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Introduction

Photovoltaic conversmn effrcrency of organic-inorganic hybrid perovskite materials has rapidly
increased from 3.8% ' to 22.1%.% The perovskite materials have excellent absorption range and excellent
long-distance transm|55|on of carriers. These unique characteristics are suitable to solar cells,
photodetectors, and LEDs.® Single crystals of perovskites have fewer grain boundaries, defects and
longer diffusion length than the polycrystallines.” The common single crystal perovskite growth methods
|ncIude temperature rising crystallization, cooling crystallization, constant temperature crystallization,
etc.’ However, these methods are difficult to control the crystal growth position, and thus single crystal
perovskites cannot be used easily in optoelectronic application.

In 2003, Cheng et.al first used Ilthography to pattern perovskites.® Su et.al controls the solution
wetting to grow a single crystal array However, these methods require pre-patterns and the fabrication
process is complicated, and rapid preparation of single crystal patterns is still a challenge. As a direct
printing method, inkjet printing provides a feasible choice to grow single crystal perovskites with accurate
patterns. One can directly printed perovskite solution on substrate, and finds crystals right after solvent
evaporate. However, this type of crystallization solely relies on solvent evagoration, and the faster
evaporation rate at the outer edge of printed droplets, or coffee-ring effect,” always leads to more
perovskite crystals precipitate at the edges. To avoid this problem, Gu et.al utilized a lyophobic substrate
with well-controlled temperature to create moving contact line in the evaporation/crysallization process,
and successfully printed single crystal perovskite with a grain size about 20 um.? However, although
lyophobic substrates can help alleviate contact line pinning, fast evaporative crystallization at high
perovskite concentrations can still leads to pinned contact lines. Thus, one can only print droplets with low
perovskite concentration, and thus the crystalline size is still limited. To print single crystal with a larger
size, or solution with saturated concentrations, one needs to seek for a different crystallization process
other than evaporative method.

In this study, we used anti-solvent assisted method to overcome crystal grain size limitations on
hydrophilic substrates. The anti-solvent is directly printed into the precursor solution to rapidly induce
solute crystallization caused by solubility changes. Besides the faster crystallization rates, the anti-solvent
spreads over the precursor droplets and thus can effectively suppress contact line pinning.*® The wetting
or dewetting of anti-solvents'" after printed on the precursor sessile drops will be carefully examined to
understand the instantaneous crystallization after drop impact. Moreover, the perovskite crystals growth
mechanism in this dual liquid printing method will be also investigated to optimize the crystalline size.

Experiments

Lead(ll) bromide (PbBr2), N,N-dimethylformamide (DMF), methylammonium bromide (MABr), n-Butyl
Alcohol (NBA), Isopropyl alcohol (IPA), n-hexane and toluene (TL) were purchased from Sigma-Aldrich,
and were used without further purification. The CH3;NH3;PbBr; inks were prepared by dissolving PbBr,
(1M) and CH3;NH3Br (1M) in DMF as the precursor ink. Indium tin oxide coated conducting glass (ITO,
Solaronix SA, Rsh =7Q[]™") was used as the substrates. The precursor inks and anti-solvent inks were
deposited on the substrate by using a MicroFab JetLab4 system (MicroFab Technologies Inc.) with two
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50 mm piezoelectric nozzles. The droplets size were carefully controlled around 80um wtih an ejection
velocity of 1.05 m/s.
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Figurel Schematic of the dual nozzle printing process

Results and discussion

Figure 1 illustrates the fabrication procedure of perovskite single crystal by inkjet printing with dual
nozzles. The droplet is ejected at a frequency of 500 Hz. CH3NH3;PbBr; precursor dissolved in DMF is
first printed on the ITO glass substrate. Then, the anti-solvent, which is miscible with DMF but cannot
dissolve the precursor, is then printed on the precursor sessile drop. Right after drop impact, the miscible
anti-solvent quickly mixes with DMF and reduces the precursor solubility. Thus, the crystallization occurs
quickly and continues until both solvents evaporate. Four poor solvents for CH3;NH3;PbBr3; precursor are
selected: NBA, TL, IPA, and n-hexane. To examine the miscibility of these anti-solvents, a simple mixing
experiment is conducted as shown in Figure 2 (a). Obviously, n-hexane is immiscible with DMF but the
other three are miscible. To determine the miscibility among the three solvents with DMF, solubility
parameter is used as a criteria. From literature, the solubility parameters of IPA (11.5), NBA (11.3), TL
(8.91), and n-hexane (7.24) are all lower than that of DMF (12.14). When the difference in solubility
parameters between two solvents is smaller, a better miscibility is expected and therefore TL has the
least theoretical miscibility with DMF.

To further investigate the influence of anti-solvents, a tiny drop of anti-solvent (~ 60 pL) is deposited
over a precursor (CH3NH3PbBr; in DMF) droplet by using the dual nozzle inkjet system. As shown in
Figure 2 (b), conventional evaporation method after printing a precursor drop (W/O) results in scattered
crystals surrounding in a ring shape, caused by the pinned contact line as shown previous in the literature.
IPA, which has the best miscibility with DMF, results in small and densely scattered crystals in the circular
area. On the other hand, toluene (TL), which has the worst miscibility among the three anti-solvents,
results in a large cubic crystal of 50 um, which is larger than the reported values in the literature. These
results indicate that the anti-solvent printed over precursor droplet can quickly yield in perovskite crystals.
Moreover, by choosing an anti-solvent with suitable miscibility, this anti-solvent assisted crystallization
can effectively grow large single-crystal perovskite on lyophillic substrates.
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Figure 2 (a) Miscibility of different solvent and (b) crystal morphology of perovskite after dual drop collision
with various anti-solvent.
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To enlarge the crystal size, the precursor volume is increased to 6 nl. As previously shown, toluene has
the best miscibility and is thus used as the anti-solvent in this experiment. By varying the precursor/anti-
solvent ratio, as shown in Figure 3, the size of the printed single crystals can be adjusted. As expected,
excess amount of anti-solvent, which quickly reduces the precursor solubility and yields in a faster
crystallization rate, leads to smaller crystal sizes. When the anti-solvent amount is reduced, the crystal
sizes increase possibly due to the slower crystal growth. A peak crystal size of ~180 ym was found when
the ratio of 5P:1A is used. However, as the precursor increased to 6P:1A, the anti-solvent can’t cover the
whole precursor sessile drop and thus the crystal size decreases again. Similar printing parameters are
thus used to print single crystal patterns. As shown in Figure 4 (a), perovskite single crystals can be
precisely patterned into an array with an “NTU” word by this dual nozzle inkjet printing system. Besides,
the average size of the perovskite single crystal can achieve ~ 90 um (Figure 4 (b)).
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Figure 3 Variation in crystal size with different precursor/anti-solvent ratio.
(100 precursor drops were first printed on ITO surface to create a large precursor sessile drop with a
volume of 6 nL, following by printing toluene droplet.)
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Figure 4 (a) Perovskite single crystal array pattern (b) Crystal size of array pattern

Conclusions

In this study, we developed an anti-solvent assisted crystallization process by using a dual nozzle
inkjet printing method. To avoid coffee-ring effect in crystal growth process via solvent evaporation, anti-
solvent is directly deposited onto perovskite precursor droplet. For the first time, sub-millimeter size
(~200um) single-crystal perovskite CH3;NH3;PbBr; are printed over lyophilic surfaces without any
temperature control or heat treatments. Moreover, without any pre-pattern or transfer crystal, single
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perovskite crystals can be directly printed into precise patterns. The printed single-crystal perovskite

shows low grain boundary and good light absorption, and can be used for photodetector or LED

applications. This anti-solvent assisted inkjet printing method can be easily applied to other crystallization

processes and paves the way to direct patterning of large single crystals.
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