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Schematic illustration of the modified transfer printing process.

Public summary

m This research highlight summarizes a robust mass transfer printing method for perovskite films fabrication with nano-
structures reported by Xiao and colleagues.

m This transfer printing method enables the fabrication of large-area perovskite nanostructures with high resolution.

m Using this method, white PeLEDs with red and sky-blue emission perovskite micro-stripes has been achieved.
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Metal halide perovskites, as a promising semiconductor ma- films by using poly(dimethylsiloxane) (PDMS) with nano-
terial, have been successfully used in electroluminescent structures!”. In addition, when the film thickness is lower
devices because of their desirable characteristics, such as than 20 nm or higher than 200 nm, the pick-up yield seri-
good conductivity, high color purity, tunable bandgap, low ously decreases!'. Inserting a soluble polymer layer as a sac-
cost and solution process ability. In the past few years, signi- rificial layer is a feasible strategy to improve the pick-up
ficant progress has been made in the development of high- yield; however, the dissolving process may cause damage to
efficiency perovskite light-emitting diodes (PeLEDs). These the film.
efficient PeLEDs are mainly achieved by sophisticated spin- Xiao and colleagues first spin-coated perovskite films onto
coating methods, which can easily control the perovskite’s a PDSM substrate instead of using PDSM as transfer media,
composition, film thickness, morphology and crystallinity. which significantly improved the integrity of the perovskite
However, with the continuous development of PeLEDs, com- films. To successfully transfer-print the perovskite films, the
mercial production problems have to be solved, such as large- separation energy between the perovskite/PDMS interface,
area production, high-resolution patterning and substrate GPerovskite/PDMS (1)) — GPeovie/POMS 1] 4 5(y)], should be less than
diversity, which are difficult for the current spin-coating that between the perovskite/substrate interface Greose/Sebsme
process. where @ is an increasing function of velocity"”. Due to the

In addition to the commonly used spin-coating method, extremely low surface energy of PDMS (19.8 mJ-m?®) com-
several alternative methods, such as photolithography!, pared to most other organic films and glass (> 200 mJ-m?)™
inkjet printing®”, thermal evaporation®' and transfer and the gel state of the perovskite films!'*, the Gioe/s:e
printing”*, have been developed. For now, however, those value is much higher than G{™*"“/*™°  Therefore, a small
methods still have issues that limit their application. For ex- pressure of only approximately 2 kPa is needed, and the peel-
ample, for the photolithography technique, the morphology ing speed can reach 1 cm-s™, one order of magnitude higher
and optoelectronic properties of the perovskite film were eas- than the reported values for the transfer printing process. An
ily damaged during the developing or etching processes. ultrathin amine functional polymer B-PEI is spin-coated on
The inkjet printing method also has many challenges, such as the receiver substrate to enhance the contact with perovskite
low pattern resolution and the coffee ring effect in the film and passivate the interface (Fig. 1).
forming process'. The explorations of thermal evaporation Using the modified transfer-print method, red and sky-blue
have been very limited due to the large vapor pressure differ- PeLEDs are fabricated. The transfer-printed PeLEDs show
ence between organic and inorganic components®. Recently, the highest EQEs of 10.5% (red) and 6.7% (sky-blue), which
Zhengguo Xiao and colleagues reported a robust mass trans- are comparable with those fabricated by the spin-coating
fer printing method for perovskite film fabrication with nano- method. Moreover, the transfer-printed perovskite films show
structures”. The PeLEDs fabricated by such a method show almost the same morphology, chemical composition and op-
external quantum efficiencies (EQEs) similar to those fabric- toelectronic properties as the spin-coated films, consistent
ated by spin-coating. This robust transfer printing method with the similar performances of PeLEDs fabricated by both
also enables the fabrication of large-area perovskite nano- types of methods.
structures with a high resolution up to 1270 pixels per inch Combined with the intaglio method, the modified transfer-
(ppi). Based on this technology, white PeLEDs can be fabric- print method can transfer not only whole films but also per-
ated by laterally aligning red- and sky-blue-emitting per- ovskite nanostructures. First, the PDMS substrate with a per-
ovskite microstripes. ovskite film is pressed on a silicon wafer with concave pat-

The common transfer printing method has the advantages terns and then peeled off. The remaining perovskite film on
of low cost and high pattern resolution. However, it requires a the PDMS is transferred to the target substrate to achieve per-

high pressure up to hundreds of kPa when picking up the ovskite patterns. The perovskite patterns have very sharp
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Fig. 1. Schematic illustration of the mass robust transfer printing process.

edges and uniform strong photoluminescence (PL) emission,
which benefits from the high transfer yield approaching
100%. In addition, the resolution of the perovskite patterns
can reach 1270 ppi.

High-resolution perovskite patterns make it possible to fab-
ricate pixelated white PeLEDs. The emission layer of white
PeLEDs can be obtained by horizontally alternating red and
sky-blue perovskite patterns. The device structures of red and
sky-blue PeLEDs are ITO/Poly-TPD/B-PEl/red perovskite/
PMMA/TPBi/LiF/Al, and ITO/Poly-TPD/PVK/sky-blue per-
ovskite/TPBi/LiF/Al, respectively. Xiao and colleagues eas-
ily prepared perovskite films over 1.5 cm x 1.5 cm with a mi-
crostrip width of 100 pum. Since the current density of sky-
blue PeLEDs is lower than that of red PeLEDs at constant
voltage, leading to lower brightness and EQE, to ensure white
light emission, the microstrip width of blue PeLEDs is adjus-
ted to 200 microns, while the microstrip width of red PeLEDs
is kept to 100 microns.

Since the band gap of red perovskite is narrower than that
of sky-blue perovskite, the turn-on voltage of red PeLEDs is
lower. By increasing the PMMA layer thickness in the red
PeLEDs, the turn-on voltage can be easily increased;
however, the EQE decreases significantly. The optimized
white PeLEDs show higher EQEs of 0.75% at approximately
4 V. The relatively low EQE value should result from the
leakage current from the gaps between microstrips and the
performance loss of the red PeLEDs. Fabricating heterogen-
eous multitasked structures is one of the solutions'!. Chan-
ging the parallel microstrips into a multitasked structure can
effectively avoid the leakage current. However, the multi-
tasked structure also needs to solve the problem of band gap
matching between different luminescent materials to avoid
single photoluminescence resulting from carrier transfer.

To promote the commercial production of PeLEDs, we
need to prepare uniform thin films with large areas, high-res-
olution patterning and great tolerance to different substrates,
which are currently difficult to achieve by spin-coating pro-
cesses. As a low-cost and efficient method, the transfer print-
ing method has great potential in realizing the commercial
production of PeLEDs. A key feature of the transfer printing
method is that it makes the selection of materials for per-
ovskite device structure design more extensive, allowing the
use of substrate materials that do not match the growth of per-
ovskite in the spin-coating process to achieve more demand-
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ing applications”. Another key feature is that this method can
achieve high-resolution patterning of perovskite materials,
which makes it possible to fabricate pixelated devices.

In this transfer-printing method reported by Xiao and col-
leagues, the original films are first spin-coated on PDMS sub-
strates, which still cannot avoid the spin-coating process in
device fabrication. Because the original films should be uni-
form, large-area and high-quality films prepared on PDMS
substrates, other methods suitable for large-area preparation
can be used, such as blade coating, slot-die coating, spray
coating, inkjet printing and roll-to-roll printing technology.
After obtaining large-area original films, high-resolution per-
ovskite patterns can be prepared by combining the transfer-
printing and intaglio methods. The proposed transfer-printing
method can complement and adapt to the existing large-area
film forming process, and create the possibility for the com-
mercial production of large-area and high-resolution pat-
terned perovskite devices.

To summarize, Xiao and colleagues improved the tradition-
al PDSM-based transfer printing technology and proposed a
robust transfer printing method with a transfer yield close to
100%. A small pressure of only approximately 2 kPa is
needed, and the peeling speed can reach 1 cm-s™, one order of
magnitude higher than the reported values for the transfer
printing process. The morphology, composition and perform-
ance of the transferred perovskite films are almost the same as
those of the original films. This robust transfer printing meth-
od also enables the fabrication of white PeLEDs with micro-
patterns. This achievement not only plays an important role in
promoting the realization of PeLED industrial production, but
also provides a new reference for the preparation of other lu-
minescent and photovoltaic devices.
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