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We demonstrate a bicoloured metal halide perovskite (MHP) light
emitting diode (LED) fabricated in two sequential inkjet printing
steps. By adjusting the printing parameters, we selectively and
deliberately redissolve and recrystallize the first printed emissive
layer to add a pattern emitting in a different color. The red light
emitting features (on a green light emitting background) have a
minimum size of 100 pm and originate from iodide-rich domains in
a phase-segregated, mixed MHP. This phase forms between the first
layer, a bromide-based MHP, which is partially dissolved by printing,
and the second layer, an iodide-containing MHP. With an optimised
printing process we can retain the active layer integrity and fabri-
cate bicolour, large area MHP-based LEDs with up to 1600 mm?
active area. The two emission peaks at 535 nm and 710 nm are well
separated and produce a strong visual contrast.

Introduction

MHPs are a solution-processable, crystalline class of semicon-
ductors, that are employed in a multitude of high efficiency
optoelectronic devices, such as solar cells,'* photodetectors,*
X-ray detectors” ® and light emitting diodes.'®™* The solubility of
the MHP precursors in polar solvents enables solution proces-
sing by spin-coating, slot-die coating*'® and inkjet printing
(JP).'*2° [JP printing offers large-area, structured and selective
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Light emitting diodes (LEDs) based on metal-halide perovskites (MHP)
have already been demonstrated for the emission of red, green and blue
light. To achieve simultaneous emission of multiple colours, previous
approaches focused on the fabrication of tandem devices with multiple
emitter layers or on the creation of multiple emission colours by adding
emissive additives into the MHP precursor solution. These approaches,
however, do not allow selective patterning of the emissive layer. Here, we
demonstrate a two-step inkjet printing process to directly pattern a
homogeneous MHP film. By controlling the substrate temperature, ink
formulation and drying procedure, we can selectively and deliberately
redissolve and recrystallize the primary emissive layer and achieve
homogeneous, smooth and pinhole-free patterned emissive layers. With
optimised printing conditions we ensured the full integrity of the
patterned layer and attained a minimum feature size of 100 pm for a
single printed dot. The fabricated devices show no increase in leakage
current or decrease of device performance caused by the patterning
procedure. Here this two-step printing process was successfully used to
realise large area, bicoloured perovskite LEDs, yet it can be generally
applied in any device structure where a spatially controlled variation of
the material composition is needed.

deposition of materials with high throughput and inline process
integration. We have demonstrated in earlier studies that bright
perovskite-based LEDs (PeLEDs) could be frabricated by inkjet
printing and upscaled to 1600 mm? active area size.”"**

Beyond large area processing, IJP enables the generation of
arbitrary patterns from digital sources through selective drop
placement.>*** Precise control over deposited droplets enables
combinatorial mixing of inks during the deposition process,
which also enables high-throughput compositional screening
of perovskite materials.>>?°

A key feature that makes MHPs an interesting material for
different applications is the tunable, composition-dependent
bandgap. Let us consider methyl ammonium lead bromide
(MAPDbBr;) with a bandgap of 2.3 eV. The bandgap of e.g
methyl ammonium (MA) containing MHPs can be tuned by
substituting the halide anion component, which allows seam-
less tuning of the MHP bandgap towards lower energies by

Mater. Horiz., 2024, 11,1989-1996 | 1989


https://orcid.org/0000-0001-5773-6623
https://orcid.org/0000-0001-8292-4124
https://orcid.org/0000-0001-9206-800X
http://crossmark.crossref.org/dialog/?doi=10.1039/d3mh02025h&domain=pdf&date_stamp=2024-02-14
https://doi.org/10.1039/d3mh02025h
https://doi.org/10.1039/d3mh02025h
https://rsc.li/materials-horizons
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3mh02025h
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH011008

Open Access Article. Published on 08 February 2024. Downloaded on 1/25/2026 6:07:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

partial substition of Br~ by I” (MAPbI,Br;_,) or higher energies
by substituting Br~ with ClI~ (MAPbCI,Br;_,).>” By tuning the
halide composition, the perovskite lattice is expanded or com-
pressed and bandgap energies between 1.6 eV (MAPbI;) and
3.1 eV (MAPDCI;) can be achieved. Alternatively, the bandgap of
MAPDBr; can be expanded by substituting MA with large A-site
cations, such as phenethyl ammonium (PEA) cations, which
creates a layered, 2D structure, with an increased bandgap
of 3.1 eV for e.g. PEA,PbBr,.”® Mixing of these cations enables
fine tuning of the bandgap, by controlling the number of
lead-octahedral layers between the large PEA spacer ions.>?™"
As a result, semiconductor devices which absorb or emit
specific wavelengths of light in the visible spectrum can be
fabricated.*>*

Tuning the bandgap by means of halide compositional
engineering is powerful, but in reality subject to compositional
phase segregation.**™” For mixed halide perovskites, the dis-
proportionation of the mixed-halide solid solution into a wide
phase distribution is well known.*®*! This effect has already
proved harmful in MHP solar cells, but is catastrophic for
light emitting devices, as injected charge carriers are funneled
into low bandgap domains of the mixed-halide phase distri-
bution.*”** A strong red-shift of the emitted light is the
result.*>*® Subsequently, colour stabilty in PeLEDs became a
topic of substantial interest in recent years and good progress
was made, mainly by surpressing ion migration with large
spacer ions.*”*® Single colour PeLEDs can be combined in a
matrix towards display applications,*®*° and beyond single-
colour emission of a single device, multiple approaches were
tested in literature. To yield multiple emission wavelengths
from a single device, two separate electroluminescent MHP
layers,”" a partial colour conversion layer,’>>* or the introduc-
tion of a secondary emitter material in the electroluminescent
perovskite layer by phase separation or blending with an
organic molecule have been previously used.***> These works
all focused on the fabrication of white light emitting devices by
colour mixing. Creating a structured emission pattern in a
PeLED remains challenging, due to the difficulty in controlling
the drying behaviour of MHP inks, which tend to hamper the
structural integrity of the printed thin films.>* While structur-
ing of an MHP layer for multi-coloured photoluminescent MHP
layers has been shown by lithography,®® inkjet printing,®” and
E-jet printing,*® a structured, multi-coloured electrolumines-
cent emission pattern from a single LED pixel could not yet be
demonstrated.

In this study, we demonstrate direct patterning of the electro-
luminescent layer using IJP. By inducing spatially selective phase
segregation, we confined the red-shift of mixed halide perovskite
phases to a printed pattern and achieved bicolour emission from
a single emission layer. For this, an area up to 1600 mm” Br~
based MHP layer was first deposited by inkjet printing. To achieve
a high quality MHP layer of that size, a special gas flow assisted
drying method was used.'® A custom-made aluminium chamber
was evacuated and a constant nitrogen stream, shaped by a 3D
printed slit-nozzle, dried the printed, wet film which crystallized
into a homogeneous and pinhole-free large area MHP layer. In a
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second printing step, an I -based MHP composition was printed
on top of the first layer, partially redissolving the dried perovskite
in the process and forming a mixed-composition perovskite
phase. By exploiting the segregation of the mixed-halide perovs-
kite phase, we achieved arbitrarily patternable bicolour PeLEDs
with a single emitter layer and strong colour contrast.

Results

To achieve a single emitter layer with a lateral emission pattern,
we used a sequential IJP process. In a first step, the active
device is printed from a MAPbBrj:poly(ethylene glycol) (PEG)
ink using dimethyl formamide (DMF), dimethylsulfoxide
(DMSO) and gamma-butyrolactone (GBL). The dried MHP layer
acts as green light emitter in the fabricated PeLEDs. The ink is
deposited on a substrate with a prepatterned indium tin oxide
(ITO) electrode coated with a poly(3,4-ethylenedioxythio-
phene):polystyrene sulfonate/potassium chloride (PEDOT:PSS/
KCl) layer. The resulting wet film is dried in a gas flow assisted
vacuum chamber. Further details of this process are described

in our previous publications.>"*

Printing a patterned MHP layer

To directly print the patterned emissive structure in a second
step, we used a PEA,MA;Pb,I,; composition, which acts as red
light emitting material (Fig. 1a). In this second printing step,
the underlying layer is partially dissolved. The dissolved area
thus contains a mixture of the ionic components of the first
layer and the MHP precursors in the second ink. This second
ink contains the MHP precursors in a solvent mixture of GBL
and chlorobenzene (CBZ) in a 3:1 ratio. When designing the
ink formulation, we considered the loading of the ink with
MHP precursors and the solubility of the first layer. With a high
precursor loading, the added material would increase the layer
thickness of a patterned area and reduce current density and
therefore light emission in this part of the device. Additionally,
since the second printing step dissolves the first layer, using
more polar solvent dissolves more MHP and thereby increases
the minimum feature size. The GBL/CBZ mixture was therefore
chosen to create a saturated ink with low precursor concen-
tration, dissolving as little as possible of the first underlying
layer and at the same time adding little material to the
printed layer.

Initiated by the undissolved edge of the crystalline first
layer, the MHP precursors in the dissolved area recrystallize
and form a mixed cation, mixed halide lead perovskite. Fig. 1b
shows a photograph of a patterned perovskite layer. Macrosco-
pically, the first layer retains the faint yellow colour of the pure
MAPDBr;:PEG layer. Printed features are not distinguishable
from the background at normal lighting conditions by the
naked eye. As inset, a microscope image of the patterned layer
is shown.

The printed dots have a diameter of 100 pm and a distance
of 300 um. In Fig. 1c, a scanning electron microscope image
of a printed feature shows the dimensions of a dot with a

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) The sequential printing process with a large area of MAPbBr3 as
background layer in which PEA,MAsPbylis is printed on top with (b) a
feature size that cannot be perceived by eye. (c) The printed dots have a
diameter of 125 um and EDX confirms the existence of iodide exclusively
in the printed dots. (d) SEM shows the morphology of the background layer
and printed dots. (e) A 3D confocal microscope image shows a large dot
rim height, which (f) can be adjusted by substrate temperature.

diameter of 125 pm. Using energy dispersive X-ray spectroscopy
(EDX), I" ions are shown to be exclusively present in the printed
dot, while Pb®>" and Br~ ions are universally present. Fig. 1d
shows the morphology of the first perovskite layer and the
centre of the printed dots. The perovskite crystal of the under-
lying background layer features a crystal size around 200 nm,
which decreases after dissolving and recrystallization, resulting
in smaller, around 100 nm large crystals. The dissolving-
recrystallizing process creates well defined dots of mixed-
halide perovskite and confines the I"-based perovskite added
in the second printing step. In this process, the lateral dimen-
sion of the printed dots depends solely on the dissolving of
the underlying layer, while the feature height and thereby the
roughness of the resulting patterned layer depends on the
recrystallization.

To tune the dimensions of the printed features, we con-
trolled the substrate temperature during the second printing
step with an external hotplate fixed on the printing table.
Fig. 1e displays a 3D image of a single dot taken with a confocal
laser microscope. The dot was printed with a substrate tem-
perature of 120 °C and shows a strong coffee ring effect. The
interplay of rim height and dot diameter of the printed features
for substrate temperatures between glovebox temperature
(RT = 25 °C) and 160 °C is shown in Fig. 1f. At room tempera-
ture, the printed features have a width up to 500 pm with a

This journal is © The Royal Society of Chemistry 2024
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ca. 20 nm high rim at the edge of the dot. With increasing
temperature, the width of the feature decreases to less than
100 pm but the roughness of the resulting patterned layer is
affected drastically. Rim heights up to 300 nm were measured.

Increasing the temperature accelerated the evaporation of
the solvents in the ink, which limits the spreading of ink on the
solid layer and facilitates fast crystallization, templated by the
crystalline, undissolved edge of the remaining solid layer.
At sufficiently high temperature (relative to the boiling point
and vapour pressure of the solvent system) the droplets are
pinned to the surface, reaching minimal lateral feature size.
Considering the thickness of the initial solid layer of 60 nm, the
resulting rim height proved challenging for integration in a
multi-layer PeLED structure, causing shorts, reducing device
performance and ultimately leading to device failure. Fig. 1f
shows that shrinking the dot diameter by increasing the sub-
strate temperature results in an increasing rim height.
To ensure optimum device functionality, perovskite layers for
PeLED devices were printed at room temperature with a tar-
geted dot diameter of 100 um. In order to reach this, the drop
volume of the second printing step was reduced from 30 pL to
1 pL by changing the print head system. This smaller drop
volume was used to create printed features in MHP layers for
further characterization and PeLED fabrication.

Exploiting MHP phase segregation

The dissolving and recrystallising process of the second print-
ing step creates an MHP composition containing components
of the MAPbBr;:PEG background layer and the PEA,MA;Pb,I;;
ink. The bandgap of this mixed composition depends primarily
on the halide ratio. To investigate the ionic composition of the
patterned MHP layer, a sample series with decreasing dot
distance was printed. Fig. 2a shows microscopy images of the
unpatterned first layer and four decreasing dot distances
(250 pm, 200 pm, 150 pm and 100 um). Due to the dot diameter
of 100 um, the dots can only be clearly distinguished until a
centre-to-centre distance of 100 pm, at which the printed dots
start to overlap. Thus, for the closest spacing, the result is a
rough layer with an interference-like pattern. In this series, the
total volume of deposited I"-based ink, and therefore the 1"/
Br ratio is increasing.

Using the concentration of Br~ and I -based inks, we
calculated the nominal I"/Br~ ratio from the deposited ink
volume and stoichiometry of the perovskite compositions (see
ESIt). For a decreasing drop distance from 250 pm to 100 pm,
the nominal I"/Br~ ratio increases from 0.4% to only 2.4%.
This low iodide content in a fully dissolved and recrystalized
layer is mainly due to the lower drop volume (1 pL compared to
24 pL) and lower print resolution. Fig. 2b shows the absorption
edge of the patterned layers from UV-vis measurements. For
higher dot distances, the observed shift lies between 3 nm and
5 nm and only for the lowest centre-to-centre dot distance of
100 pum (ie. 2.4% ratio) a significant shift of 15 nm was
observed. The widening of the bandgap (~60 meV) linearly
correlates to the halide ratio in the solid film. Using the known
absorption spectra of pure MAPbBr; and MAPbI;,*® the red

Mater. Horiz., 2024, 11,1989-1996 | 1991
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Fig. 2 (a) A series of patterned perovskite layers with decreasing dot

distance from 250 pm to 100 pm and corresponding average iodide/
bromide ratio up to 2.4% were fabricated, which show a shift of the (b) UV-
vis spectrum and (c) XRD pattern. (d) pm-scale PL measurements of
the patterned layer show the emission of the background, printed dot
and dot edge.

shift of 15 nm corresponds to an MHP composition containing
~6.3% 1. The discrepancy from the nominal ratio is most
likely due to variations in the printed drop volume (Fig. S4,
ESIt). For the primary printhead system, a drop volume
between 20 pL and 28 pL were determined. The smaller,
nominally 1 pL droplets of the secondary printhead system
could not be verified by the PixDRO printed dropwatcher
analyser software.

Besides the change of the bandgap, the incorporation of
iodide causes expansion of the unit cell latice, which can be
determined by XRD. Fig. 2c shows the first reflection peak of
the cubic perovskite phase for the sample series. While larger
dot distances again barely show an effect, the 100 pm dot
distance sample displays a shift in the reflection by ~0.08°,
which corresponds to the incorporation of ~8.8% I . These
estimations are also based on linear interpolation of the XRD
reflections of pure MAPbBr; and MAPbI;.>° This value is close
to the 6.3% extracted from UV-vis and deviates due to the
inhomogeneous nature of the sample and thus a decreased
detection limit.>® The ratio of PEA cations to I” in the second
ink is 2:13 and thus below 1% in the patterned perovskite
layer. As such, the possible impact of 2D phases on the
absorption edge and XRD pattern is negligible.

If we further assume that the shortest dot spacing of 100 pm
in Fig. 2a corresponds to a fully dissolved and recrystallized
perovskite film, we can safely estimate that the I"/Br™ ratio in
our printed pattern does not exceed 10%. This would ideally
correspond to a red shift of the emission wavelength of
~25 nm to 560 nm. Instead, displayed in Fig. 2d, we measured
photoluminescence (PL) at a wavelength of 535 nm for the
background and 710 nm for the emission of a printed dot. This
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emission wavelength corresponds to a bandgap of 1.8 eV and a
calculated I"/Br~ ratio of ~66%. This significant red shift is
due to phase segregation in the mixed halide perovskite phase,
caused by inhomogeneous recrystallization and intensified by
illumination for PL measurements or an applied electric field
in a PeLED.*>*7%

During this segregation process, the mixed halide perovskite
phase experiences disproportionation into I -rich and I"-poor
domains. The resulting composition-based bandgap variation
in the emitter material results in funneling of the charge
carriers through the I -rich, low-bandgap domains of the
printed dot. From this low-bandgap region, with a bandgap
energy of 1.8 eV, bright red light with a wavelength of 710 nm is
emitted. Fig. 2d does not only show the green light emitting
background and red light emission from the printed dot, but
also an intermediate light emission at 675 nm at the edge of the
printed dot. During formation of the mixed halide perovskite,
the gradual drying process creates a concentration gradient of
iodide in the recrystallized dot. In the resulting edge area, the
reduced I concentration causes a reduction in the I"/Br™ ratio
of the phase separated iodide-rich domains. The resulting red
shift is reduced. By taking advantage of the phase-segregation,
a strong red emission with a high contrast to the green light
emitting background is created and is applied in bicoloured
PeLEDs.

Bicoloured PeLEDs

In a next step, we used the patterned printed MHP layers to
fabricate PeLEDs. Fig. 3a shows the energy level diagram of
such bicoloured PeLED devices. Based on our previous work,"
ITO and PEDOT:PSS were used as anode and hole transport
layer, respectively. As previously reported, KCl was added to the
PEDOT:PSS solution to improve the crystallization of the initial
perovskite layer.*! 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi) and lithium fluoride (LiF)/aluminium
(Al) were used as electron transport layer and cathode,
respectively. The energy level positions of valence band and
conduction band of MAPbBr;:PEG have also been previously
reported.”" Here the mixed perovskite phase is indicated in
yellow, even though we only observe emission from the iodide-
rich domains, indicated in red.

The current density-voltage (/-V) characteristics of a 20 x
20 mm device without printed pattern are compared to those of
a bicoloured device in Fig. 3b. The patterned device shows a
higher overall current density after turn-on. At voltage under
2 V, the current density remains low. Thus, the patterning
process does not increase the leakage current by disrupting the
perovskite layer integrity. Fig. 3¢ show the luminance-voltage
(L-V) characteristics of both devices. Both devices show the
same turn-on at 2.7 V (defined at 0.1 cd m™?) and a very
comparable maximum luminance of 570 cd m~>. The lumi-
nance of the bicoloured device was measured in the back-
ground region to be comparable with the unpatterned device.
Thus, the second printing step as such does not impact the
device performance of the unpatterned regions.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3mh02025h

Open Access Article. Published on 08 February 2024. Downloaded on 1/25/2026 6:07:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Horizons

View Article Online

Communication

a b c
A 29 27 54 10 10*
9 LiF/Al N 10 patterned 10°] patterned
G E N
»n o < 10% unpatterned e 107
- e 2 N - unpatterned
(T 5 B - G 10" 2 10"
S| 48 2 2 ® 8
o o [= 2 10 S 10%
5] ITO o <
c - £ n .
& 51 55 8101’ 510“
1024 1024
103 . T : 107 " ; ;
0 0 0 2 4 6 8
Voltage / V
f
[0}
[}
c
[0}
(8]
(2]
Q
£
IS
=
[}
8 | MAPDBE,
o
E | PEA,MALPB)I, J
2
Bicolour
400 500 600 700 800

Fig. 3

Wavelength / nm

(a) The device architecture of fabricated PeLEDs with (b) current voltage and (c) luminance voltage characteristics of a pure green light emitting

and patterned PeLED. (d) 400 mm? devices with green background light emission and a red pattern or (e) red light emitting background layer and green
light emitting pattern, by printing a negative image as pattern. The 5 mm scale bar is printed into the active layer. (f) Electroluminescence spectra of a

bicoloured PeLED compared with the respective single-coloured devices.

The second printing step is controlled by a digital image that
is fed into the inkjet printer software. This enables us to print
arbitrary patterns, such as the logo of our university, in a PeLED
with an active area of 400 mm? (Fig. 3d) and 1600 mm? (Fig. S2,
ESIY). Even though the Br™-based perovskite forms the basis of
the device operation, large area iodide-doping is also possible
in order to invert the perceived image and create a red back-
ground with a green emission pattern (Fig. 3e). Fig. 3f displays
the corresponding electroluminescence spectra. The narrow
green light emission at 535 nm is well separated from the
broader red light emission at 710 nm. Indicated as coloured
areas are the emission spectra of single colour PeLEDs, fabri-
cated with MAPbBr;:PEG and PEA,MA;Pb,l, 3, respectively. The
red single-colour PeLED shows an emission at 700 nm, which is
caused by PEA cations that shift the emission wavelength of
MAPDI; (~780 nm) towards lower wavelengths.

Beyond the emission of red and green light, tri-coloured
PeLEDs with a MAPbCI; background layer could be realized
for red, green, and blue (RGB) light emission from a single
emitter layer. Due to the low performance of Cl -based PeLEDs
however, this approach is not promising.>®® Thus, in further
work we will utilize 2D and pseudo-2D MHPs to access blue
light emitting PeLEDs. Tri-coloured PeLEDs could be achieved
by selectively breaking the layered structure of a 2D perovskite
background and shifting the wavelength of the printed pattern
by reducing the quantum confinement towards green light
emission. A third printing step for the creation of a mixed

This journal is © The Royal Society of Chemistry 2024

halide phase would enable red light emission for an RGB
emitting device.

Conclusions

In this work, we demonstrated large area PeLEDs with bicolour
light emission using an optimized high-resolution IJP process.
In a sequential printing process, a primary, large area, Br -
based perovskite film was deposited and patterned with an I"-
based perovskite ink. The dissolving and recrystallising process
that took place during the second printing step achieved a
minimum feature size of 100 um. The created patterns contain
a mixed-halide perovskite phase. Due to phase segregation in
the mixed-halide perovskite and charge-carrier funnelling
towards iodide-rich, low bandgap domains during operation,
a red pattern on a green background is perceived. The two
emission peaks at 535 nm and 710 nm are well separated and
create a high visual contrast. By carefully controlling drop
spacing and drying behaviour, large area PeLEDs with a clearly
defined, readable, digitally based two-coloured emission pat-
tern were fabricated, and can be used to display printed logos
or printed signage. Beyond the use in bicoloured PeLEDs,
the presented process will also allow the fabrication of
other devices, such as (photo) detectors or transistors where
spatially controlled lateral variation of the material composi-
tion is desired.

Mater. Horiz., 2024, 11,1989-1996 | 1993
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Experimental

Perovskite ink preparation

The Br -based perovskite ink (MAPbBr;:PEG, 0.125 M) was
prepared in a nitrogen filled glovebox by dissolving lead
bromide (>98%, TCI) and methyl ammonium bromide
(99.99% trace elements basis, dyenamo) in a 3:7:10 mixture
of DMF (anhydrous, 99.9%, Sigma-Aldrich), DMSO (anhydrous,
>99.9%, Sigma-Aldrich) and GBL (>99.0%, TCI) to yield a
59.87 mg mL ™" (0.125 mol L") solution with an excess of 5 wt%
of MABr. 8 mg mL ™" of PEG was added to this solution. The I"-
based perovskite ink (PEA,MA;Pb,I;; 0.031 M) was prepared in
a similar way using a stoichiometric amount of lead iodide
(>98%, TCI), methyl ammonium iodide (99% trace element
basis, dyenamo) and phenethyl ammonium iodide (>98%,
dyenamo) in a 3:1 mixture of GBL (>99.0%, TCI) and chloro-
benzene (anhydrous, Sigma Aldrich).

Device fabrication

Patterned (25.4 x 25.4 mm?) and unpatterned (50 x 50 mm?)
ITO substrates were purchased from Psiotec Limited. The 50 X
50 mm” ITO substrates were patterned with a pulsed laser
(1064 nm, 12 W) integrated in a PixDRO inkjet printer system.
The substrates were cleaned with 1% Hellmanex III solution,
followed by acetone and then isopropanol in an ultrasonic bath
for 10 minutes each. The substrates were subsequently treated
with oxygen plasma in a Femto plasma system (Diener). PEDOT:
PSS (Al4083, Heraeus) was mixed with 5 mg L~' KCI (Sigma
Aldrich), filtered with a 0.45 pm PA filter and spin-coated at
1500 rpm for 12 s and 2500 rpm at 30 s. The PEDOT:PSS layers
were annealed at 220 °C for 10 min before being transferred into a
nitrogen filled glovebox. In the glovebox, the Br™-based perovskite
ink was deposited with a PixDRO LP50 (Meyer-Burger/Suess)
inkjet printer fitted with Spectra SE-128 print heads (30 pL
nominal drop volume) and Dimatix cartridges (10 pL) with
350 dpi resolution. We note that the cartridges are damaged by
the DMSO/DMF solvent system and cannot be reused multiple
times. The films were dried in a specially developed aluminium
chamber,'® by evacuating the chamber for 10 s, reaching a base
pressure of ~1 mbar. After evacuation, a valve was opened to
allow and control the nitrogen flow over the substrate. The
crystallization of the perovskite film was observed through a
window in the chamber. After full crystallization, the substrate
was transferred to a hotplate and annealed at 100 °C for 10 min.
Afterwards, the printhead was swapped with a 1 pL Dimatix
cartridge for the patterning step with PEA,MA;Pb,1;; ink. The
patterns used in bicoloured PeLEDs were printed at 350 dpi.
After the second printing step, the substrates were dried in the
same aluminum chamber. Further annealing was not neces-
sary. The substrates were transferred to another nitrogen filled
glovebox fitted with a thermal evaporator. 20 nm TPBi, 1 nm
LiF and 150 nm Al were thermally evaporated, with the overlap
of ITO and aluminium electrode defining the active area of the
devices. All devices were encapsulated using a commercially
available epoxy (Blufixx) and hardened with a blue LED. The
devices were characterized afterwards in ambient air.
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Thin film and device characterization

The PeLED devices were characterized by current density-
luminance-voltage measurements using a Keithley source
measurement unit 2612B, an LS160 luminance meter (Konica
Minolta), a substrate holder and multiplexer (Ossila). Source
measurement unit, multiplexer and candelameter were
addressed with self-written software. The electroluminescence
spectra were collected through an optical fibre with an HR
2000+ Ocean Optics spectrometer. UV-vis measurements were
performed on a PerkinElmer Lambda 950 UV-vis spectrometer,
whereby transmission was measured, and absorption was
calculated accordingly. For the acquisition of PL spectra, sam-
ples were prepared by printing patterned perovskite layers on
soda lime glass. A 420 nm laser with a spot size of 20 pm was
used for the selective excitation of background and printed
features.

SEM images and EDX maps were collected with a Zeiss
GeminiSEM 500. Samples were printed on ITO covered glass
slides to electrically ground the samples during measurement.
XRD experiments were performed on a Bruker Advanced D8 in
Bragg-Brentano geometry under ambient conditions with a Cu
Ko. X-ray source (1 = 1.5406 A).
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