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Abstract 

Solution-processed metal halide perovskite single crystals (SCs) are in high demand for a 

growing number of emerging device applications due to their superior optoelectronic 

properties compared to polycrystalline thin films. However, the historical focus on thin film 

optoelectronic and photovoltaic devices explains the absence of methods suitable for facile, 

scalable and high throughput fabrication of precision-engineered and positioned SCs and 

arrays. Here, we present a universal co-solvent evaporation (CSE) strategy by which 

perovskite SCs and arrays are produced directly on substrates from individual drying droplets 

in a single step within minutes at room temperature. The CSE strategy successfully guides 

supersaturation of drying droplets to suppress all unwanted crystallization pathways and is 

shown to produce SCs of a wide variety of three-dimensional (3D), quasi-two dimensional 

(2D), and mixed cation/halide perovskites. The drying droplet approach works with 

commonly used solvents, making it universal. Importantly, the CSE strategy ensures the SC 
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consumes the precursor in its entirety, leaving little to no residue on substrates, which is 

crucial for enabling fabrication of SC arrays on large areas via printing and coating 

techniques. We go on to demonstrate direct on-chip fabrication of 3D and quasi-2D 

perovskite photodetector devices with outstanding performance. Our approach shows that 

metal halide perovskite SCs can now be produced on substrates from a drying solution via a 

wide range of solution processing methods, including microprinting and scalable, high 

throughput coating methods. 

 

Keywords 

metal halide perovskite, quasi-2D perovskite, single crystal, evaporation guided 

crystallization, solvent engineering, scalable manufacturing, photodetector 

1. Introduction 

Solution-processed metal halide perovskites (MHPs) hold great promise for high-

performance and low-cost thin film photovoltaics (PV) and optoelectronics. Looking beyond 

their mainstay PV application, a diversity of MHP compounds have recently achieved 

excellent performance in photodetectors (PDs) 
[1, 2]

, light emitting diodes (LEDs) 
[3, 4]

, lasers 

[5]
, logic gates, field effect transistors 

[6, 7]
, and a wide variety of sensors

[8, 9]
. These successes 

have undoubtedly leveraged the legacy of processing know-how of polycrystalline thin films 

led by the PV community. However, the premium placed on coating large area substrates 

with polycrystalline films has favored nonequilibrium processing methods heavily reliant on 

quenching strategies to leverage high nucleation density at the expense of grain size, 

crystallographic texture, crystallinity, and trap state densities 
[10-12]

. Unlike PV devices, where 

large area thin films are de rigueur, most electronic and photonic applications require a large 

number of discrete device arrays, making the need for continuous films a moot point. Instead, 

methods that print or coat semiconductors at the discrete device level are highly desirable, 
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especially if they can achieve exceptional performance together with scalable and large area 

fabrication.  

At a fundamental level, lifting the requirement of large area film continuity from solution 

processes greatly relaxes thermodynamic and kinetic constraints and, in principle, allows 

high quality single crystals (SCs) to be printed locally on discrete devices, instead of 

polycrystalline films to be coated globally across the substrate. Indeed, the on-chip 

fabrication of any MHP compound SC through direct printing in ambient conditions, 

including any modern 3D or layered MHP and even solid-solution MHP alloys, would be a 

new paradigm for this field as well as for printed (opto)electronics in general. SCs are widely 

known to be the highest quality embodiment of almost any semiconductor, and MHPs are no 

exception, as SCs eliminate grain boundaries, which can be a source of trap states as well as 

degradation of these materials 
[13, 14]

. While several methods have been developed to grow 

macroscopic SCs, including seeded growth 
[15]

, solvent mixing 
[16]

, inverse temperature 

crystallization 
[17]

, antisolvent 
[18]

, evaporation 
[19]

, and liquid diffused separation
[20]

, these 

methods are widely impractical for scalable manufacturing of on-demand SCs on surfaces. 

Such methods are not suited for fabrication of SC arrays with precise positioning, size and 

shape, all of which are essential requirements for fabrication of microdevice arrays. Existing 

methods are currently incompatible with scalable and/or high-throughput manufacturing 

processes currently adopted by the printed and flexible electronics industry, which are 

primarily based on industrial spin-coating and meniscus-guided coating and printing 

methods, where an ink is solution-cast and the semiconductor solidifies during and/or post 

evaporation. In this regard, recent efforts to produce MHP SC arrays directly on substrates 

have included producing regular precursor PbI2 seeds on pre-patterned substrates, and 

converting them into perovskite SCs through chemical vapor deposition 
[21, 22]

. Other methods 

have focused on dividing the precursor solution through micro-structured master dies and 

capillary channels 
[23-26]

, utilizing inkjet printing on selected substrates with controlled 

temperature to induce nucleation, or using laser induced heating to generate SC arrays, and 
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may not be universal to other MHPs 
[27-29]

. While these techniques have made strides towards 

achieving fabrication of micrometer sized SCs, they rely on multi-step techniques and still 

lack the desired simplicity, material universality and compatibility with one-step coating and 

printing methods. Many require secondary high vacuum deposition steps, the need of 

accurate temperature control or extensive post-treatments. We take the view that the 

stochastic nature of nucleation and its competing pathways through heterogeneous and 

homogeneous routes at different times during the drying of a droplet are the most challenging 

obstacles to achieving on-demand and reproducible SC formation from a drying droplet. 

Overcoming these and enabling facile fabrication of superior quality MHP SCs through 

scalable printing and coating methods and demonstrating their direct integration into 

optoelectronic devices will create tremendous new opportunities for rapid development and 

adoption of MHP-based device technologies. 

Here, we present a universal co-solvent evaporation (CSE) strategy which successfully 

produces a wide variety of MHP compounds into SCs directly on substrates from drying 

droplets at room temperature. The CSE strategy is demonstrated to universal across different 

types of MHP compounds and common processing solvents, is successful across mixed 

halide and mixed cation MHP alloys and produces high quality layered (quasi-2D) MHPs. A 

judiciously selected co-solvent (CHP: n-cyclohexyl-2-pyrrolidone) exhibiting a combination 

of low volatility, low precursor solubility and high surface tension with respect to the primary 

solvents used by the MHP community (e.g., DMF: dimethylformamide, GBL: gamma-

butyrolactone, DMSO: dimethyl sulfoxide), plays a vital role in promoting SC formation 

during the CSE method. Our CSE strategy is remarkably effective at suppressing all but the 

single crystal‟s nucleation and growth pathway throughout the drying of the droplet, thanks in 

part to effective triple-contact line de-pinning strategy. Our in-depth investigation ascribes 

the success and universality of the co-solvent evaporation approach to the following key 

features: (1) early rise in supersaturation; (2) rapid growth of crystal; (3) depletion of 

precursor removing driving forces for competing nucleation pathways; (4) droplet recedes 
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conformally around the crystal leaving minimal residue. We demonstrate direct printing of 

microcrystal arrays with precise microscale positioning, size and shape control and 

repeatability of crystals. We also translate our approach to high-speed coating techniques 

where crystal arrays form within minutes by spin-coating or blade-coating on pre-patterned 

surfaces. We successfully demonstrate the universality of the CHP co-solvent based drying 

strategy across a wide range of MHPs, including three dimensional (3D) MAPbBr3, MAPbI3, 

MAPbCl3, FAPbBr3, the mixed cation alloy MAxFA1-xPbBr3, the mixed halide alloy 

MAPbBr3-yCly, quasi-2D (PEA)2PbBr4 and (PEA)2PbI4, as well as the lead-free perovskite-

like MABi2I9 compound. Photophysical characterization confirms that the addition of CHP 

improves the quality of the SCs, presenting fewer defects, and reducing trap assisted 

recombination as compared to microcrystals prepared using alternative methods. We go on to 

fabricate on-chip SC photodetector microdevices by printing 3D and 2D SCs, which achieve 

high sensitivity and responsivity. Our results demonstrate that direct printing and coating of 

crystal arrays can be achieved using low-cost, scalable, and high throughput printing and 

coating methods similar to the ones used to make today‟s ubiquitous polycrystalline thin 

films for integration in next generation electronic and photonic devices and circuits. 

2. Results and Discussion 

2.1. Co-Solvent Evaporation (CSE) Strategy 

In typical solution processing, phase transformation occurs near the very end of the drying 

process whereby the solution becomes highly concentrated and supersaturated, leading to 

rapid phase transformation through multiple competing mechanisms, as well as quenching 

through premature evaporative loss of the process solvent and/or anti-solvent drip 
[30-34]

. It is 

therefore a very challenging proposition to achieve SC growth under these circumstances. 

One approach would be to slow the evaporation rate considerably by enclosing the solution, 

but this tends to be impractical from a manufacturing throughput perspective, and with few 

notable exceptions does not ensure SC growth, nor does it eliminate recrystallization, 
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secondary nucleation or coffee ring formation on a substrate, let alone determine the location, 

size and shape of the crystal 
[24, 28, 35, 36]

. Slowing the net evaporation rate of the solvent does 

not guarantee suppression of competing nucleation at the liquid-air and solid-liquid interfaces 

or the TCL of the receding droplet either.  

We seek to design an evaporation strategy which can achieve SC growth within a time scale 

of minutes. To do so it must suppress all competing phase transformation pathways and 

utilize nearly 100% of the initial precursor for the intended crystal. To be successful, we must 

initiate nucleation at a much earlier stage of the drying process, maintain the cohesion of the 

liquid droplet as it dries and ensure that it shrinks conformally around the crystal, so that it 

may provide a steady supply of precursors to the crystal‟s growth surface rather than other 

low energy surfaces and the TCL. The co-solvent must therefore combine a few essential 

characteristics, namely to possess comparatively lower solubility and vapor pressure with 

respect to the primary solvent, exhibit chemical compatibility with the precursor metallates 

and the primary solvent, high surface tension, and favorable interaction with the substrate‟s 

surface chemistry. The latter is crucial to suppressing crystallization at the TCL, also known 

as the “coffee ring” effect, which can be a primary source of parasitic crystallization in 

solution processing and can prevent the receding droplet from being pinned during 

evaporation.  

We have selected the co-solvent N-cyclohexyl-2-pyrrolidone (CHP) for its high boiling point 

(BP) (284
o
C) and high surface tension (43.2 dyne/cm), as well as lower solubility towards the 

perovskite precursors in equimolar amounts (e.g., ~69 mg/ml of MAPbBr3 compared to 

common solvents, such as DMF (700-900 mg/ml) 
[37, 38]

 or DMSO (~730 mg/ml) 
[39, 40]

. We 

illustrate in Figure 1a the envisioned mechanism of the CSE strategy to undergo early 

supersaturation, nucleation and rapid growth of an SC via primary solvent evaporation all the 

while minimizing parasitic crystallization events from occurring on the substrate. To do so, 

we functionalize SiO2 substrates with octadecyltrichlorosilane (OTS), a non-polar 
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hydrophobic end-tail self-assembled monolayer (SAM), which is successful at eliminating 

pinning of the polar solution precursor at the TCL. Thus, when droplets of the perovskite ink 

are cast on the functionalized surface they remain “unattached” as the drying droplet recedes. 

The concentration of the precursor solution within the droplet increases as the lower BP main 

solvent evaporates first, changing the balance of co-solvent mixture in the droplet. As the 

solubility of the precursor in the co-solvent is low, this leads to saturation and supersaturation 

early, leading to onset of nucleation in the bulk of the droplet before any crystallization is 

observed at the edges of the droplet, as will be demonstrated below. The de-pinning of the 

droplets promotes the rapid and exclusive growth of the seeds already formed within the 

droplet as it shrinks, ensuring a small number of grains can form, including a single crystal in 

some conditions where CHP concentration is judiciously chosen. Given that our method 

appears to consume the precursor solution in its entirety, in contrast to the ITC method which 

consumes up to 70% 
[38]

, we find that the initial volume and precursor molarity of the droplet 

can precisely and directly control the final size of the SC. Moreover, this method inherently 

provides exquisite control over the location of the SCs as it can yield precisely one SC per 

deposited droplet, which can be delivered through any multitude of methods with precise 

micro-positioning, as we will demonstrate later. In this manner, the CSE strategy should 

facilitate the fabrication and positioning of SC arrays tremendously by eliminating the 

randomness and lack of control and reproducibility overgrowth of crystals from solution.  

In Figure 1b, we confirm how addition in different proportions of CHP into DMF affects the 

perovskite solubility limit at room temperature. The measured solubility limit of precursors in 

pure DMF is 735mg/ml, whereas it is only 69 mg/ml in CHP (Figure S1a). Each of the 

solvents exhibits the well-known inverse temperature solubility behavior; however, we seek 

to achieve SC growth at room temperature and to do so while allowing the solvent to be 

removed without leaving residual precursor upon evaporation, which is not possible for ITC. 
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Figure 1: Evaporation-based Single Crystal Formation. (a) Schematic diagram showing 

the conversion of a judiciously formulated precursor droplet to single crystal as it dries upon 

a functionalized substrate. The droplet shrinks uniformly thanks to de-pinning of the triple 

contact line, supersaturates early, and results in nucleation and growth of a single crystal 

throughout the entire evaporation process of the droplet. This allows precursor droplets of 

predetermined volume to be cast at designated locations to produce arrays of single crystals 

(e.g., 3 x 3 square array). (b) Solubility of the MAPbBr3 precursors at room temperature in 

DMF with varying CHP co-solvent content. (c) Evaporation curves obtained through TGA 

denoting the behavior of solutions based on pure DMF, pure CHP, and a 9:1 DMF:CHP 

mixture. The inset shows the onset of crystallization based on the initial concentration of the 

solution. (d) Solubility vs time calculated based on the evaporation rate of the DMF/CHP co-
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solvent mixture in conjunction with solubility behavior of the solution, showing early onset 

of supersaturation and expected nucleation time. (e) Images showing the contact angle of 

DMF on bare silica vs OTS-terminated silica. (f) The drying process at different stages of 5 

µl 0.5 M 9:1 DMF:CHP solution on a bare SiO2 (i-iii) and an OTS-functionalized substrate 

(iv-vi). i, iv) initial droplet; ii, v) halfway of drying; iii, vi) dried crystals. Scale bar is 250 

µm. (g) Images denoting the influence on the formation of SCs of different pure perovskites 

inks with (ii) and without (i) CHP and (h) on the formation of mixed cation or mixed halide 

SCs with (ii, iv) and without (i, iii) CHP by drop casting 10 µl relevant inks the OTS-

functionalized substrates. The results demonstrate that addition of 10-30% CHP and use of 

OTS surface functionalization yields well-defined millimeter sized single crystals.  

The supersaturation of the droplet is achieved through selective evaporation of DMF which 

increases the CHP:DMF ratio and thereby decreases the solubility limit of the solute. The 

vapor pressure (VP) of DMF (2.6 mmHg at 20
o
C) is considerably higher than that of CHP 

(0.05 mmHg at 20
o
C), therefore DMF is expected to dominate the evaporation rate (ER) of 

the solution until it is depleted. The ERs of DMF and CHP are considerably different and 

correlate to their established VPs and BPs 
[41, 42]

. We have used thermogravimetric analysis 

(TGA) (Figure S1b) to confirm that the ER of the solvent mixture DMF:CHP (9:1 v/v) 

follows Raoult‟s law of partial pressures in Equation 1, where χ is the molar fraction of the 

component and P denotes the partial vapor pressure of the components.  

         
       

                                            (1) 

As expected, the ER of the solvent mixture is dictated by the fast evaporation of DMF. As the 

DMF fraction in solution decreases over time, the total ER decreases and transitions toward 

the lower ER of CHP, a trend which is observed for different mixing ratios of DMF and CHP 

(Figure S1c). The rise in precursor concentration is directly tied to the ER of solvents and the 

starting precursor concentration. Figure 1c shows the rapid rise of precursor concentration in 

DMF-only solutions, whereas addition of CHP reduces the overall ER as the initial DMF 

evaporates. This change of solvent composition results in a reduction of the solubility of the 

solution. Figure 1d estimates the precursor solubility limit in the solvent mixture as a 

function of drying time by combining the dynamically changing ER of the mixture with 

knowledge of the volume fractions of DMF and CHP at any given time, and their respective 
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solubility limits. In this regard, we can predict the onset of nucleation and growth in a 

DMF:CHP solvent mixture based on the starting precursor concentration and solvent ratio, as 

well as the overall crystallization timescale.  

Controlling the sites of nucleation during the evaporation of the perovskite ink is another 

important factor to consider. Adjusting the wettability of the substrate via SAM treatment is 

perhaps the best method to inhibit coffee-ring effect by eliminating pinning at the TCL. 

Figure S2a shows the contact angle of common solvents for perovskite inks (DMF, DMSO, 

GBL) and CHP as a proposed co-solvent on different surfaces. The contact angle resulting 

from functionalization of SiO2 with OTS increases almost 3.5 times for DMF compared to 

the bare SiO2 (Figure 1e). To demonstrate the effectiveness of the CSE strategy for achieving 

TCL depinning and forming SCs on functionalized substrates, we drop cast 0.5 M MAPbBr3 

perovskite solutions in a 9:1 DMF/CHP mixture on both OTS and non-OTS functionalized 

glass substrates, tracking the drying process under the microscope at different stages. The 

droplet pinning at the TCL on untreated surfaces results in a large number of nuclei and 

significant coffee ring effect (Figure 1f, i-iii). On the other hand, OTS treatment allows the 

droplet to shrink inward by depinning the TCL and forms a single nucleation event resulting 

in a large well-defined SC on the substrate (Figure 1f, iv-vi). 

We assessed the quality of the MAPbBr3 SCs grown by the CSE strategy through x-ray 

diffraction (XRD) and spectroscopy techniques. The powder-XRD pattern in Figure S3a 

confirms the pure cubic phase of the MAPbBr3. The XRD rocking curve and χ-scan (Figure 

S3c) of the (100) diffraction peak with the full width at half maximum (FWHM) values of 

0.05265
o
 and 6.91

o
, respectively, indicate a highly ordered crystalline lattice consistent with 

SCs, whereas the in plane φ‐scan of the (110) diffraction (Figure S3b) reveals an almost 

perfect 4-fold symmetry, the absence of any twins,  confirming the bulk SC nature of the 

sample similar to SCs grown by ITC 
[43-45]

. Likewise, steady-state UV-vis and 

photoluminescence (PL) spectroscopy measurements (Figure S3d) showed the absorption 
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onset at 570 nm and PL emission peak at 537nm, in agreement with previous reports for 

MAPbBr3 SCs 
[46, 47]

.  

We evaluate the quality of CSE-grown crystals relative to other methods by evaluating carrier 

dynamics and recombination behavior using time-resolved photoluminescence (TRPL) 

measurements. TRPL decay was parametrized with a double exponential revealing long 

carrier lifetimes of t1=10 ns and t2=72 ns (Figure S3e, f). These values compare favorably to 

microcrystals produced via other methodologies,
[24, 28, 48]

 and imply reduced carrier 

recombination at the surface and bulk due to lower trap densities and improved quality of 

SCs produced the CSE approach. In fact, the lifetimes are remarkably similar to the values 

for considerably larger bulk SCs 
[17, 46, 49]

 despite our microcrystals exhibiting a much larger 

surface-to-volume ratio.   

We further demonstrate the universality of the CSE approach with CHP by successful growth 

of different MHP SCs by drop casting a wide range of precursors on the same substrate using 

a combination of solvents (Figure S2b), including archetypal MAPbBr3, FAPbBr3, MAPbI3, 

and MAPbCl3 (Figure 1g, ii), as well as a range of mixed cation MAxFA1-xPbBr3 (Figure 1h, 

ii) and mixed halide MAPbBryCl3-y (Figure 1h, iv) alloys. In all cases, our CSE strategy 

produces mm-sized SCs on OTS treated glass simply by optimizing the molarity of inks, as 

well as the CHP content in light of the types and mixtures of main solvents used, including 

DMF, DMSO and GBL. Without exception, all formulations missing CHP resulted in 

polycrystalline or multicrystalline clusters exhibiting a coffee ring effect, which illustrates the 

important role of CHP co-solvent in guiding supersaturation and constraining the number and 

location of nucleation events to unity. We note that successful growth of alloyed mixed 

cation and mixed halide SCs (Figure 1h and S4a, b) required a higher CHP content than 

single halide species to slow down the nucleation resulting from the higher lattice disorder 

induced by the difference in cation and halide sizes 
[50-52]

. A summary of the ink formulation 

for each perovskite species can be found on Table 1. The single crystal solid-solution alloy 
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nature of MAxFA1-xPbBr3 and MAPbBryCl3-y is confirmed through XRD measurements in 

Figure S4c, f which show only (100) reflections showing up. As expected, a shift in the (100) 

peak position towards smaller angles (Figure S4 d, g) is consistent with substitution of MA 

with the larger FA cation. Along the same vein, substitution of Br with the smaller Cl halide 

results in a shift to larger diffraction angle. As confirmation of lattice inclusion of FA, we 

observe a small red shift in PL emission (single emission peak) with increasing FA content 

which shifts from the larger bandgap of MAPbBr3 (~ 2.3 eV) toward the marginally smaller 

bandgap of FAPbBr3 (~ 2.2 eV). A more pronounced PL emission blue shift (single emission 

peak) is observed in the mixed halide alloy given the considerably larger bandgap of 

MAPbCl3 (~ 3.0 eV) (Figure S4e, h).  

 

Table 1. Summary of formulations for different perovskite single crystals produced through 

CES methodology.  

Perovskite System Solvent System (v/v) Concentration (M) 

MAPbBr3 DMF:CHP (9:1) 0.2-0.5 

FAPbBr3 DMF:CHP (9:1) 0.5 

MAPbI3 GBL:CHP (9:1) 0.75 

MAPbCl3 
DMF:DMSO:CHP 

(9.5:9.5:1) 
0.95 

MABi2I9 DMF:CHP (9:1) 0.5 

MAxFA1-xPbBr3 DMF:CHP (8:2) 0.5 

MAPbBryCl3-y ( y ≥ 2.7) DMF:CHP (7:3) 0.5 

MAPbBryCl3-y (y < 2.7) DMF:DMSO:CHP (9:1) 0.5 

(PEA)2PbBr4 DMF:CHP (8:2) 0.25 

(PEA)2PbI4 GBL:CHP (8:2) 0.15 

 

2.2. Direct printing of microcrystal arrays via CSE 
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We further prove the feasibility of our CSE strategy and potential direct integration of MHP 

SCs in optoelectronic microdevices by printing micrometer sized MAPbBr3 SC arrays 

directly on substrates via the use of a picolitre printer. Figure 2a shows a picture during the 

dispensing of optimal CSE formulation for MAPbBr3 (20% CHP in DMF) on OTS-treated 

glass substrate. The droplets can be dispensed with uniform size and microscale positional 

accuracy, allowing creation of nominally uniform microcrystal arrays. To confirm the CSE 

strategy works as designed, we recorded the droplet drying and crystal growth behavior by 

video microscopy immediately after picoliter droplet dispensing (Video 2 in SI). As 

expected, the droplet shrinks uniformly without any pinning at the edges thanks to the 

hydrophobicity of the functionalized substrate and the high surface tension of CHP. After 

about 1 minute, a small crystal forms and grows while initially drifting laterally while slightly 

out of focus. The crystal floats above the plane of the substrate and appears to settle on the 

substrate as it comes into focus after growing further in size and remains stationary thereafter 

while all solution evaporates and there is no evidence of competing crystallization or residue 

deposition on the substrate (Figure S5a). Figure 2b illustrates the critical importance of 

combining CHP co-solvent and OTS surface functionalization to eliminating parasitic 

crystallization and to forming a singular crystallization event from each droplet. Microbeam 

wide angle X-ray scattering (µWAXS) measurements performed at NSLS II (CMS beam 

line) focused on individual microcrystals to further demonstrate the single crystal nature of 

the printed microcrystals. This is evidenced by the appearance of a single (100) diffraction 

spot in the 2D µWAXS image (Figure S5b) instead of multiple diffraction spots or rings seen 

in the case of multicrystalline or polycrystalline samples (Figure S5c). The single crystal 

character of the sample is also confirmed by the absence of additional reflections (Figure 2c) 

in contrast to polycrystalline powder samples where several additional reflections are usually 

observed
[27, 53]

. We monitored the microcrystal size evolution with time quantitatively 

(Figure 2d) and found that the crystal seed is first observed 1.6 s after the droplet is cast. It 

undergoes rapid growth from <2 μm to 10 μm within 90 s while the droplet contracts 



 

This article is protected by copyright. All rights reserved. 
14 

without evidence of additional nucleation events despite. The rapid growth is ascribed to 

evaporation of the volatile DMF solvent. Meanwhile, the absence of additional nucleation 

events is explained by the expectation that the CSE strategy counteracts any likely rise in 

supersaturation due to solvent loss with rapid depletion of solute as a result of fast SC 

growth. As the SC growth rate slows down over time, this is due to depletion of DMF and 

evaporation now dominated by low volatility CHP co-solvent. The remaining time is 

dedicated to CHP evaporation and the low solubility of solute in CHP ensures that most of 

the precursor is incorporated into the SC with a minority of precursor remaining solubilized. 

Overall, the microcrystals reach their size within 20 mins despite the very low evaporation 

rate of CHP, thanks to the low volume utilized (~200 picolitre per droplet). Figure 2e and f 

exhibit a printed equidistant array and “NCSU” pattern formed by micro-size MAPbBr3 SCs 

with our direct SC writing method, indicating a new path for on-demand microfabrication of 

hybrid perovskite SCs. 
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Figure 2: Micro-printing of MAPbBr3 single crystal arrays. (a) Screenshot during the 

printing of MAPbBr3 single crystal array. The scale bar is 200 μm. (b) Microscope bright 

field (left) and fluorescence (right) images of printed MAPbBr3 crystals on functionalized vs 

non functionalized substrates and with vs without the addition of CHP. The scale bar is 10 

μm. (c) The microbeam wide angle x-ray scattering (µWAXS) patterns of printed MAPbBr3 

single crystal and polycrystals. (d) The size change with time of printed MAPbBr3 single 

crystal from dispensing on the substrate to the full evaporation of DMF. Inset: microscope 

images at certain time during the growth of MAPbBr3 single crystal. The scale bar is 10 μm.  

(e) Microscope images of printed MAPbBr3 single crystal array with 200 μm center to center 

distance. The scale bar is 100 μm. Inset: zoom in of one single crystal from the array with 

scale bar of 10 μm. (f) Fluorescence image of printed NCSU pattern formed by MAPbBr3 

single crystal (top) and photograph of a large area NCSU pattern (bottom), the scale bars are 

100 μm and 1 mm, respectively. 



 

This article is protected by copyright. All rights reserved. 
16 

2.3. Scalable and high-throughput coating of microcrystal arrays via CSE 

In addition to producing micro-crystals on demand, we explored the utilization of scalable 

coating techniques compatible with wafer-scale (batch) and continuous production of SC 

arrays in a high-throughput manner while maintaining exquisite control over the positioning 

and size of SCs for ease of integration into functional device arrays and integrated circuits. 

The schematic in Figure 3a summarizes the patterning and processing steps we have 

implemented to enable production of arrays of perovskite microcrystals using the CSE 

strategy in conjunction with high-throughput coating techniques. We have implemented 

substrate patterning in order to guide droplet formation on surfaces via hydrophobic-

hydrophilic interactions and take advantage of the CSE strategy to produce one microcrystal 

per droplet location. The substrates are functionalized to make them hydrophobic; then 

photolithographically patterned to create hydrophilic domains (e.g., circles or squares) to 

guide and capture the polar solution at designated locations during the solution thinning or 

meniscus formation process. In this manner, the CSE strategy can produce a microcrystal 

within the pre-patterned hydrophilic domains as the solvent evaporate. High speed video 

imaging performed during spin-coating (Figure 3b) and blade-coating (Figure 3c) show the 

process of continuous liquid film breaking up into droplets at the designated hydrophilic 

pixels where SCs subsequently form (Video in SI). The nucleation and growth of a 

microcrystal were further monitored (Figure 3d), revealing drying kinetics and microcrystal 

formation similar in size and kinetics as the direct printing method shown in the previous 

section, considering that the droplet volume is approximately <0.5 nL. Nucleation and most 

of the crystal growth occur within the first minute of evaporation, driven by the rapid 

evaporation of DMF, followed by slower growth due to evaporation of CHP.  
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Figure 3: Coating-based fabrication of microcrystal arrays. (a) Diagram denoting the 

fabrication flow. (b) High-speed recording of spin coating process of perovskite solution at 

1000rpm on silicon oxide substrate patterned with 50 μm diameter hydrophilic domains. 

Scale bar is 200μm. (c) High-speed recording of blade-coating process of perovskite solution 

at 100mm/s on silicon oxide substrate patterned with 100 μm per side square hydrophilic 
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domains. (d) MAPbBr3 single crystal growth sequence within a hydrophilic domain after 

deposition. (e) Fluorescence microscopy image of MAPbBr3 crystal array obtained from a 

DMF:CHP solution by coating on . Scale bar is 50μm. (f) Optical profilometer 3D surface 

image of a single crystal array grown within hydrophilic domains with 100μm diameter. The 

crystals show uniform thickness around 7 μm. (g)  MAPbBr3 crystal size change with varying 

hydrophilic domain diameter and molarity from solutions containing 10% CHP. XRD pattern 

of crystal arrays obtained from (h) MAPbCl3, (i) MABi2I9, and (j) (PEA)2PbBr4 solutions 

containing CHP as a co-solvent. Insets show SEM image close ups of MAPbCl3, MABi2I9, 

and AFM image of (PEA)2PbBr4, respectively. Scale bar is 10 μm for SEM images, and 4 μm 

for AFM.  

We optimized the solution concentration and co-solvent volume fraction to increase the SC 

yield to over 90%, ensuring that each hydrophilic pixel produces one high-quality single 

crystal with the correct morphology and shape (Figure S6). The contrast between pure DMF 

and DMF:CHP (9:1 v/v) solutions is shown in the fluorescence images and the scanning 

electron microscope (SEM) close ups. The solution based solely on DMF evaporates rapidly, 

prompting multiple nucleation events and increased crystallization competition between 

seeds, as well as premature drying leading to quenching and ultimately leading to disordered 

clusters with undefined shapes spread over the pixel. As demonstrated earlier, the 

introduction of CHP into the formulation transforms the nucleation and growth process and 

the cubic shape of the resulting features becomes increasingly prominent as the CHP content 

increases. The utilization of 10% CHP in the solution produces a lone straight-edged cubic 

crystal when combining the CSE strategy with hydrophobic/hydrophilic patterning, with few 

visible imperfections, uniform thickness (Figure 3h) and compact interior when sectioned 

(Figure S6e). XRD measurements (Figure S6i) on array samples show that increasing the 

CHP content leads to a growing prominence of (100), (200,) and (300) diffraction peaks and 

the loss of (110), (210), (211) and (22) peaks, an indication of greater texture, loss of powder-

like character, consistent with SC formation 
[45]

. Additionally, microcrystals synthesized from 

higher amounts of CHP in the precursor solution show lower PL emission intensity (Figure 

S6j), suggesting a reduction of surface defects typically leading to higher PL intensities 
[54-56]

.  
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We can tune the size of the SCs by controlling the dimensions of the hydrophilic pixels and 

the initial concentration of the precursor solution (Figure 3g). Optical micrographs (Figure 

S7) reveal well-defined cubic MAPbBr3 microcrystal arrays with uniform size grown from 

0.75M DMF:CHP (9:1 v/v) precursor solution on 20, 50 and 100 µm pixels. The size of a 

crystal can be controlled systematically from <1 µm in length (0.1M solution and 20µm 

pixels) up to 30µm (1M solution and 100µm pixels). These approaches can be easily 

translated between wafer-scale spin-coating and continuous blade-coating, both of which 

produce regular arrays of rectangular shaped microcrystals without modifying the ink 

formulation or the CSE strategy (Figure S8).  

We further generalize the CSE strategy for scalable fabrication of hybrid perovskites 

microcrystals of various metal halides, including the wide bandgap MAPbCl3 perovskite, the 

lead-free perovskite-like MABi2I9, and emerging quasi-2D (PEA)2PbBr4 and (PEA) 2PbI4 

layered perovskites, also known as Ruddlesden-Popper compounds with n=1. These materials 

offer intriguing properties including selective UV absorbance 
[57-59]

, reduced toxicity 
[60, 61]

, 

increased stability 
[62]

, high luminescence 
[63, 64]

, and strong quantum confinement  
[63, 65]

, 

which can become advantageous for photodetectors 
[57, 58]

, LEDs 
[63, 65]

, lasers 
[64, 66]

, 

scintillators 
[67, 68]

, and a variety of sensing applications 
[69-71]

. We fabricated arrays of 

MAPbCl3, MABi2I9 and (PEA)2PbBr4 microcrystals through blade coating (Figure S9), and 

demonstrated control over their size up to hundreds of microns and uniformity of their 

thickness. Figure 3h-j outlines the XRD patterns for microcrystal arrays of the 

aforementioned compounds with increased 00l reflection peak prominence, and confirms the 

crystal arrays exhibit the expected cubic, hexagonal and triclinic structures, respectively. A 

closer look at individual microcrystals through SEM and AFM techniques in the insets shows 

the characteristic straight-edged smooth facets expected for SCs. The imaged terrace features 

on the surface of the layered perovskite (PEA)2PbBr4 has a step height of ~1.65 nm, in 

agreement with previous reports 
[64]

.   
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2.4. Microcrystal photodetector device fabrication via CSE 

The ability to microprint metal halide perovskite SCs on demand enables a wide range of 

applications in (opto)electronics, whereby the CSE strategy will allow direct printing and 

growth of these materials on pre-patterned electrodes and circuits. Along this vein, we 

demonstrate the direct applicability of the CSE strategy and precise control over the location 

of microcrystals and ability to grow on heterogeneous substrates used in optoelectronics as 

well as form electrical contacts by fabricating coplanar photodetector devices using a wide 

range of materials, including MAPbBr3, (PEA)2PbI4, and (PEA)2PbBr4 microcrystals via 

blade coating on chips pre-patterned with metal electrodes. Following the methodology 

described above, we prepatterned gold electrodes on SiO2 substrates, functionalized both 

surfaces, centered the hydrophilic domains over the electrode channels, and deposited the co-

solvent precursor solution through blade-coating, forcing the droplet to be confine within the 

patterned regions, i.e., the channel. The resulting devices are illustrated in Figure S10 and 

Figure S11. Both (PEA)2PbI4 and (PEA)2PbBr4 perovskite samples demonstrate a 2D layered 

sharp edged crystal that has single crystal characteristics. A schematic of the MAPbBr3 

photodetector with a coplanar metal–semiconductor–metal (MSM) configuration on Si/SiO2 

substrate is illustrated in Figure 4a. The images in Figure 4b-d show microcrystals of each 

aforementioned compound located between two gold electrodes with  channel lengths of 5 

and 20 μm to facilitate the collection of photocarriers. Unlike MAPbBr3, (PEA)2PbI4 and 

(PEA)2PbBr4 required 20% CHP content to produce single crystals. The current density–

voltage (J-V) characteristics of the devices in the dark and under light illumination with 

power intensities ranging from 0.01 to 10.76 mW/cm
2
 are shown in Figure 4d and e. The 

photocurrent density (Jp) is directly proportional to the light intensity and absorbed photon 

flux (Figure 4c and f), and is expressed by       
 , where α is the proportionality 

constant for a certain wavelength, β is the light intensity photocurrent response, and P is the 

power density. Figure S12 shows the spectral photoresponsivity (R) vs bias voltage, which 

reaches a maximum value of 250 A/W at -6.5 V bias for a wavelength of 540 nm for 
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MAPbBr3 devices and 28A/W at -5V and 400nm wavelength for (PEA)2PbI4 devices. The 

photoresponsivity (R) of the photodetectors was calculated using the formula,   

  (   )⁄ , where S is the effective illuminated area. The MAPbBr3 and (PEA)2PbI4 

photodetectors respond highly in the 530-550 nm and 400-500 wavelength regimes, 

respectively, consistent with their absorption spectra We note, however, that (PEA)2PbBr4 

devices responded only to 415nm wavelength and required the maximum available power in 

our setup to produce response. Nonetheless, the devices demonstrated a sharp modulation 

beyond 5V bias (Figure S13). The temporal photoresponse of MAPbBr3 microcrystal 

photodetectors (Figure 4f and S12c) denote a sharp increase in photocurrent by several 

orders of magnitude (~10
4
) with fast response and recovery times (200 and 210 ms, 

respectively) at an applied bias voltage of -5 V. (PEA)2PbI4 photodetectors demonstrated 

slightly lower photocurrent increase, but exhibited slightly faster  light switching recovery 

times (90 and 120ms) (Figure 4g and S12d). The performance, stable photocurrent 

generation, and reproducible response to on/off cycles demonstrates that microcrystal 

photodetectors fabricated through CSE is comparable to that of devices from macroscopic 

bulk SCs and 2D SCs 
[36, 38, 53, 72]

, and are therefore promising for commercial adoption  in 

integrated photoelectronic applications thanks to the demonstration of scalable and high-

throughput fabrication of SC-based microscale optoelectronic device arrays enabled by the 

CSE strategy developed in this study.  
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Figure 4: Photodetection performance of MAPbBr3 SC. (a) Schematic of microcrysal 

coplanar photodetector. Either a 3D or quasi-2D SC is grown across substrates pre-patterned 

with Au electrodes via blade coating. By illuminating the photodetector form top, current 

characteristics are measured. (b) Microscope image of a MAPbBr3 single crystal sitting 

between two gold electrodes. (c) Microscope image of a 2D (PEA)2PbI4 crystal that has 

grown to fill the entire pre-patterned hydrophilic domain on top of gold electrodes. Scale bars 

are 50µm (d) Current density-voltage curves of the MAPbBr3 photodetector in the dark and 

under white light illumination of different irradiances. (e) Photocurrent density as a function 

of light intensity of the MAPbBr3 photodetector under 490 nm white-LED illumination. (f) 

The time‐dependent photocurrent measurement over a 4‐period on–off operation under the 

different illumination ranging from 0.05 to 3.5 mW/cm2 (measured at -5 V applied bias). (g) 

Current density-voltage curves of the (PEA)2PbI4 photodetector in the dark and under the 

illumination of 490 nm LED with different irradiances. (h) Photocurrent density of the SC 

photodetector as a function of light intensity of a 490 nm LED. (i) Time‐dependent 

photocurrent measurement under the different illumination ranging from 0.2 to 45.2 mW/cm2 

(measured at 10 V applied bias).  

3. Conclusion 

We have developed a universal co-solvent evaporation strategy which can produce high-

quality metal halide perovskite single crystals and microcrystals directly on substrates from 

drying droplets using a variety of printing and coating techniques. The devised strategy can 

produce precise microcrystals individually with excellent size and positional accuracy, as 
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well as print or coat large arrays with high positional fidelity, controlled size and shape over 

substrate surfaces within minutes and at room temperature. The CSE strategy‟s judicious 

combination of a universal co-solvent (CHP) and surface functionalization of the substrate 

are credited with providing a robust and wide parameter window within which a very wide 

range of metal halide perovskites, including 3D, quasi-2D, mixed cation and mixed halide 

alloys, and lead-free perovskite-like compounds can be formulated in common process 

solvents (DMF, DMSO, GBL) and be readily formed into single crystals on substrates. The 

CSE strategy works on the principle of a low solubility and low vapor pressure co-solvent 

which allows the primary process solvent (i.e., DMF, DMSO, and/or GBL) to evaporate first, 

leading to supersaturation in the bulk solution. Upon nucleation, rapid growth depletes the 

solute and prevents additional nucleation from occurrding, ensuring that each droplet yields a 

single crystal. Key to the success of the CSE strategy are the rapid rate of crystal growth, 

which outpace the process solvent evaporation, as well as control of the TCL with the help of 

surface functionalization in order to suppress formation of „coffee-ring‟ effects. In doing so, 

we demonstrate consistent and repeatable production of one-to-one droplet-to-crystal 

production for a wide range of materials at room temperature with crystalline characteristics 

and optoelectronic properties comparable to macroscopic crystals grown in solution through 

the ITC and antisolvent methods. We demonstrated the versatility of the CSE strategy across 

different manufacturing approaches widely adopted by the printed electronics community by 

producing millimeter sized SCs via drop casting, as well as direct printing of microcrystal 

arrays, and finally by high-throughput coating and wafer-scale growth of microcrystal arrays 

through spin-coating. We also demonstrate blade-coated microcrystal arrays, a meniscus-

guided coating technique which can be applied in continuous mode. The universality of the 

CSE strategy is shown by successfully fabricating a wide range of pure and mixed metal 

halides, including MAPbBr3, MAPbI3, FAPbBr3, MAPbCl3, mixed cation MAxFAyPbBr3, 

mixed halide MAPbBrxCly, MABi2I9, quasi-2D (PEA)2PbBr4 and (PEA)2PbI4. Finally, to 

demonstrate its applicability to device fabrication, we demonstrated small footprint 
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microcrystal photodetector devices by combining the CSE strategy with scalable blade-

coating to produce on-chip grown SC 3D and quasi-2D photodetector microdevices. The 

resulting devices showed high sensitivity with a photocurrent increase of 4 orders of 

magnitude when a light with 10 mW cm
-2 

intensity was shone upon them. The strategy 

presented herein lays the foundation for the integration of high quality SCs and microcrystals 

of metal halide perovskites into several different applications ranging from flexible 

electronics and optoelectronic, to sensing, imaging and radiation detection and beyond 5G 

communication applications.  

4. Experimental Section  

Chemicals 

The CH3NH3X and CH(NH2)2X (X = Cl, Br, I) were purchased from GreatCell Solar and 

used as received. Lead bromine (PbBr2), lead Chloride (PbCl2), lead Iodide (PbI2), bismuth 

iodide (BiI3), dimethylformamide (DMF), cyclohexyl-2-pyrrolydone (CHP), dimethyl 

sulfoxide (DMSO) and γ-butyrolactone (GBL) for preparing the perovskite precursor 

solutions were purchased from Sigma-Aldrich. The n-type silicon and silicon oxide wafers 

were purchased from Silicon Quest International while borofloat glass wafers were purchased 

from WaferPro. OTS, Octanethiol and the solvents n-Hexane and Iso-octane used to 

functionalize the substrates were purchased from Sigma-Aldrich.  

Single Crystal Synthesis 

Macroscopic crystals: The Si/SiO2 or borofloat glass wafers were cleaned using a piranha 

solution followed by oxygen plasma treatment for 2 minutes. To carry out functionalization, 

they were submerged in a 50mM solution of OTS in n-hexane and left under vacuum for 10 

minutes, followed by ultra-sonication in hexane for 5 minutes to remove excess material, 

rinsing with IPA and drying with a nitrogen gun. The formulations for different materials 

were optimized for the single crystal growth. 0.5 M MAPbBr3 and FAPbBr3 were made by 
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dissolving equimolar amount of MABr or FABr with PbBr2 in 9:1 DMF:CHP mixture. 0.75 

M MAPbI3 were made by dissolving equimolar amount of MAI with PbI2 in 9:1 GBL:CHP 

mixture. 0.95M MAPbCl3 were made by dissolving equimolar amount of MACl with PbCl2 

in 9.5:9.5:1 DMF:DMSO:CHP mixture. The mixed cation MAxFA1-xPbBr3 solutions were 

made by mixing desired ratios of 0.5 M MAPbBr3 and FAPbBr3 in 4:1 DMF:CHP mixture. 

0.5 M mixed halide MAPbBryCl3-y were made by dissolving stoichiometric amount MABr, 

MACl, PbBr2 and PbCl2 in 7:3 DMF:CHP mixture (6.3:0.7:3 DMF:DMSO:CHP for 

MAPbBr2Cl1). Then, 10 µl droplets of the above solutions were then drop casted on top of 

the OTS-functionalized substrates and left to evaporate in a petri dish under nitrogen glove 

box conditions. After evaporation of the main solvent, the samples were then moved to a 

vacuum oven at 60
o
C to remove excess CHP.  

Direct Printing of Microcrystals: The Si/SiO2 substrates were pre-cleaned and OTS treated 

with the method described above. 0.2 M MAPbBr3 solutions from DMF:CHP mixtures with 

different ratios were used as inks. These were loaded into a 30 µm diameter hollow capillary 

and directly printed on the substrates with a Sonoplot Microplotter Proto, by applying 2V for 

a dispensing time of 1s. The deposition of the array was carried at a 200 µm center to center 

distance. After the printing was completed, the samples were left to crystallize at room 

temperature and ambient environment for 20 minutes and then moved to a vacuum oven at 

60˚C for further drying.  

Microcrystals and photodetector devices: The Si/SiO2 were pre-patterned with Cr/Au 

electrodes and functionalized according to the method described above. To turn the gold 

electrodes hydrophobic, the substrates were further functionalized by submerging them into a 

solution of octanethiol in ethanol for 30 minutes according to the method described by Notsu 

et al 
[73]

, rinsing the excess material with ethanol and drying them with a nitrogen gun. The 

substrates were then annealed at 120
o
C, covered with AZ9260 photoresist, and patterned 

through photolithography to create a hydrophilic domain pattern on a hydrophobic substrate 

by exposing certain areas to oxygen plasma treatment for 1 minute. The processed substrates 

were rinsed with acetone and IPA to remove the photoresist before utilization. 60µl of a 0.5 
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MAPbBr3 solution in a mixture of DMF:CHP (9:1) was spin-coated (1000 rpm for 20 s) or 

blade-coated (10mm/s) onto the processed substrates, then they were left in a petri dish for 

crystallization in nitrogen conditions and then moved to a vacuum oven at 60
o
C to remove 

excess CHP.  MABi2I9 crystals were grown from a 0.75M solution in a mixture from 

GBL:CHP (9:1), (PEA)2 PbBr4  and (PEA)2 PbI4 crystals were obtained from a 0.2M solution 

in a mixture of DMF:CHP (8:2). 

Characterization Methods 

Contact Angle Measurements: A drop shape analyzer (DSA-100) is used to deposit and 

measure the sessile drop contact angle of the different solvents at room temperature on the 

pristine surfaces and those functionalized with OTS.  

Thermogravimetric measurements: The TGA measurements were obtained on a NETZCH 

STA 449 Jupiter by drop casting 20µl of the different solvents and the perovskite solution in 

an aluminum sample pan which were then placed inside a closed chamber at room 

temperature to calculate their evaporation rates.  

X-Ray Diffraction: The XRD diffraction measurements of the single crystals were obtained at 

room temperature on a Bruker D8 advance diffractometer set up in a Bragg-Brentano 

configuration from 2θ angles ranging from 5
o
 to 60

o
 and analyzed through the Diffrac.EVA 

software. The rocking curve and phi scan were performed under a high-resolution setup with 

Ge(220) × 2 crystal collimator and a Cu X-ray tube. The phi scan on the (110) plane was 

collected by tilting the chi angle to 45 degrees, and the 2theta and omega angles were set to 

the corresponding angles for the (110) plane. The bulk single crystals were characterized as 

grown, and then ground into a fine polycrystalline powder for a second measurement. The 

arrays of micro single crystals were analyzed as grown.  
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Steaty-State Absorbance Spectroscopy: The UV-Vis absorbance spectra was obtained 

through an Agilent Cary 5000 spectrophotometer with an integrating sphere, by varying the 

wavelengths of the light beam from 350 up to 800nm at 2nm intervals.  

Steady-State Fluorescence & Photoluminescence Spectroscopy: PL measurements were 

performed on a Horiba 5000 Raman Spectrophotometer with a 473nm excitation laser, while 

fluorescence imaging was done on a Zeiss LSM 710 Upright confocal microscope with a 

458nm Argon Laser. 

Time-resolved photoluminescence spectroscopy: For TR-PL experiments samples were 

excited with a Coherent Helios 532 nm nano second laser with a pulse width of 0.85 ns and 

with a repetition rate of 1 KHz. Typical pulse energies were in the range of several µJ. The 

PL of the samples was collected by an optical telescope (consisting of two plano-convex 

lenses), which was further focused on the slit of a spectrograph (PI Spectra Pro SP2300), and 

eventually detected with a Streak Camera (Hamamatsu C10910) system with a temporal 

resolution of 1.4 ps. The data was acquired in photon counting mode using the Streak Camera 

software (HPDTA), and was exported to Origin Pro 2015 for further analysis. 

Microscopy Imaging: Optical microscopy images were obtained on a Nikon Eclipse 

LV100POL microscope with 50X, 20X, 10X, and 5X objectives paired with a Nikon DS-F11 

Camera. Scanning electron microscope images of the various samples were taken on a Nova 

NanoSEM, and a Zeiss SEM with voltages ranging from 3kV to 10kV and at different 

magnifications depending on the requirements of each sample. 

Transmission wide angle x-ray scattering measurements: Transmission Wide Angle X-ray 

Scattering (TWAXS) was performed at the CMS (11BM) beamline of NSLS II, Brookhaven 

National Lab. The x-ray beam with the wavelength of 0.918A perpendicularly penetrated 

through the printed samples. The x-ray beam size was set to 0.2x0.2mm in order to cover 
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isolate printed grains. The scattering signal was collected by an area detector, Pilatus 800K, 

placed 259mm away from the sample. The exposure time was 10s.    

High Speed Camera Imaging: The high-speed recording of the deposition methods and time-

lapse of the crystallization on the functionalized substrates was performed by coupling a 

Phantom V710 high-speed camera to the optical microscope described above and recording at 

5000 fps.  

Profilometry measurements: the thickness of the different crystals was measured on a Bruker 

Contour Elite 3D optical profilometer.  

Photodetector measurements: Photodetector characteristics were measure by using a probe-

station equipped inside an N2 glovebox and a precision source/measure unit, B2912A 

(Keysight Technologies). A green LED (490 nm) (Thorlabs – M490L4) with a focusing lens 

was used as illumination source. The wavelength dependent photoresponse was measured 

with a Newport-74125-UV-Vis monochromator.    
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Perovskite single crystals are grown on-demand at room temperature and integrated directly 

onto optoelectronic devices via printing and coating using a scalable co-solvent evaporation 

(CSE) strategy. The CSE strategy controls supersaturation and suppresses competing nucleation 

during drying to yield high-quality single crystals of quasi-2D, 3D, lead-free and mixed ion 

perovskites with minimal residue.  
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