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We demonstrate the upscaling of inkjet-printed metal halide perovs-
kite light-emitting diodes. To achieve this, the drying process, criti-
cal for controlling the crystallization of the perovskite layer, was
optimized with an airblade-like slit nozzle in a gas flow assisted
vacuum drying step. This yields large, continuous perovskite layers
in light-emitting diodes with an active area up to 1600 mm?.

Introduction

Metal halide perovskites (MHPs) have attracted much attention
from researchers in academia and industry alike for their
promising performance in optoelectronic devices, such as
solar cells,"* photodetectors,®* X-ray detectors,™® and light-
emitting diodes (LEDs).”® MHPs are a solution-processable
class of crystalline semiconductors and as such a promising
candidate for high-performance printed (opto)electronics.

The soluble nature of MHPs allows for cheap and fast fabri-
cation by spin coating, slot-die coating or inkjet printing.
Inkjet printing in particular is a high-throughput, large area,
and selective deposition technique with industrial maturity.'®
Inkjet-printed perovskite layers have been demonstrated in
high-performance solar cells'*™* and in 2020 we presented the
first inkjet-printed perovskite LED.'* As perovskite devices
move towards commercialization, operational stability, scal-
able deposition techniques and processing methods become
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the focus of applied research. MHP solar cells currently suffer
from a strong performance roll-off with increasing size of the
active area.'>'® Large area metal halide perovskite LEDs
(PeLEDs) have been fabricated by blade coating,'” thermal
evaporation'® and spin coating,'® but not yet by inkjet print-
ing. The fabrication of large area PeLEDs for display and solid
state lighting applications is currently limited by the homogen-
eity of the emitter layer.>’

Here, we present a successful upscaling process for inkjet-
printed PeLEDs, building on previous work.'® The technical
side of the inkjet printing process, meaning the specific depo-
sition of ink on a substrate, is easily scalable and only limited
by the printable dimensions of the inkjet printer being used.
However, after deposition of the perovskite ink and the for-
mation of a closed wet film, the drying and crystallization
process sets in. This is a critical step in the inkjet printing
process of MHPs as it determines the homogeneity of the layer
thickness, its roughness and potential number of pinholes; with
the target being a homogeneous and smooth perovskite layer.

The crystallization process can be controlled by
temperature,”** vacuum treatment,”>** or drying in a gas
flow.>>?” We have previously presented a gas flow assisted
vacuum drying chamber to achieve precise control over the
sample environment after printing and increase the performance
of inkjet-printed perovskite solar cells.”® After initial evacuation of
an aluminium chamber, a controlled nitrogen-flow was released
in the chamber, which initiated the gas flow assisted drying
(GAVD) process of the as-deposited wet film. For this work, we
have now scaled and optimized the gas flow in this chamber with
a 3D printed, airblade-like slit nozzle to enable fast and homo-
geneous drying of a 50 x 50 mm?” substrate. The size of the active
area of the inkjet-printed PeLEDs was thereby increased from the
previously published 4 mm?” to 1600 mm?®,

Results

The overall printing process consists of two steps. In the first
step (Fig. 1a), the ink is deposited with an industrial scale R&D
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Fig. 1 (a) Inkjet printing in combination with (b) an airblade-like gas
flow, shown by (c) flow simulations, yields (d) a homogeneous perovskite
morphology visible in SEM and produces (e) bright PeLEDs with an
active area between 4 mm? and 1600 mm?. The white scale bar in (e)
equals 10 mm.

inkjet printer. The size of the deposited area is determined by
the digital image fed into the printer software. In the second
step (Fig. 2b), the as-deposited wet film is dried using a closed
aluminium chamber, which provides a nitrogen gas flow
under reduced pressure to dry the wet film and facilitate the
crystallization of the perovskite layer (Fig. 1b).

In the original design,*® an unguided gas flow hit the sub-
strate in the centre of the GAVD-chamber (Fig. Slaf). This
approch works well enough up to a substrate size of 25 x
25 mm?, but larger device areas do not show emission on the
full active area due to uneven drying of the layer. For drying of
larger substrates, the chamber was improved by adding a 3D
printed, airblade-like slit nozzle. This nozzle, while maintain-
ing the diameter of the nitrogen inlet cross-section, has a
70 mm wide and ~0.5 mm high slit opening. Through this slit
nozzle, the nitrogen flow retains a constant velocity over its full
width, which we modelled by gas flow simulations of the
process (Fig. 1c). By comparing the simulated gas flow for the
original chamber design and the chamber with the slit-nozzle
(Fig. S1t), we find that using the slit nozzle results in an
overall reduced speed of the nitrogen flow, which in turn hits
the centre of the chamber (indicated by a 50 mm ring) as a
broad front. This airblade-like stream over the substrate
results in a homogeneous perovskite layer with a crystal size
smaller than 100 nm (Fig. 1d). Scanning electron microscope
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Fig. 2 (a) Device architecture and energy levels as used previously in

ref. 14, (b) electroluminescence spectra, (c) current densities, (d) lumi-
nance-voltage characteristics for all devices, (e) extraction of series re-
sistance and (f) active area dependent series resistance.

(SEM) images were additionally taken over a 1 cm” area to
show homogeneous morphology over a large area (Fig. S27).

Using this process, we fabricated PeLEDs with a MAPbBr;:
PEG emitting layer and an active area of 4mm? 49 mm?
400 mm” and 1600 mm?, increasing the active area size by
three orders of magnitude and allowing us to fabricate PeLEDs
up to a substrate size of 50 x 50 mm?. Photos of representative
devices under operation are shown in Fig. 1le. The inkjet print-
ing process proved to be reliable independent of the substrate
size, even though an inhomogeneous emission of the
1600 mm? device at 9 V can be seen in Fig. 1e. This is not the
result of a suboptimal drying process but of the high series re-
sistance of the ITO electrode, as will be discussed later.

The architecture (Fig. 2a) of the PeLED devices is commonly
applied in literature and is the same as in our previous publi-
cation.'* We continue to utilize potassium chloride as an addi-
tive of the PEDOT:PSS hole transport layer to control the crys-
tallization at the PEDOT:PSS/perovskite interface. The perovs-
kite composition (MAPbBr;) is unchanged, including the
addition of poly ethylene glycol (PEG) to increase the hom-
ogeneity of the printed layer. MAPbBr; is often used as emitter
material in PeLEDs due to its bright green emission wave-
length. It is highly soluble in the used solvent system and thus
provides a large processing window to influence drying and
crystallization after deposition. X-ray diffraction measurements

This journal is © The Royal Society of Chemistry 2023
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(Fig. S371) confirm the cubic perovskite phase of MAPbBr; and
the electroluminescence spectrum shows the narrow, charac-
teristic emission at 530 nm (Fig. 2b) being identical for all
devices.

The current density-voltage (J-V) characteristics of the
PeLEDs reveal a decreasing current density with increasing
active area size (Fig. 2c). The reduction in current density is
accompanied by a decrease of the maximum luminance with
increasing area size. The luminance-voltage (L-V) character-
istics are displayed in Fig. 2d. PeLEDs with an active area of
4 mm?, 49 mm? and 400 mm? show a very similar trend, with
a turn-on voltage (defined as the voltage at 0.1 cd m™?) of 3.4
V, a maximum luminance of 789 ¢d m™2, 369 cd m™2 and 88
cd m™? at ~7 V, respectively. Subsequently, a steep roll-off with
further increase in voltage occurs, due to degradation of the
emitter material. The 1600 mm?” devices show instead a less
steep luminance progression after turn-on and a maximum
luminance of 14 cd m~> at 10 V.

In order to investigate this difference, we extracted the
series resistance from the slope of the current density between
4 V and 8 V, as shown in Fig. 2e. We observe a linear corre-
lation with area size (Fig. 2f), increasing from 4.76 Q cm” for
the 4 mm?® device to 101.96 Q cm? for the 1600 mm?” device.
The increasing series resistance is here caused by the high
sheet resistance of indium-tin-oxide (ITO). This issue is well
known for organic and perovskite thin film devices with a
transparent conducting electrode (TCO) component. Meredith
et al. modelled the power loss in organic solar cells due to
large area ITO electrodes (sheet resistance of ca. 10-20 Q O)
and a critical electrode length of 10 mm was identified for
efficient charge collection.”® In our large area devices, the
current path from the two contact points to the centre of the
device is 20 mm and significant power loss cannot be avoided.
As a result, the brightness of the PeLED decreases in a gradient
from the contacted edge towards the centre, which corres-
ponds to the drop of voltage and current density, that was
modelled before for large area organic LEDs (OLEDs).*® In our
case a maximum luminance of 150 cd m~? was observed at the
sample edge compared to 14 cd m™> in the centre (see
Fig. S47).

The high series resistance of ITO can be avoided by employ-
ing a printed Ag-grid/highly conducting PEDOT or a transpar-
ent metal electrode, as we have done previously.**> However,
our attempts to implement these solutions have been unsuc-
cessful due to the fast degradation of the perovskite layer
caused by a reaction with the fabricated silver electrodes.?***
To address this, we are currently developing a Au-based elec-
trode, yet this component is not yet available for this study.

Despite these current limitations, we have found means to
significantly improve the inhomogenous light emission and
improve the performance of the devices by replacing the elec-
tron-transport layer (ETL) bathocuproin (BCP) by 2,2',2"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) (Fig. 3a).
TPBi is a commonly used ETL for organic and perovskite light-
emitting diodes and has similar energy levels to BCP but a
higher electron mobility.>**” The complete series of PeLEDs

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Usage of a TPBi electron transport layer improves devices

performance and enables (b) homogeneous emission from a 1600 mm?
PeLED. Current density—voltage (c) and luminance-voltage (d) charac-
teristics show greatly improved performance of champion devices. The
luminance distribution (e) and current efficacy distribution (f) for all fab-
ricated devices.

with 4 mm?, 49 mm?, 400 mm? and 1600 mm? active area were
fabricated with TPBi as ETL. Using 20 nm TPBi enabled the
fabrication of a bright, 1600 mm? large PeLED (Fig. 3b) with
homogeneous green emission at 7 V. The J-V characteristics of
the respective champion devices (Fig. 3c) confirm the trend of
decreasing current density with increasing active area size. As
described above for the BCP devices, the decreasing current
density is caused by an increasing series resistance (Fig. 2c
and d). The leakage current (current density at 0-2 V) is lower
than 1 A m™? and does not increase with larger active area,
demonstrating the low pinhole density of the inkjet-printed
perovskite layer.

The change of the ETL to TPBi also significantly increased
the absolute luminance of the PeLEDs, independent of area
size (Fig. 3d). All devices exhibit an earlier turn-on voltage at
ca. 2.8 V, compared to devices with BCP. Champion devices
with an active area of 4 mm? 49 mm? 400 mm?® and
1600 mm? exhibited a maximum luminance of 3598 cd m™2,
2338 ¢d m™?, 673 cd m™> and 324 cd m™>, respectively. We
note the reduction of the steep roll-off compared to that
observed in the BCP devices. In Fig. 3e the maximum lumi-
nance of all fabricated TPBi devices is shown. PeLEDs that use
TPBi as ETL outperform devices containing BCP at every active
area size, i.e. 4 mm? 49 mm? 400 mm? and 1600 mm?

Nanoscale, 2023, 15, 5649-5654 | 5651
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achieving average maximum luminance values of 2046 cd m ™2,
2098 cd m~2, 504 cd m~? and 187 cd m~? with TPBi compared
to 1137 ¢d m™2, 660 cd m™2, 291 cd m™ and 6 cd m~? with
BCP (shown in Fig. S5t). The higher luminance in TPBi-
containing devices is due to a decreased injection barrier,
which also reduces the turn-on voltage and increases the
current efficacy.

Even though the nominal luminance values are reduced as
the active area size increases, the proportional reduction in
current density of the TPBi-containing PeLEDs is reflected in
the consistent current efficacy (cd A™") of the devices. Fig. 3f
shows an average current efficacy of ca. 0.5 cd A™" for devices
with an area of 4 mm?, 400 mm? and 1600 mm? and 1.5 cd
A" for 49 mm?®. Specifically for the champion devices, TPBi-
containing PeLEDs show a current efficacy of 0.8 to 1.0 cd A™"
at ~2 V lower bias than BCP-containing champion devices with
an area of 4 mm?, 400 mm? and 1600 mm?, while even produ-
cing a notably high current efficacy of 2.6 cd A" for the
49 mm® champion device (see Fig. S6t). Conversely, the
current efficacy of BCP-containing devices reaches maximum
values of 0.2 cd A™' for 4 mm?® PeLEDs and decreases with
increasing active area size to 0.03 cd A™" for 1600 mm?®.

It must be noted that replacing the ETL does not influence
the series resistance or the resulting voltage drop since all
devices are using ITO electrodes. The reduction of series resis-
tance can only be addressed at a later stage. As a result, the
1600 mm?® devices with TPBi still show inhomogeneous emis-
sion at lower voltages (Fig. S7). However, at 7 V the luminance
gradient becomes imperceptable and the emission of
1600 mm” PeLEDs using TPBi seems homogeneous over the
full area.

Conclusions

We have demonstrated an upscaling process for inkjet-printed
metal halide perovskite light-emitting diodes. Using a labora-
tory scale inkjet printer and a custom-made drying chamber
with an airblade-like slit nozzle, the airflow and the drying
behaviour of the inkjet-printed wet film were optimized. We
successfully upscaled the existing process, achieved a large
and homogeneous perovskite layer and fabricated PeLEDs with
an active area size of up to 1600 mm?, with J-V characteristics
showing no increase in leakage current.

Upscaling the PeLEDs from 4 mm? to 1600 mm?> was met
by two challenges: (1) inhomogeneous emission of large area
(1600 mm?) devices and (2) reduced device performance with
larger active area size. Both phenomena are a result of increas-
ing series resistance, due to the sheet resistance of ITO. First,
the resulting voltage gradient causes a luminance gradient
from the point of contact on the ITO to the centre. Second, the
decreasing current density with increasing active area size is
the reason for the decrease in luminance of the devices.

While the reduction of series resistance cannot be
addressed at the moment, we were able to overcome the
inhomogeneous emission and improve the overall device per-
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formance by replacing the ETL BCP with TPBi. In the
1600 mm?” devices we can show homogeneous emission and a
luminance of over 300 cd m™> Furthermore, the resulting
current efficacy of PeLEDs with TPBi remains largely constant
independent of the active area size. With this work, we have
continued the development of inkjet-printed metal halide per-
ovskite materials and provide access to large area light-emit-

ting diodes.

Experimental
Perovskite ink preparation

The perovskite ink 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") solu-
tion with an excess of 5 wt% of MABr. 8 mg mL ™" of PEG was
added to this solution.

Device fabrication

Patterned (10 x 15 mm? and 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, 30 W) integrated in a PixDRO inkjet
printer system. The substrates were cleaned with 1%
Hellmanex III solution, acetone and isopropanol in an ultra-
sonic bath for 10 minutes. The substrates were subsequently
treated with oxygen plasma in a Femto plasma system
(Diener). PEDOT:PSS (Al4083, Heraeus) was mixed with 5 mg
L~' KCl (Sigma Aldrich) 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 transfer into a nitrogen filled glove-
box. In the glovebox, the perovskite ink was deposited with a
PixDRO LP50 (Meyer-Burger/Suess) inkjet printer fitted with
Spectra SE print heads (30 pL nominal drop volume) and
Dimatix cartridges (10 pL). The films were dried in a specifi-
cally designed aluminium chamber by evacuating the chamber
for 10 s, reaching a base pressure of ~1 mbar. After evacuation,
a valve was opened to allow nitrogen to flow over the substrate.
The nitrogen rate was defined by a valve. The crystallization of
the perovskite film was observed through a window in the
chamber. After full crystallization, the substrate was trans-
ferred to a hotplate and annealed at 100 °C for 10 min.
Afterwards, the substrates were transferred to another nitrogen
filled glovebox fitted with a thermal evaporator. 20 nm BCP or
20 nm TPBi, 1 nm LiF and 150 nm aluminium were thermally
evaporated, with the overlap of ITO and aluminium electrode
defining the active area of the devices. All devices were encap-
sulated using a commercially available epoxy (Blufixx) and har-
dened with a blue LED. The devices were characterized after-
wards in ambient air. Overall, a hundred devices were fabri-
cated and characterized. We report a yield of over 90% for all
device sizes. For the different area sizes 85 (4 mm?), 36

This journal is © The Royal Society of Chemistry 2023
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(49 mm?), 15 (400 mm?*) and 8 (1600 mm?) were fabricated.
The luminance values for alle device can be found in Fig. 7S.}

Thin film and device characterization

The PeLED devices were characterized by current density-lumi-
nance-voltage measurements using a Keithley source measure-
ment unit 2612B, an LS160 luminance meter (Konica Minolta),
a substrate holder and multiplexer (Ossila). Source measure-
ment 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.

Scanning electron microscope images were collected with a
Zeiss GeminiSEM 500. XRD experiments were performed on a
Bruker Advanced D8 in Bragg-Brentano geometry under
ambient conditions with a Cu Ka X-ray source (4 = 1.5406 A).
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