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ABSTRACT 

Growing a monocrystalline layer of lead halide perovskites directly over substrates is necessary to 

completely harness its stellar properties in optoelectronic devices as the single crystals of these 

materials are extremely brittle. We study the crystallization mechanism of perovskites by anti-

solvent vapor diffusion to its precursor solution and find that heterogeneous nucleation prevails in 

the process, with the crystallization dish walls providing the energy to overcome the nucleation 

barrier. By perturbing the system using sonication we are able to introduce homogenously 

nucleated seed crystals in the precursor solution. These seeds lead to the growth of closely packed 

crystals over surface modified substrates kept in the precursor solution. This crystallization process 

is substrate independent and scalable, can be utilized to fabricate planar optoelectronic devices. 

We fabricate planar photoconductors with these crystal film which reports a colossal detectivity 

(1.48 x 1013 Jones) for methylammonium lead iodide crystal photoconductors. 

TOC GRAPHICS 

 

 

 

 

 



3 

 

INTRODUCTION 

With intriguing electronic and optoelectronic properties such as long carrier diffusion lengths, high 

carrier lifetimes and extremely low trap densities arising from its inherent defect tolerance,1 hybrid 

lead halide perovskites have revolutionized the field of photovoltaics,2 light emitting 

diodes(LEDs)3 and other optoelectronic devices.4–7 Almost all these devices use a spin coated 

polycrystalline thin film of hybrid lead halide perovskites (hereafter referred to as perovskites). In 

these normal polycrystalline thin films, all the alluring attributes inherent to the material are not 

harnessed and are immensely compromised. For instance, a good quality polycrystalline thin film 

of perovskites (methyl ammonium lead bromide/iodide) has a trap density of the order of 1017 cm-

3.8 Because of these traps, the diffusion length and lifetime of the charge carriers in the 

polycrystalline thin films get dwindled drastically.  

 In contrast, for perovskite single crystals, the reported trap state densities are of the order of 109 

to 1010 cm-3, which is extremely low and comparable to the best quality ultra-pure single crystalline 

silicon.9 In single crystals, the electron and hole diffusion lengths were found to be of the order of 

hundreds of microns.10,11 The limited trap density also results in long photo-generated carrier 

lifetimes (above 1µs) even for facile solution grown crystals.9 While it has been found that, the 

majority of the losses in a photovoltaic cell are caused by dangling bonds at the interfaces,12 bulk 

traps are responsible for limiting the device performances to an extent. Apart from the reduction 

in carrier mobility as well as diffusion length and the resultant deterioration of the device 

performances and efficiency, the grain boundaries in thin films act as active centers for moisture 

diffusion, thereby deteriorating its moisture tolerance.13 Grain boundaries also act as a channel for 

ionic migration, which results in ionic accumulation at the device interfaces and causes anomalous 
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device characteristics.14–16 In short, improvement in crystallinity not only improves the device 

performance but also endows coherent device characteristics and long-term stability. Thus, like 

most of the other optoelectronic technologies, a monocrystalline perovskite device is expected to 

show superior performances, improved stability and reliability. 

The most common method to fabricate monocrystalline optoelectronic devices is to grow a large 

bulk single crystal of the optoelectronic material which is later sliced down to thin wafers for the 

device fabrication. Another method relies on growing thin monocrystalline layers of the material 

epitaxially over the device substrates. For perovskites it is extremely difficult to slice down the 

crystals to thin wafers owing to its inherent brittleness and fragility.17,18 Therefore, a viable option 

to realize an efficient and stable perovskite device is to grow its monocrystalline layer over the 

substrates19. Even though fast, simple and efficient growth of free standing single crystals of hybrid 

perovskites have been achieved, 9,11 their monocrystalline growth on substrates above a few 

centimeters in dimensions, as well as growing compact perovskite films with submillimeter grain 

sizes still remain a challenge and provides an avenue for the future research.  

In this work, we examined the mechanism of anti-solvent vapor crystallization (AVC) where a bad 

solvent vapor is allowed to diffuse to the perovskite precursor solution to cause supersaturation 

and crystallization (the case of thin film spin coating with anti-solvent dripping is similar to this 

as well).9 Even though growth of methylammonium lead bromide (MAPbBr3) crystals over 

substrates have been demonstrated, methylammonium lead iodide (MAPbI3) crystal growth over 

substrates are difficult to realize due to intrinsic anisotropic growth of tetragonal crystals.20,21 To 

the best of our knowledge this is the first work investigating the mechanism of AVC in perovskites. 

We found that crystal growth in AVC can be modified by varying the surface energy of the 
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crystallization dish. Our investigation of the process enabled us to modify and optimize it to grow 

densely packed crystals (crystal sizes > 100 µm) of methylammonium lead iodide (MAPbI3) as 

well as methylammonium lead bromide (MAPbBr3) over substrates. We used ultrasonication to 

create nucleation and growth of perovskite crystals in the precursor (sonication modified anti-

solvent vapor crystallization – S-AVC). Since the initial nucleation and seed crystal growth for S-

AVC took place in precursor solution, it enabled the growth perovskite crystals over any substrates 

and can be used as a universal technique for the fabrication of planar optoelectronic devices (Figure 

1). These densely packed, highly crystalline film were used to fabricate photodetectors having a 

very high detectivity of 1.48 x 1013 Jones and a high responsivity of 20 AW-1 for a 445 nm 

illumination.  

 

Figure 1. Schematic showing the crystallization procedure in AVC and sonication modified AVC. 

The sonication creates homogenously nucleated seeds, which grow over the substrate kept in the 

crystallization dish. 
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EXPERIMENTAL SECTION 

Precursor Solution Preparation and AVC: Lead iodide (PbI2) and methylammonium iodide 

(MAI) were stoichiometrically dissolved in γ-butyrolactone (GBL), lead bromide (PbBr2) and 

methylammonium bromide (MABr) were dissolved in dimethylformamide (DMF) to create the 

precursor solutions. These precursor solutions were used to perform dynamic light scattering 

measurements as well. 

Dichloromethane (DCM) was used as anti-solvent. As shown in figure 1, the crystallization dish 

is kept inside a container with DCM. The anti-solvent evaporates and move to the inner 

crystallization dish resulting in crystallization of bulk perovskite crystals. (see supporting 

information for detailed crystallization procedure). The sonication modified AVC was used to 

grow crystals over substrates. 

S-AVC and Photodetector Fabrication: As the anti-solvent introduction create supersaturation 

and the crystals start forming inside the precursor, a short duration of sonication induces the 

formation of numerous homogenously nucleated seed crystals in the precursor, which then get 

attached substrates kept inside the precursor. As more and more anti-solvent gets transferred 

inside, these seed crystals grow over the substrates and forms a pin hole free thick crystal film over 

substrates.  

For the fabrication of photodetector, we kept laser etched interdigitated FTO electrodes patterned 

over glass substrate. The perovskite crystals grow over these substrates to form 

FTO/perovskite/FTO photoconductors. A detailed fabrication and measurement procedure is 

provided in the supporting information. 
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RESULTS AND DISCUSSION 

Mechanism of anti-solvent vapor crystallization in lead halide perovskites: The basic 

mechanism of AVC was investigated for both MAPbI3 and MAPbBr3. Light scattering was 

observed if we shine a 650 nm laser beam through the precursor solution. Both the precursors 

showed significant light scattering as a result of its colloidal nature, with the particle size of the 

order of hundreds of nm (Figure S1, Figure S2). These results were well in accordance to the 

previous reports regarding the behavior of perovskite precursors. The solvent molecules formed 

coordination complexes with lead halides in the dispersion and resulted in the formation of large 

colloidal particles which are stabilized by the presence of other organic ions in the system.22,23 The 

anti-solvent vapor was allowed to slowly diffuse to these precursor dispersions to facilitate 

crystallization. In conventional anti-solvent crystallization methods (for example: NaCl, Na2CO3 

crystals), anti-solvent introduction drives out the dissolving solvents and thereby creates 

supersaturation and  crystal growth in the precursor which is associated with an increase in the 

colloidal particle size.24–26 In contrast, perovskite precursors showed a reduced tyndall effect after 

millimeter sized crystals were grown out of them. This shows a reduction in the particle size of the 

precursors and this reduction in the particle size is due to the consumption of precursors from the 

dispersion while crystallization (Figure S1, S2). To get a deeper insight over the crystallization 

procedure, UV-Visible absorption spectroscopy was carried out for the precursor dispersion 

before, during as well as after anti-solvent introduction and crystallization (Figure S3). The 

spectrum before anti-solvent introduction showed sharp absorption edges at 490 nm and at 400 nm 

for MAPbI3 and MAPbBr3 respectively. The absorption edges were blue shifted upon anti-solvent 

introduction. As anti-solvents were introduced and caused crystallization by consuming the 

precursors from the ‘dispersion’ bulk, it resulted in the dilution of the precursor. As the 
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concentration was decreased, the ratio of metal halide to ligand varied, causing the formation of 

smaller coordination complexes which appeared as the blue shifted absorption edge22,23. This was 

verified by observing the absorption edge of a 1000x diluted precursor using the same solvents 

(DMF and GBL for MAPbBr3 and MAPbI3 respectively). It was found that the absorption edge 

was further blue shifted upon dilution. Surprisingly, the precursor dispersion during and after anti-

solvent introduction didn’t show any MAPbBr3 or MAPbI3 perovskite crystal absorption peaks, 

not even after crystals of millimeter sizes were formed out of them. At the precursor concentrations 

used, we observed that the perovskite crystals were always forming over the walls of the 

crystallization dish and the precursor remained transparent throughout the crystallization 

procedure. To confirm that no colloidal perovskite nanocrystals were formed in the precursor, it 

was illuminated with UV at different stages of anti-solvent evaporation. The precursor didn’t show 

any photoluminescence at normal perovskite emission regimes (Figure S4 and S5). 

Summarizing all these results and observations, we deduced that the crystallization happened 

exclusively on the surfaces of the crystallization dish (heterogeneous nucleation and growth) and 

not at the bulk of precursor dispersion. The energy to overcome the nucleation barrier is provided 

by the crystallization dish surface, and the crystals kept on growing over the surfaces by consuming 

the precursors surrounding the nuclei. As more precursors were consumed for the crystal growth, 

the coordination chemistry changed and the sizes of the particles in the colloid were reduced, which 

is evident from the reduced tyndall effect (Figure 2a, detailed explanation in supporting 

information). The formation of large and stable coordination complexes in the precursor might be 

the reason for this distinct kind of crystallization for hybrid perovskites. To confirm our hypothesis 

regarding the effect of surface energy of the crystallization dish over the crystallization process, 

we carried out AVC with surface modified crystallization dishes.  
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Figure 2. a) Light scattering from the precursor before and after crystallization. b) Optical image 

of crystallization in surface energy modified dishes: bare glass dish (left), surface energy reduced 

dish by OTS (middle), surface energy increased by APTMS (right) and their corresponding bottom 

views. c) and d) Optical and 50x magnified images of MAPbBr3 and MAPbI3 crystals respectively 

grown over glass (1.5cm x 2.5cm) by S-AVC. e) MAPbBr3 crystals grown over flexible 

polyethylene terephthalate coated with indium doped tin oxide. f) and g) SEM images of MAPbI3 
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crystals grown over glass and its cross section. h) MAPbI3 crystals grown over glass and polished 

by optical sandpaper. 

 

The surfaces of the crystallization dishes were coated with self-assembled monolayers (SAM) of 

hydrophobic octadecyltrichlorosilane (OTS) and hydrophilic 

aminopropyltrimethoxysilane (APTMS) to respectively reduce and increase the surface energy.27–

30 The crystals grown in dishes with increased surface energy had large facet area parallel to the 

walls of crystallization dishes and crystals started forming over both horizontal and vertical walls 

of the dish. However, in the case of reduced surface energy, no crystals were found over the vertical 

or horizontal walls of the dish. Instead, numerous tiny crystals started crystallizing out at the 

corners formed by the intersection of horizontal and vertical walls of the crystallizing dish, where 

the surface energy could be predominantly high (Figure 2b). All these results vindicate our 

assumption that the surface energy of the crystallization dish provided the energy enough to 

overcome the nucleation barrier in AVC. 

The sonication modified AVC: In our sonication modulated crystal growth technique, the walls 

of the crystallization dish were coated with hydrophobic SAM (OTS) and the substrate over which 

crystals need to be grown were coated with hydrophilic SAM (APTMS). A short duration (1s) 

ultrasound was used to disturb the AVC system to create the growth of MAPbBr3 as well as 

MAPbI3 crystals over any substrates (S-AVC). Upon perturbation of the supersaturated precursor, 

the color of the precursor dispersion turned slightly from colorless to orange in MAPbBr3 (from 

yellow to grey in MAPbI3) indicating that the nucleation and growth of seed crystals were initiated 

in the dispersion. This showed that the normal AVC, where heterogeneous nucleation prevailed 
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was altered upon perturbation and resulted in homogeneous nucleation and crystal growth in the 

precursor dispersion. As the seed crystals started growing in the precursor dispersion, they got 

attached to the walls of crystallization dish and the substrate kept inside it to attain stability, as 

explained by the schematic Figure 1. Further anti-solvent introduction to the precursor resulted in 

the growth of these seed crystals over the substrates. This led to the formation of densely packed, 

highly crystalline MAPbBr3 and MAPbI3 layers with an area of a few square centimeters over rigid 

as well as flexible substrates, as shown in Figure 2c, 2d and 2e. The typical thickness of the 

MAPbI3 film was of the order of 100µm after 3 hours of growth and was pinhole free (Figure 2f 

and 2g) (Figure S6 for MAPbBr3 crystal film). As the substrates were coated with -NH3 terminated 

and hydrophilic (APTMS) SAM, it helped the crystals for a close packed growth over the 

substrates and gave strong adhesiveness between them. It was possible to mechanically polish the 

crystals grown over glass with optical sandpapers owing to their good substrate adhesiveness 

(Figure 2h and Figure S7). Since the nucleation and initial crystal growth took place in the 

precursor, the crystal growth was independent of substrate surfaces (Figure S8, S9), and the crystal 

films were able to sustain high tensile forces making it easy to process them and fabricate into 

devices (Figure S10). Thus, S-AVC deposition can be used as a universal method to grow hybrid 

perovskite crystals over any substrates.  

The crystallinity and orientation of the crystal film was investigated using X-ray diffraction (Figure 

3a and 3b). MAPbBr3 grown from S-AVC method showed a preferential orientation along [100] 

crystal plane, as given in Figure 3b. The full width half maximum of the [100] peak was 0.06o 

indicating good crystallinity of the material (Figure S11). MAPbI3 grown by S-AVC showed a 

preferred orientation along [310]. The material showed good crystallinity as the measured FWHM 

of the [110] peak was 0.06o (Figure S12). The tightly packed pinhole free MAPbI3 film was 
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composed of individual crystallites with an average dimension of 100µm. Since the material had 

superior crystallinity and reduced grain boundaries, the crystal film showed superior ambient 

stability (Figure S13) when compared to its thin film counterparts as explained by Wang et al.13 

 

Figure 3. a) and b) XRD of S-AVC grown MAPbI3 and MAPbBr3 respectively. c) and d) SCLC 

based trap density measurements for MAPbI3 and MAPbBr3 respectively by growing crystals over 

pre-patterned FTO electrodes separated by 100µm. Inset shows the trap density values in 

comparison with the best thin film and single crystal values available from literatures. 

To assess the quality of these crystal films, we carried out space charge limited current (SCLC) 

measurements and their trap densities were calculated (Figure 3c and 3d). Crystals were grown 
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over patterned fluorine doped tin oxide (FTO) electrodes which are relatively inert to lead halide 

perovskites, by S-AVC method as described above. Due to ionic nature of the material, a high 

inter-electrode spacing of 100 µm was chosen to keep a minimal electric field. The current–voltage 

characteristics was measured across the electrodes. A log10V - log10I curve was plotted to identify 

the trap filling voltage (VTFL), characterized by a sudden increase in the current passed through the 

semiconductor. 

The trap densities were calculated using the expression, 

Ntraps = 2εVTFLqL2      …..(1) 

Where ε is the dielectric constant of the material, L is the distance between the electrodes and q is 

the electronic charge. The dielectric constants (εr) were taken as 25.5 for MAPbBr3 and 28.8 for 

MAPbI3.
31 The measured trap densities were very low, of the order of 1011 cm-3, for both MAPbBr3 

and MAPbI3. These values are comparable to the values reported previously for their single crystal 

counterparts.11,32 The electric current through the semiconductor at child region follows the 

equation, 

𝐽𝑐ℎ𝑖𝑙𝑑 = 98  𝜀µ 𝑉𝑎2𝐿3      …..(2) 

Where Jchild is the current density through the semiconductor at child region, µ is the mobility of 

the charge carriers and Va is the applied voltage across the electrodes (Area of current flow is 5.8 

mm x 400 nm). Substituting these values, the mobility of the charge carriers can be obtained as 48 

cm2V-1s-1 and 147 cm2V-1s-1 for MAPbBr3 and MAPbI3 respectively. 

The material also showed red shifted photoluminescence (PL) peaks when compared to their thin 

films (Figure S14). These are typical characteristics of single crystals of lead halide perovskites 
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which are attributed to the process of re-absorption of photoluminescence in the crystalline 

material.32,33  

S-AVC based thick MAPbI3 crystal photodetectors: The closely packed and pinhole free 

MAPbI3 crystals grown over substrates can be efficiently used to fabricate planar optoelectronic 

devices. We induced the growth of MAPbI3 crystals by S-AVC over laser etched and pre-patterned 

interdigitated FTO substrates to create planar photodetectors. The channel length between the 

electrodes was 100µm and the device had an active area of 3.17 x 10-6 m2. The photodetectors thus 

formed were bottom illuminated from the glass side with a wavelength of 445 nm and was kept at 

a vacuum of 10-3 bar during all the measurements. As shown by the energy band diagram of the 

device (assuming the material to be intrinsic), the photo-generated electrons and holes will get 

swept across the semiconductor when an external bias is applied (Figure S15).  

The current–voltage characteristics were non-linear (Figure 4a) indicating the presence of potential 

barriers between hybrid perovskite semiconductor and FTO electrodes. Owing to the superior 

crystallinity and large thickness of the grown perovskite crystals, the device generated very high 

photocurrents even for low power illumination (About 60µA for 3µW illumination). The high 

photocurrent values for our crystal devices can be qualitatively described by a device model 

explained in the supporting information. Two key parameters responsivity and detectivity are 

commonly used to determine the sensitivity of a photodetector. 
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Figure 4. a) Photodetector I-V characteristics for various illumination power. b) Pulsed light 

characteristics for the device kept at a fixed bias of 8 V and irradiated with different power. c) Rise 

and fall time measurements for the device when illuminated with a pulsed light source of power 

2.4 mW and biased at 8 V. d) Responsivity and photocurrent variation with varying incident light 

intensity. 

The responsivity (R) of the photodetector can be calculated as, 

𝑅 = 𝐽𝑝ℎ𝜙 = 𝐼𝑝ℎ𝜙𝑠       …..(3) 
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Where, Jph is the photocurrent density, ϕ the incident light intensity and s the active area of the 

photodetector. The measured Responsivity for the photodetector was 20 AW-1. 

Another figure of merit of the device, the detectivity (D*) can be calculated from the responsivity 

as, (by considering that the shot noise of the photodetector is significantly larger than flicker and 

Johnson noise) 

𝐷∗ = 𝑅√2𝑞𝐽𝑑𝑎𝑟𝑘 = 𝑅√ 𝑠2𝑞𝐼𝑑𝑎𝑟𝑘     …..(4)
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Where, Jdark is the dark current density of the device, Idark the corresponding dark current 

and q the electronic charge. The calculated detectivity was 1.48 x 1013 Jones, a very high 

detectivity reported for a MAPbI3 photoconductor (Table S3). Both the detectivity and 

responsivity was measured for an illumination power of 3 µW. The low dark current due 

to larger inter-electrode spacing and high responsivity owing to its superior crystallinity 

and absorption cross-section resulted in this impressive detectivity. Since crystal MAPbI3 

absorbs light in the entire visible spectrum and has a very high detectivity value (100 

times larger than commercial Si photodetector), it can be considered as a promising 

candidate for low light imaging sensors. Over the same patterned substrate, a thin film of 

MAPbI3 was coated by spin coating process to create a thin film photodetector. The 

calculated responsivity and detectivity for this photodetector was 0.02 AW-1 and 3 x 1010 

Jones respectively (Figure S16). This indicates the nearly single crystal-like quality of 

the crystals gown over substrates. Since the photodetectors need to operate on 

continuously varying signals and must show excellent repeatability, the device was 

subjected to pulsed illuminations of wavelength 445 nm with different intensities (Figure 

4b). The device yielded a decent ON- OFF ratio of 1.4 x 103 for an incident power of 2.4 

mW. The rise-time and fall time for the device were calculated as 0.75 ms and 1.75 ms 

respectively, as given in Figure 4c. The usage of an inert conducting oxide (FTO) as 

electrode, a low electric field across the material and a highly crystalline perovskite as 

semiconductor yielded a highly stable and high sensitivity photoconductor photodetector 

(Figure 4d) 

CONCLUSIONS 

We investigated the mechanism of crystallization of lead halide perovskites by anti-

solvent vapor crystallization and highlighted the importance of surface energy and the 
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heterogeneous nature of crystallization. Heterogeneous nucleation and three-dimensional 

growth results in the growth of millimeter sized perovskite crystals. The system moved 

to predominant homogenous nucleation when perturbed and then the crystallization 

proceeded in precursor ‘dispersion’ bulk. S-AVC deposition method can be utilized to 

grow crystals over any substrates, as the initial nucleation and growth of seed crystals 

were independent of substrate surfaces. The tightly packed and highly crystalline 

perovskite layers grown over substrates by S-AVC deposition method can be used to 

fabricate planar optoelectronic devices. A planar photodetector fabricated by this method 

yielded excellent responsivity as well as colossal detectivity for MAPbI3 based 

photoconductors. In short, we demonstrated that a perturbed AVC system along with 

surface energy modification can result in the growth of substrate surface integrated lead 

halide perovskite crystals. This provides a simple and efficient approach to fabricate 

scalable, high performance planar optoelectronic devices with single crystal-like device 

characteristics. 
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EXPERIMENTAL SECTION 

1. Sonication modified Growth of Perovskite Crystals on Substrates (S-AVC) 

In Antisolvent Vapor Crystallization (AVC) process, as discussed earlier,1 the anti-solvent vapor is 

allowed to slowly evaporate to the solvent precursor solution, which creates supersaturation and 

crystallization. The crystal growth system has to be kept vibration free for better crystal growth to 

take place.  

Here, the process recipe was fine tuned for MAPbBr3 and MAPbI3 as given in the Table S1 to get a 

uniform crystal growth and coverage over the substrate surface. For MAPbBr3 crystals, we dissolved 

0.20M PbBr2 and 0.20M MABr in 10ml Dimethylformamide (DMF) to form the precursor solution. 

For MAPbI3, 0.20M PbI2 and 0.24M MAI were dissolved in γ-Butyrolactone (GBL) to form the 

precursor. The precursor solutions were filtered using 0.2µm PTFE filter and transferred to a 50ml 

crystallization dish with OTS SAM modified surfaces. The substrates on which the crystals have to 

be grown are cleaned in soap solution, dilute acid, water, acetone, deionized water and ethanol 

followed by nitrogen blowing. The cleaned substrates were ozone treated and surface modified with 

APTMS before dipping them in the precursor solution kept in the crystallization dish.  The 

crystallization dish was sealed and a hole of approximate cross section of 0.5mm was provided for 

the antisolvent to diffuse into it.  The precursor solution and substrate containing crystallization dish 

is kept inside a 250ml beaker with 50ml Dichloromethane (DCM) inside. The outer 250ml beaker 

is tightly sealed so that the DCM, upon evaporation moves to the crystallization dish kept inside 

through the tiny hole provided. As the antisolvent moves to the precursor solution it creates 

supersaturation inside and the crystals just start growing. The crystallization process is very slow 

and usually starts forming crystals in 3 days. A short ultrasound pulse of 500W (duration of 1 

second) was applied using a bath sonication apparatus on the crystallization solution at deep 

supersaturation, when tiny crystals were just forming. The ultrasound creates cavitation and 

microbubble formation inside the precursor solution. The imploding of these microbubbles provides 

sufficient energy to overcome the nucleation barrier. The numerous tiny microcrystals formed as a 

result of nucleation in the solution will get attached to the high energy substrate surfaces. Upon 
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further introduction of antisolvent vapor the crystal seeds on the substrate grows in three dimensions 

to cover the entire substrate. 

Table S1: The sonication modified antisolvent vapor crystallization recipe for MAPbBr3 and 

MAPbI3. 

Crystal 

Grown 

Precursor Solvent Precursor 

Ratio 

Anti-solvent Used  

MAPbBr3 N, N-

Dimethylformamide 

0.20M PbBr2 

0.20M MABr 

Dichloromethane 

MAPbI3 γ-Butyrolactone 0.20M PbI2 

0.24M MAI 

Dichloromethane 

 

After the crystal growth, the substrates were taken out and were annealed at 80oC for 10 

minutes and subsequently at 100oC for 10 minutes. All these procedures were carried out 

at room ambience. 

The thin films used as references in the work used 1M precursors (MABr and PbBr2 in 

DMF for MAPbBr3; MAI and PbI2 in DMF for MAPbI3) and was spin coated along with 

solvent engineering process reported previously in literatures.2 

All the processes used 99% pure MABr and MAI from Dyesol, 99.9% pure PbI2 from 

TCI, 99% pure PbBr2 from Sigma Aldrich. All the solvents were from Sigma Aldrich.  
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2. Surface modification of substrates and crystallization dish 

The glass substrates were cleaned with decon solution, dilute HCl, water, DI water, 

acetone, ethanol and were dried under nitrogen blowing. The substrates were UV- ozone 

cleaned for 30 minutes prior to incubation. 10 µl of APTMS was dispersed in 10 ml of 

anhydrous ethanol and kept in a well cleaned glass incubation petri dish. The UV- ozone 

cleaned substrates were quickly transferred to the petri dish and kept undisturbed at room 

ambience for 20 minutes. After 20 minutes the substrates were taken out and were 

cleaned by anhydrous ethanol by placing it in the bath sonicator for 10 minutes. The 

substrates were later dried by nitrogen blowing. 

The crystallization dishes were cleaned as per the same procedure described for the glass 

substrates. 4 µl of OTS was dispersed in 20 ml of anhydrous toluene and was poured into 

the crystallization dishes which were UV – ozone cleaned for 30 minutes. The 

crystallization dishes were closed and kept in room ambience undisturbed for 2 hours. 

After 2 hours the toluene containing OTS was poured out of the crystallization dish and 

cleaned thrice by rinsing with fresh toluene. The glass wares were dried under nitrogen 

blowing and kept in a drying oven (at 70 oC) for 2 hours. 

All these chemicals were from Sigma Aldrich and were used without any further 

purification. 
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Precursor Solution Investigations 

 

Figure S1: Precursors for MAPbBr3 and MAPbI3 before and after crystallization and scattering 

a laser beam of 650 nm. 

 

Figure S2: The DLS measurement curves for MAPbBr3 precursor in DMF before (colloidal 

size: 450 nm – 750 nm) and after crystallization. The colloidal sizes reduce (to 250 nm – 450 

nm) after crystallization (after 60 hours of anti-solvent introduction) 
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Figure S3: UV- Visible absorption spectra of (a) MAPbI3 and (b) MAPbBr3 precursors before, 

during and after crystallization. 
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Figure S4: MAPbI3 precursors illuminated by a UV source after different durations of anti-

solvent introduction. The precursors didn’t show any traces of colloidal perovskite crystal 

photoluminescence (PL). 

 

Figure S5: MAPbBr3 precursors showing no PL after different durations of anti-solvent 

introduction 

Scheme 1: Mechanism of Antisolvent Vapour Crystallization 
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Morphology and Cross-section Investigations for the Crystals 

The SEM images were obtained on JEOL Field Emission microscope JSM-7600F. The 

samples to be imaged are platinum sputtered to reduce the charging effect during the 

imaging process. The accelerating voltage was kept at 5kV for all the measurements. 

 

 

Figure S6: (a) and (b) SEM images of MAPbBr3 crystals grown over glass. (c) The cross 

section of the crystal film. 



 

S17 

 

 

 

 

Figure S7: (a) SEM image of the surface of MAPbI3 crystals grown over glass. (b) The 

crystal film surface after being polished by an optical sandpaper and its cross-section 

(c). 
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Figure S8: (a) MAPbBr3 crystals grown over a curved PET substrate. (b) MAPbI3 crystals grown 

over a Kapton sheet. 

 

 

Figure S9: Cross sectional SEM images of the surface of MAPbI3 crystals grown over 

mesoporous TiO2 layer, showing that the crystal growth process is independent of substrate 

surfaces. 
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Figure S10: Tensile force applied by using a 50g standard weight on MAPbI3 crystals 

grown over FTO substrates. 

Crystallinity and Orientation Investigations 

The crystallinity, orientation and morphology of the grown crystals on substrates were 

investigated using Scanning Electron Microscopy (SEM) and X- Ray Diffractometry 

(XRD). XRD patterns were obtained on Bruker D8 Advance diffractometer with a Cu 

target. Kα of X-Rays produced were of wavelength 1.5418 Ao at 40 kV and 40mA. The 

step size used for measuring the crystallinity (by Full Width Half Maximum) was 0.005 

degrees with a step duration of 1.5 seconds. 
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Figure S11: FWHM of [100] XRD peak of MAPbBr3 grown by S-AVC on glass.  

 

Figure S12: FWHM of [110] XRD peak of MAPbI3 grown by S-AVC on glass. 
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Ambient Stability Studies 

For measuring the ambient stability, a quick scan was used with 0.04 step size and 1 

second step duration. Both the crystal film and thin film were stored in room ambience, 

at a temperature of 23oC and relative humidity of 75%   

 

Figure S13: (a) XRD for MAPbI3 crystals grown over glass and its variation after being kept at 

room ambience and (b) the corresponding data for spin coated MAPbI3 thin film. 
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Photoluminescence Measurements  

Steady state photoluminescence was measured using HORIBA Scientific Fluoromax-4 Spectro-

fluorometer.  

 

Figure S14: Photoluminescence spectra of (a) MAPbI3 and (b) MAPbBr3 showing redshifted 

maxima, when compared to their thin film counterparts.  
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Space Charge Limited Current Based Measurements 

Pre-patterned interdigitated FTO electrodes deposited over glass substrate were used to 

conduct the SCLC measurements. After cleaning them, the substrates were used to grow 

crystals over them. The cleaned substrates were dipped in perovskite precursor solution 

and crystals were grown by the sonication modified growth technique as discussed 

before. SCLC measurement was carried out over this substrate integrated crystals to 

measure the trap density. A probe station and Keithley-4200 Semiconductor 

Characterization System was used to record the Voltage (V) - Current (I) curve. A log10V 

- log10I curve was plotted to identify the trap filling voltage (VTFL), characterized by a 

sudden increase in the current passed through the semiconductor.
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Fabrication and Characterizations of Photodetectors  

The FTO substrates with interdigitated electrodes were patterned by laser etching. The channel length used 

was 100µm with a width of 3.17cm. The perovskite films were spun coated and the crystals were grown 

over this prepatterned substrate to create the photodetector. 

  

Figure S15: (a)Log I – V curve indicating the contact barrier in the device. (b) Energy band diagram of 

the device under bias, assuming the material to be intrinsic. 

The incident light power on the device were varied from 3 µW to 104 µW and pulsed using a 

Thorlabs DC2200 LED driver and Solis-445C blue light LED source. The device characteristics 

were measured by using a Keithley 4200 SCS with the help of a probe station. The risetime and 

fall time were measured by using a Keysight B2912A Precision Source/Measure Unit, to achieve 

a better time resolution. 

As shown by the energy band diagram of the device (assuming the material to be intrinsic), the 

photo-generated electrons and holes will get swept across the semiconductor when an external bias 

is applied. The log I- V plot indicates the formation of contact barriers between FTO and MAPbI3. 
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FTO – MAPbI3 junction creates a rectifying junction and hence the photoconductor has two 

Schottky barriers within the device. While applying a bias the device can be modelled as a 

combination of a diode and a resistor connected in series, which is evident from the log I- V curve. 

As the biasing voltages are applied the methylammonium cations and iodide anions can 

accumulate at respective electrode perovskite junctions, leading to giant current amplification in 

the device, which enhances the photocurrent.3 

 

Figure S16: Photodetector response of a normal thin film MAPbI3 based device made on the same 

substrate. (a) V-I characteristics of the device. (b) Pulsed light characteristics for a biasing voltage of 8V. 

 

Table S2: Performance comparison of photodetectors 

Light Absorber Responsivity (R) Detectivity (D*) 

MAPbI3 Normal Thin 

Film 
0.02 A/W 3 x 1010 Jones 

MAPbI3 Crystals on 

substrates 
20 A/W 1.48 x 1013 Jones 
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Photodetector Device Model and Fluorescence 

Lead halide perovskites (MAPbI3) have large absorption cross section for photons having energies 

beyond 1.6 eV. The calculated penetration depth for an illumination of 450 nm (2.8 eV) is around 

50 nm.4 Due to small penetration depth of light at a wavelength of 450 nm, we excite excess energy 

hot electron hole pairs close to the surface of perovskite layers. Qualitatively in our model, the 

photocurrent is favored by the escape of charge carriers generated at the surface, to the 

corresponding electrodes upon applying a biasing voltage. According to the model of competing 

surface recombination and escape of charge carriers to the bulk crystal volume,5–7 we expect that 

the high photocurrents we observe in large crystal devices are accompanied by relatively low 

photoluminescence by and large originating from the surface. In the case of a normal 

polycrystalline thin film device, the excess recombination at the surface leads to very low 

photocurrent and poor photodetector characteristics. 

Such a behavior is reflected in the power dependence of photoluminescence intensity as shown in 

Figure S16. The peak intensity of the photoluminescence emitted from the crystals and from the 

thin film differ by a factor of approximately 30. 
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Figure S17: Dependence of the photoluminescence peak intensity on excitation power (λexc = 

450 nm) 

A quantitative correlation between photoluminescence intensity of crystals and polycrystalline thin 

films as well as their photocurrent dependences on crystal sizes is now ongoing.   
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Table S3: Performance comparison of various MAPbI3 photoconductors from literatures. 

*Single crystal device 

 

 

 

 

 

 

Device architecture Light (nm) Responsivity 

(AW-1) 

Detectivity 

(Jones) 

On/off 

ratio 

Rise-time/ 

Fall-time 

(ms) 

Device 

Electric Field 

(Vµm-1) 

Ref. 

FTO/MAPbI3/FTO 445 20 1.48 x 1013 1.4 x 103 0.75/1.75 0.08 This work 

ITO/MAPbI3/ITO 830 275 1013 - 0.03/0.02 1 8 

Au/MAPbI3/Au 420 13.6 5.25 x 1012 - 0.08/0.24 0.1 9 

Au/MAPbI3/Au 650 0.1 1.02 x 1012 3.4 x 102 0.3/0.4 0.025 10 

Pt/MAPbI3/Pt 400-700 <0.1 1.3 x 1011 104 90/20 0.2 11 

ITO/MAPbI3/Au White light 0.03 1010 - 20.47/13.81 0.15 12 

Au/MAPbI3/Au 700 10.33 - 105 0.020/0.010 0.2 13 

ITO/MAPbI3/ITO 365 3.49 - - 200/<200 0.2 14 

Au/MAPbI3/Au* 532 953 - 224 0.07/0.06 0.05 15 

Au/MAPbI3/Au White light 7.92 - 130 <200/<200 0.06 16 

ITO/MAPbI3/ITO White light 0.02-0.16 - - 2200/300 <1 17 
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