  Dichloromethane DCM 84.93 299.8 % Merck
9  Tetrahydrofuran THF 7211 ACS, Reag. Ph. Eur. VWR

10 Diethyl ether Et.O 74.12 >299.7 % VWR

11 toluene - 9214  ACS, Reag. Ph. Eur. VWR

Table 13. Polymer used in course of this study.

No. Chemical Abbreviation Avg. M, / g mol Supplier
1 Polystyrene PS 350,000 Sigma-Aldrich
2 Poly(methylmethacrylate) PMMA 15,000 Sigma-Aldrich
3 Polyethylene glycol PEG 8,000 Sigma-Aldrich
4 Poly(vinylidene fluoride) PVDF 534,000 Sigma-Aldrich

. . ACROS

5 Poly(vinylpyrrolidone) PVP 58,000 Organics
6 Poly(vinyl alcohol) PVOH 89,000 - 98,000 Sigma-Aldrich

5.2. Further instruments

Table 14. Other instruments used.

No. Instrument Name and Supplier Settings
1 Centrifuge Hettich EBA 20 5 minutes at 50,000 rpm
equipped with a JB Industries Inc.
Plasma Cleaner PE-25 — Plasma Etch DV-
2 Inc. 142N - Platinum 5 CFM vacuum
pump,
used with Oz gas, at 100 W for 5 min
Ultrasonic . used with Hielscher MS1 UP50/100H
3 processor Hielscher UPS0H (with cycle: 1 and amplitude: 100 %)
4 Ultrasonic bath VWR Ultrasonic -
Cleaner
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