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Porphyrin Functionalization of CsPbBrl,/SiO, Core—Shell
Nanocrystals Enhances the Stability and Efficiency in

Electroluminescent Devices

Jan Wahl, Manuel Engelmayer, Mukunda Mandal, Tassilo Naujoks, Philipp Haizmann,

Andre Maier, Heiko Peisert, Denis Andrienko,* Wolfgang Briitting,* and Marcus Scheele*

Surface ligand exchange on all-inorganic perovskite nanocrystals of composi-
tion CsPbBrl, reveals improved optoelectronic properties due to strong inter-
actions of the nanocrystal with mono-functionalized porphyrin derivatives.
The interaction is verified experimentally with an array of spectroscopic meas-
urements as well as computationally by exploiting density functional theory
calculations. The enhanced current efficiency is attributed to a lowering of
the charging energy by a factor of 2-3, which is determined by combining
electronic and optical measurements on a selection of ligands. The coupled
organic—inorganic nanostructures are successfully deployed in a light-emit-
ting device with higher current efficacy and improved charge carrier balance,
magnifying the efficiency almost fivefold compared to the native ligand.

1. Introduction

Lead-halide perovskite-based light-emitting devices (LEDs),
both all-inorganic (e.g., CsPbXj; X = Cl, Br, I) and hybrid (e.g.,
MAPbX;; MA = methylammonium) variants, recently made
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significant advances with regards to effi-
ciency.'¥ Perovskite nanocrystals (NCs)
are particularly promising for realizing
LEDs due to their unique properties.
Specifically, the large surface area of NCs
offers numerous possibilities for function-
alization with a variety of surface ligands.
Therefore, a major challenge toward
advancing nanocrystal-based LEDs is the
search for a suitable functionalization. A
suitable ligand can modify the NCs, and
vice versa, in a variety of ways, which can
be exploited to prepare novel materials
that fit specific needs. This has previously
been shown on well-characterized nano-
particle systems and is providing the foun-
dation of the present work, which focuses on the enhancement
of the optoelectronic properties by exchanging the native ligand
shell with porphyrin-based ligands.>- In the case of perovskite
nanocrystals, a ligand exchange is inherently difficult due to
the instability of the particles against polar environments.
However, it holds the potential of improving crucial param-
eters such as conductivity, stability, and device efficiency.! In
practice, this is realized by introducing a ligand with a higher
binding affinity to the surface, which can lead to more stable
NCs.l Additionally, the electronic coupling between NC and
ligand can be adjusted and subsequently used to modify the
optoelectronic properties at the interface.>*# Following this
rationale, we introduce a series of novel surface ligands, i.e., the
semiconducting  5-monocarboxyphenyl-10,15,20-triphenylpor-
phyrin and its metalated analogs, in an attempt to improve both
stability and current efficiency. Porphyrins have already shown
improved efficiency in perovskite-based light harvesting devices
as an intermediate layer, which makes them a suitable candi-
date for functionalized hybrid materials.*'®! Here, we investi-
gate how this surface ligand affects key parameters of CsPbBrI,
NC-based LEDs, namely, the current efficacy and turn-on
voltage. To this end, we demonstrate how exchange with this
porphyrin surface ligand becomes possible without deterio-
rating the perovskite nanocrystal by stabilizing the surface with
a thin silica shell prior to ligand exchange. We show the effects
of the porphyrin on the absorption, fluorescence, and electrical
transport in macroscopic thin films of the exchanged NCs and
find a significant suppression of parasitic ionic transport, an
increased crystal phase stability, reduced fluorescence lifetime
as well as bright and narrow electroluminescence at 650 nm.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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In LEDs, these CsPbBrl,@SiO,@porphyrin hybrid NC mate-
rials exhibit improved current efficacies, which we attribute to a
reduction of exciton quenching and an improved charge carrier
balance.

2. Results and Discussion

2.1. Structure and Core-Shell Synthesis

We find that exchange with ligands bearing polar functional
groups on perovskite NCs is inherently difficult. To overcome
this, we synthesized a silica shell (SiO,) around the perovskite
core to enhance its stability (details in Figure S3, Supporting
Information).’! To monitor the particle and superstructure
morphology during the preparation process, scanning electron
microscopy (SEM) and atomic force microscopy (AFM) meas-
urements were taken before and after the shell growth, which
displayed homogeneous, well-defined thin films with a thick-
ness of =15-19 nm, corresponding to =1 monolayer of NCs. By
comparing the images before and after the shell growth, we find
an increase of the particle diameter from d;, = 8.9 £ 1.2 nm to
dy =10.9 + 1.4 nm. This suggests that a silica shell with a thick-
ness of =1 nm was synthesized (Figure Sla,b, Supporting Infor-
mation). These NCs will be referred to as “CsPbBrI,@SiO, @
OAOAm” from here on. Further images, size distributions and
spectroscopic analyses are given in Figures S1 and S2 (Sup-
porting Information). The expected improvement in stability
is especially beneficial for the functionalization with a polar
ligand, like metal-(5-monocarboxyphenyl-10,15,20-triphenylpor-
phyrin) (mMTPP, Figure 1b).

The semiconducting character and interaction as an inter-
mediate layer in perovskite devices predestine this porphyrin
as a promising class of surface ligand and was subsequently
used to functionalize the SiO,-coated nanocrystal.*% After

www.advopticalmat.de

functionalization with the organic semiconductor, no apparent
changes in morphology could be observed as the particles
maintained their cubic shape and size (Figure 2b), indicating
that the ligand preserves the structural integrity. These NCs will
be referred to as “CsPbBrI,@SiO,@mMTPP” from here on.
In the following, all characterization methods were carried out
on CsPbBrI,@SiO, NCs, except the density functional theory
(DFT) calculations, which were done without consideration of
the shell. However, it is likely that the SiO, shell may be par-
tially incomplete or contain voids as the exact structure, homo-
geneity, and coverage are unknown.

2.2. Ligand Exchange

The solution-based ligand exchange with different mMTPP
derivatives (Figure 1b) was monitored by nuclear magnetic
resonance (NMR) (Figure 1a). Conveniently, a peculiarity of the
iodide containing perovskites is the catalysis of amide forma-
tion,l which we use here to monitor the exchange. The char-
acteristic amide peak at =4.6 ppm experienced a clearly visible
upfield shift, which is commonly attributed to a detachment
of the native ligand.¥] Additionally, a downfield shift for the
proton peaks in the characteristic porphyrin region (7.5-9 ppm)
suggests successful binding of the desired ligand.

Because mMTPP is significantly more polar than oleic acid
(OA) and oleylamine (OAm), the surface dipole moment is
expected to change upon introducing the novel ligand, hence
shifting the absolute energy levels, depending on the strength
and orientation of said dipole moment.’! Generally, a reduc-
tion of the surface dipole, i.e., if it is (partially) lowered by
the attached ligand, the energy levels of the NC are shifted to
lower energies.”! Because mMTPP has a pronounced 7-system
and an asymmetric functionalization, it provides an intrinsic
dipole moment. This dipole is directed contrary to the surface
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Figure 1. a) NMR analysis of the ligand exchange with mZnTPP. Shown are the regions for the characteristic porphyrin (7.5-9 ppm), amide proton
(4.4-4.6 ppm), and the caesium oleate (2.2-2.25 ppm) peaks. b) Structure of the metal-(5-monocarboxyphenyl-10,15,20-triphenylporphyrin)derivatives
described throughout this work. c) UPS of thin films before (blue) and after (red) ligand exchange. The inset displays the derivative. d) Corresponding
electronic structure of the films, shown are the work functions (red) and band gap energies (blue). The values are referenced against the instrument
Fermi level. Overview spectra of the NMR and UPS measurements can be found in Figures S4 and S5 (Supporting Information).
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Figure 2. SEM images of CsPbBrl, nanocrystals showing the preservation of the structural integrity during the preparation and ligand exchange pro-
cesses. a) Untreated CsPbBrl, NCs without inorganic shell, and b) after the shell synthesis and ligand exchange with the porphyrin (CsPbBrl,@SiO,@

mZnTPP). Scale bars correspond to 500 nm.

dipole moment of the NCs and is thus able to partially com-
pensate it. We find a shift of the Fermi level by 0.5 eV to lower
energies in the case of zinc-(5-monocarboxyphenyl-10,15,20-
triphenylporphyrin) (mZnTPP) (Figure 1c,d), confirming the
electronic interaction of the NCs and the novel ligand. In both
native and porphyrin-functionalized cases, however, the Fermi
level remained in the middle of the respective band gap, indi-
cated by the same onset of the valence band maximum (inset of
Figure 1c), which can be understood as an indicator for preser-
vation of the valence electronic structure.

2.3. Optical Properties

The native CsPbBrI, @ SiO,@OAOAm sample exhibits the typ-
ical spectroscopic features for this composition and a quantum
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yield of ~60%. The absorption spectra (Figure 3a) confirm the
preservation of the first excitonic transition from the valence
state (1Sy) to the conduction state (1S.) of the NCs as the onset
of the absorption is independent of the amount of ligand
added. Nevertheless, increasing the ligand content leads to
more pronounced characteristic absorption peaks, namely, the
Q-bands of the porphyrin. Strikingly, these bands are shifted to
lower energies when compared to an isolated mZnTPP sample.
This can be attributed to a pronounced interaction between the
particle and ligand since porphyrins are very sensitive towards
electronic changes in their periphery.

By comparison with the photoluminescence (PL) spectrum
of pure mZnTPP (spectra shown in Figure S6, Supporting
Information), we verify that the emission of the mixed solution
originates purely from the perovskite NCs. Upon addition of
mZnTPP, we observe a redshift in the emission by 6 meV and
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Figure 3. a) UV-vis and b) photoluminescence (PL) in toluene with different stoichiometric amounts of mZnTPP added. c) Solid-state absorption and
PL. d) Exciton lifetime measurement of native and exchanged samples in both solution and on a glass substrate.
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Table 1. Measured photoluminescence lifetimes (%) of CsPbBrl,@SiO, samples on glass and in solution. The values were obtained by fitting the PL
decay with a triexponential function. The goodness of the fit is given as the R-squared factor (R?).

Ligand Solution Solid state
Lifetime 7 [ns] Lifetime 7 [ns] R?
U . 73 Kl ] ]
OAOAmM 2.89 13.82 39.27 0.99985 1.09 6.59 22.46 0.99971
mZnTPP 2.25 12.93 34.06 0.99983 0.84 4.80 17.34 0.99957

a decrease in quantum yield (QY) as indicated by the reduced
emission intensity (Figure 3b). Moreover, fluorescence life-
time measurements display 30% shorter lifetimes after ligand
exchange (Table 1), indicating an enhanced interaction between
particle and ligand. The redshift in the emission spectra can
be explained by a spatial extension of the exciton wavefunction
onto the ligand, a changed dielectric environment or a combi-
nation of both. Likewise, the shorter fluorescence lifetime can
be rationalized as follows: by extending the excitonic wave-
function onto the ligand, the quantum confinement is low-
ered which results in decreased exciton binding energies.[*1]
The lowering of the quantum confinement thus destabilizes
the exciton, yielding decreased PL lifetimes. This is consistent
with the observed behavior in the solid state where the nearest
neighbor interaction enhances the said effect, resulting in a
bathochromic shift from 635 to 650 nm (Figure 3c) and a fur-
ther reduction of the lifetime by a factor of 2-3 (Figure 3d and
Table 1). Additionally, a separation of excitons can occur in the
system, as the conduction state (1S.) is shifted onto the ligand
in the CsPbBr,@SiO,@mZnTPP NCs (Figure 5d). Long-lived
excitons can thus be split and are able to recombine nonradia-
tively on the ligand. Especially porphyrins are known for pro-
viding a variety of radiationless transitions.'®l This scenario
would also invoke a decrease in PL lifetime and QY.

2.4. Electronic Properties

As perovskites are both electronic and ionic conductors, both
transport pathways need to be considered. This can be effec-
tively described by a parallel connection of an electronic (pg)
and ionic resistance (p;o,)!"*

1 1 1

=—+— (1)
Pgim  Pa Pion

To derive p, from Equation (1), the ionic part has to be
eliminated. As the ionic contribution behaves like a capacitor,
it can be saturated by a potentiostatic measurement, i.e., if a
constant voltage over a prolonged period of time is applied.
By combining a standard current-voltage curve to obtain the
film resistance (pg,) and the potentiostatic measurement for
Pe, the specific resistances with varying ligand content were
analyzed (Figure 4a). The resistance of the system increases dra-
matically if 0.5 or more equivalents of mZnTPP are added. The
most probable reason is a saturation of the NC surface and the
allocation of free, excess ligand between the particles. At lower
stoichiometric additions, the ratio pg/p;,n decreases, while the
overall film resistance stays constant (Figure 4b). To validate

Adv. Optical Mater. 2022, 10, 2101945 2101945 (4 of 9)

these findings and further explore the conduction mecha-
nism, temperature-dependent conductivity measurements were
carried out. The results were fitted using an Arrhenius type
nearest neighbor hopping (NNH) model

Es
o (T)=0, exp{ kBT} 2)
with the conductivity 6y, Boltzmann’s constant kg, temperature
T, and the hopping activation energy E,. Upon mZnTPP-func-
tionalization, the activation energy in the exchanged system
was reduced by over 33% for the electron hopping, whereas
the energy for the ion transport did not change significantly
(Figure 4c, Table 2, and Figure S7, Supporting Information),
which further supports our claim of improved electrical proper-
ties of the mZnTPP ligand system.

We note that the temperature-dependent conductivity of
the native system cannot be described with a single linear fit,
which we tentatively attribute to a phase transition at around
290 K. To verify this assumption, the PL was additionally
monitored over the same temperature range (Figure 4d). Two
observations were evident, the emission peak shifted to lower
energies upon cooling the sample and the full width at half
maximum (FWHM) exhibited a maximum at 290 K. The shift
arises due to the thermal compression of the lattice and an
increased interaction between lead and halides, resulting in a
broadening of states at the valence band edge which reduces
the size of the band gap, this is consistent with previous reports
on perovskites.?'?2 Further, as the FWHM of the PL signal
is phonon-dependent and typically increases with tempera-
ture FWHMecexp{E;o/(kgT)}™, a necessity of the decrease in
broadening with higher temperature is a phase transition. Tang
et al. have investigated the electron—phonon coupling of dif-
ferent perovskite phases and their temperature dependent
behavior.?Zl They found the energy of the longitudinal optical
phonon in cubic nanoparticles to be two times larger than in
the corresponding orthorhombic counterparts, therefore, a tran-
sition from predominantly cubic (T > 290 K) to orthorhombic
(T < 290 K) could explain the decrease of FWHM as observed
in Figure 4.[23.24

2.5. Charging Energy

To clarify the origin of the altered optoelectronic properties, the
dependence of the conductivity on the charging energy (Ec) was
considered, which describes the energy required to introduce
charges in a nanocrystal. Following the modified Laikhtman—
Wolf model, Ec is defined as!?’!

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. a) Specific resistances of thin films with different ligand compositions. The electronic (red) and ionic (orange) contributions to the overall
ohmic resistance (blue) are shown. b) Ratio of electronic and ionic resistance at different stoichiometric values. Dotted lines represent the ratio of elec-
tronic and ionic activation energies obtained from temperature dependent conductivity measurements. c) Temperature dependence of the electronic
contribution with the corresponding fitting functions. The ionic contribution is given in Figure S7 (Supporting Information). d) Temperature-dependent
PL measurements. Position (left) and FWHM (right) of the PL peak in dependence of temperature.

EZ

. A—
2(Cs+n Cy)

3)
with the elementary charge e, self-capacitance C;, number
of nearest neighbors n, and the mutual capacitance C,. A
more detailed derivation of the components can be found in
Section S9 (Supporting Information).

To evaluate the main influence of the charging energy on
the charge carrier dynamics, the CsPbBrI,@SiO, NCs were
functionalized with mMTPP derivatives. Upon comparing the
measured, normalized specific resistance ratios (SRR) with the
charging energy Ec of the different systems, it becomes clear
that the improvement of the electronic properties follows the
same trend as E.- (Figure 5a, suggesting that the charging
energy has the main influence. Quantitatively, the charging
energy of the exchanged samples, displayed in Figure 5a,
is lowered by a factor of =2.4-3 compared to the CsPbBrl,@
SiO,@OAOAm NCs (see Table 3). We note that although
mMgTPP and mH2TPP showed beneficial electrical properties

Table 2. Results of the Arrhenius type NNH fit of the temperature
dependent conductivities. The electronic activation energy (Ex¥) and
ionic activation energy (EA°") were measured. In the case of the native
OAOAm ligand shell, the higher temperature fit was used. The ratio of
the energies was compared to the measured specific resistance ratio
(SRR) as shown in Figure 4b.

OAOAmM mZnTPP
Exc'[eV] 3.56 2.34
Epl°n [eV] 1.38 1.41
EpSl/EQn 2.57 1.65
Pel/Pion 3.2 1.5

Adv. Optical Mater. 2022, 10, 2101945 2101945 (5 of 9)

compared to mZnTPP, such as a better SRR and lower E, they
were found unsuitable for light emitting devices due to para-
sitic emission at longer wavelength (Figure 5b).

To probe the effect of the ligand used for surface function-
alization on the electronic structure of the NC/ligand hybrid
system, density functional calculations were carried out (see Sec-
tion 4, “DFT Calculations”, for computational details). As shown
briefly in Figure 5c¢,d, and in Figures S9-S12 (Supporting Infor-
mation) in more detail, a significant change in the nature of the
frontier orbital can be observed as a function of ligand. For the
aliphatic hexanoic acid ligand we find that, both, occupied and
empty molecular orbitals (MOs) reside over the inorganic core
(Figure 5c). The introduction of the porphyrin ligand and its
metalated derivatives, however, changes this significantly, and
we see that the low-lying vacant orbitals are exclusively over the
porphyrin moiety (Figure 5d). This shift of the 1S, state onto
the ligand and hence reduced exciton confinement can lead to
the aforementioned reduction in PL lifetime, and a decrease
in surface dipole moment (compare Figure 1). Considering the
porphyrin-functionalized NCs on themself, we see that in the
case of the mZnTPP system, the occupied orbitals H, H-1, and
H-2 (H = highest occupied MO or HOMO) reside almost entirely
over the NC core (Figure S9, Supporting Information). However,
the scenario changes once we switch to the other two porphyrin-
based systems. Accordingly, even for the occupied MOs, we find
significant density over the ligand for both the mMgTPP (see
the H-1 and H-2 orbitals; Figure S10, Supporting Information)
and the mH2TPP system (refer to the H, H-1, and H-2 orbitals;
Figure S11, Supporting Information). We hypothesize that this
partial extension of the occupied orbital over the ligand can
contribute toward the slightly favorable optoelectronic proper-
ties of mMgTPP and mH2TPP compared to those of mZnTPP.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) Normalized charging energy (Ec) and measured specific resistance ratios (SRR) for OAOAm and mMTPP (M = Zn, Mg, H2). b) Electro-
luminescence spectra of devices built with differently functionalized NCs. Note that samples prepared with mMgTPP and mH2TPP exhibit parasitic
emission at =725 nm. Frontier molecular orbitals of CsPbBrl, NC decorated with c) hexanoic acid as a mimic for oleic acid and d) mZnTPP ligands.

However, we hold these high-lying, ligand-based occupied
orbitals in mMgTPP and mH2TPP responsible for the parasitic
emission observed near 725 nm, more so because the low-lying
unoccupied orbitals, i.e., the 1Sy, state, is always located over the
ligand in the porphyrin-exchanged systems.

2.6. Optoelectronic Devices

The CsPbBrl,@SiO, NCs with and without ligand exchange
were deposited as the emitter material in the device stacks,
shown in Figure 6a, with a homogeneous perovskite NC film
as an emitting layer (see AFM image in Figure S13, Sup-
porting Information). We obtained electroluminescent devices
with a turn-on voltage of the current of =2.5 V (Figure 6b) and
a turn-on voltage of the luminance in the range of 3—4.5 V.
From this comparison, we find that the ligand exchanged NCs
exhibit almost the same luminance, but at lower current densi-
ties, which results in an improved current efficacy (Figure 6c¢).
Overall, the peak current efficacy could be enhanced by a factor
of 4.65 and the necessary current density to reach the peak

Table 3. The calculated molecular polarizabilities of the different ligands
in atomic units [au], OAOAm refers to the native system, mZnTPP,
mMgTPP, and mH2TPP refer to the zinc, magnesium, and metal free
derivative, respectively. The calculated dielectric constants as well as the
charging energies (Equation (3)) are shown as well.

Polarizability [au]  Dielectric constant ~ Charging energy [meV]

OAOAm =240 2.5 8.62
mZnTPP 808 44 438
mMgTPP 809 49 3.72
mH2TPP 797 5.1 3.49
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efficacy was also lowered by approximately one order of mag-
nitude. This could indicate that the ligand exchange leads to
reduced quenching of excitons, i.e., the injected charge carriers
are not lost during injection. Additionally, we find that the max-
imum current efficacy for the systems was located either at the
onset or at higher current densities for mZnTPP and OAOAm,
respectively. A possible explanation is an improved charge
carrier balance in the exchanged system. We attribute both
phenomena to the lower charging energy in the porphyrin-
functionalized system.

3. Conclusion

To summarize, we successfully performed ligand exchange
with mMTPP (M = Zn, Mg, H2) derivatives on all-inorganic
core—shell CsPbBrl,/SiO, nanocrystals with a core size of
9 nm while maintaining the structural integrity of the parti-
cles. We found the optoelectronic properties of the system to
be highly controllable with the nature and amount of ligand,
suggesting significant electronic interaction between nanopar-
ticle and ligand. This is also evidenced by a decrease of the first
excitonic transition energy and photoluminescence lifetimes,
where a dislocation of the 1S. state onto the ligand could be
identified as the main driving force. Additionally, the composi-
tion of the measured current, namely, the electronic and ionic
contribution, was found to be dependent on the dielectric con-
stant of the ligand. We hold a decrease of the charging energy
and the manifestation of a compensating dipole moment at
the NC interface responsible for the observed smaller elec-
trical resistance. Temperature-dependent photoluminescence
measurements indicated an increased phase stability of the
ligand-exchanged perovskite nanocrystals. These improvements
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Figure 6. a) Typical stack design used for the characterization of CsPbBrl,@SiO, NC-based light-emitting devices. b) Typical current-voltage—lumi-
nance (jVL) characterization curve, with the current density and luminance shown as a solid and dashed line, respectively. c) Measured current efficacies
of native and exchanged perovskites in electroluminescent light-emitting devices. The efficiency curves were obtained by averaging over five different

samples, each consisting of four pixels.

of the optoelectronic properties could be used to prepare light-
emitting devices with enhanced current efficacy.

4. Experimental Section

Materials: 1-Octadecene (ODE), technical grade, 90%, Sigma
Aldrich; OA, 97%, Acros Organics; OAm, 80-90%, Acros Organics;
caesium carbonate (Cs,CO;), 99.99% (trace metal basis), Acros
Organics; lead(ll)iodide (Pbl;), 99.999% (trace metal basis), Sigma
Aldrich; lead(ll)bromide (PbBr;), 298%, Sigma Aldrich; tetramethyl
orthosilicate (TMOS), 99%, Acros Organics; toluene, HPLC grade,
99.8%; toluene, 99.8%, extra dry, AcroSeal, Acros Organics; ethyl
acetate, ACS reagent, >299.5%, Sigma Aldrich; mZnTPP, TriPorTech;
magnesium-(5-monocarboxyphenyl-10,15,20-triphenylporphyrin),
98%min, PorphyChem; (5-monocarboxyphenyl-10,15,20-
triphenylporphyrin), 98%min, PorphyChem; poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (Al4083 or
CH8000), Clevios, Heraeus Epurio; poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
(4,4-(N-(4-sec-butylphenyl)diphenylamine)] (TFB), My, = 10 000-30 000,
Lumtec;  1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene) (TPBi),
>99.5% (HPLC), Lumtec.

Synthesis: The CsPbBrl, nanocrystals in this work were prepared by
following the literature on arrested metathesis reported by Protesescu
et al. with slight modifications.?! In a typical synthesis, two precursors
were prepared in separate flasks, one containing 203.5 mg (0.624 mmol)
Cs,CO; and 0.7 mL OA in 10 mL ODE. The second flask contained
116 mg (0.252 mmol) Pbl, and 46 mg (0.125 mmol) PbBr; in 5 mL ODE,
both flasks were dried under vacuum at 120 °C for 2 h. Immediately after
the addition of OA to the first flask, gas evolution was observed due to
the formation of carbonic acid which decomposes to water and carbon
dioxide, ultimately indicating the formation of caesium oleate. After
completion of the drying process, the flasks were set under nitrogen.

The caesium oleate flask was then heated to 150 °C to ensure
completion of the caesium oleate formation, visually observable by a
yellow-brownish color. Before injection, said solution was cooled to
120 °C. To dissolve the lead salts, 1 mL OA and 1 mL OAm were added to
the flask, the solution was heated to 160 °C after the salts were dissolved.
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Subsequently, 0.8 mL of caesium oleate precursor was quickly injected
into the lead halide solution under vigorous stirring. After allowing the
reaction to proceed for 5 s, the reaction was quenched by placing it in
an ice-bath.

The purification was carried out via centrifugation at 4000 rpm
for 12 min, the pellet was afterward redispersed in dry toluene under
nitrogen atmosphere.

The general procedure for the silica shell was based upon the
procedure published for CsPbBr; particles.l The thickness of the
as-synthesized shell could be tuned by using different amounts of
TMOS, commonly a ratio of 5:1 (TMOS:NC) was used. A 1:1 mixture of
wet and dry toluene was used as a solvent, since water is the initiator
for the polymerization. After 72 h reaction time, the solution was again
centrifuged at 2000 rpm for 2 min to remove unwanted larger particles
and agglomerates. The supernatant was subsequently transferred
to a fresh vial to obtain a stable colloidal nanoparticle dispersion. If
necessary, the nanoparticle dispersion was afterwards filtered with a
200 nm syringe filter.

Ligand Exchange: The ligand exchange was carried out in solution
by using a defined solution of MMTPP in toluene and adding specific
volume to the NC dispersion. Upon addition, an immediate color
change was observed.

The solutions, exchanged as well as native, were then used as
prepared or washed with ethyl acetate (EtAc), depending on the
desired analysis method. The washing step was carried out by adding
2 volumetric equivalents of EtAc to the NC dispersion followed by
centrifugation. The resulting precipitate was redispersed in toluene.

Spin-Coating and Vacuum Drying: Most characterization techniques
presented in this work were carried out in thin films of the as-prepared
NCs. The method of choice was spin-coating under inert atmosphere.
Usually, 100 uL of an =2 x 107 m solution (particle concentration
=0.7 x 1078 m) was casted onto a substrate (silica, gold, or device stack)
and left at rest for 30 s. The substrate was spun at 600 rpm for 30 s
with a ramp of 3 s. Because low spinning speeds were used, the spin-
coater was repeatedly started 2-3 times after the initial 30 s to remove
any residual solvent which remained at the edges. Subsequently, the
substrate was placed in vacuum for 15 min for drying.

Conductivity Measurements: Conductivity measurements were carried
out on 15 x 15 mm? silicon field-effect transistor (FET) substrates with
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gold contacts of different channel lengths 2.5, 5, 10, and 20 um obtained
from the Fraunhofer IPMS, Dresden. Prior to the film preparation,
the substrates were rinsed with acetone and subsequently cleaned
with acetone, deionized water, and ethanol in an ultrasonic bath for
5 min each. Following the film preparation, the substrates were mounted
on a custom-built sample holder under inert atmosphere which was
connected to a Keithley 2634B SYSTEM SourceMeter with 107° A (nA)
accuracy. Temperature-dependent conductivity measurements were
carried out inside a Lake Shore Cryotronics CRX-6.5K Probe Station
attached to a Keithley 2636B SYSTEM Source Meter with 1072 A (pA)
accuracy. In a typical film characterization, custom measurement scripts
were used.

Scanning Electron Microscopy: SEM was carried out with a HITACHI
SU8030 electron microscope operating with an acceleration voltage of
30 kV.

Ultraviolet Electron Spectroscopy (UPS): UPS measurements were
performed using a multichamber UHV system with a base pressure of
2 x 107'° mbar, equipped an ultraviolet source (UVS 300 SPECS) and
a Phoibos 150 hemispherical photoelectron analyzer with DLD detector.
Measurements were carried out with Helium | radiation (21.22 eV). The
films for UPS were prepared on silicon/silicon oxide or gold substrates.

NMR Spectroscopy: NMR measurements were performed on a Bruker
Avance |11 HDX 400, with a frequency of 400 MHz. Spectra were analyzed
with the Bruker TopSpin 4.0.2 software and plotted with MatLab R2020.

UV-Vis and Photoluminescence Spectroscopy (in Solution and Solid
State): Optical measurements were performed on a UV-vis—NIR
spectrometer (Agilent Technologies, Cary 5000) and a fluorescence
spectrometer  (PerkinElmer ~ FL8500). Both  systems contain
interchangeable sample holders for measurements in solution and solid
state. The fluorescence spectrometer additionally provides the possibility
of absolute quantum yield measurements in an integrating sphere.

Fluorescence Lifetime Measurements: The samples were excited via a
picosecond pulsed laser system (EKSPLA PT400) and measured with an
Acton Spectra-Pro 2300i spectrograph coupled to a Hamamatsu Streak
Camera C5680 for time-resolved spectral information.

Device Characterization and Current—Voltage—Luminance (jVL) Curves:
The electroluminescent devices were prepared on prestructured indium
tin oxide (ITO) which was cleaned with acetone and isopropanol in
an ultrasonic bath. Subsequently, a layer of PEDOT:PSS was spin-
coated. On top, a layer of TFB was applied, a solution of 5 mg mL™
in chlorobenzene was spin-coated at 3000 rpm and dried at 175 °C
for 30 min. The perovskite layer was prepared as described before.
Above the perovskite emitters, a layer of TPBi was deposited. As a top
electrode, calcium and aluminium were thermally evaporated onto the
sample. The substrates were divided to four subsections, each with an
active area of 2 X 2 mm?. The devices were measured in a custom-made
sample box attached to a calibrated photodiode for luminance, a two-
channel Keithley 2602B source-measure unit for powering the LED and
probing the electrical as well as optical output, and a JETI specbos 1211
for spectroscopic measurements. Data acquisition was carried out with
a custom written LabView program.

Atomic Force Microscopy: AFM was carried out with a Bruker
MultiMode 8-HR and a Bruker Dimension Icon, the obtained images
were analyzed using Gwyddion.

DFT Calculations: All computations were performed using the CP2K
8.1 program suitel”’] using the PBE exchange correlation functional,?®!
MOLOPT,?l DZVP basis set, and GTH pseudopotentialsi% for core
electrons. A dual basis of localized Gaussians and plane waves
(GPW) with a 350 Ry plane-wave cutoff was used for all calculations.
Grimme’s DFT-D3 protocol® was used to account for van der Waals
(VDW) interaction. SCF convergence criterion was set at 107 a.u. for all
calculations.

Initial geometries of CsPbBrl, nanocrystals were obtained by cutting
small cubes (=1.7 nm) from the bulk, exposing the CsX layer (X=Br, ) at
the surface and maintaining overall charge neutrality of the particle.323
All calculations invoked a periodic boundary condition. However, to
avoid spurious interaction with its periodic image, nanoparticles were
placed inside a large box of size 75 x 75 x 75 A% ensuring large vacuum
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layer above the surface of the NC. All structures were then optimized
in vacuum using the BFGS optimizer, setting a maximum force of
5 meV A~ (1.0 x 10* hartree bohr™) as convergence criteria.

The polarizabilities of native ligands as well as the different metal-
(5-monocarboxyphenyl-10,15,20-triphenylporphyrin)  derivatives  were
carried out at the PW91/def2-TZVP level with the ORCA software.?¥l The
geometries were optimized using a SCF convergence criterion of 107.
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