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 2 

ABSTRACT. The exciting intrinsic properties discovered in single crystals of metal halide 

perovskites still await their translation into optoelectronic devices. The poor understanding and 

control of the crystallization process of these materials are current bottlenecks retarding the shift 

towards single crystal-based optoelectronics. Here we theoretically and experimentally elucidate 

the role of surface tension in the rapid synthesis of perovskite single crystals by inverse 

temperature crystallization (ITC). Understanding the nucleation and growth mechanisms enabled 

us to exploit surface tension to direct the growth of monocrystalline films of perovskites (AMX3, 

where A = CH3NH3
+ or MA; M = Pb2+, Sn2+; X = Br-, I-) on the solution surface. We achieve up 

to 1 cm2-sized monocrystalline films with thickness on the order of the charge carrier diffusion 

length (~5-10 µm). Our work paves the way to control the crystallization process of perovskites, 

including thin film deposition, which is essential to advance the performance benchmarks of 

perovskite optoelectronics. 
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 3 

The performance of solid-state optoelectronic devices is usually dictated by the crystallinity of 

semiconductor materials used in the fabrication. Highly crystalline and monocrystalline 

semiconductors are the foundation of the most efficient solar cells, transistors, and light-emitting 

devices.1 Recently, metal halide perovskites with their intrinsically remarkable semiconducting 

properties have attained phenomenal success in optoelectronics.2-11 Yet despite these 

achievements, the majority of current perovskite-based devices still rely on polycrystalline thin 

films, which exhibit orders of magnitude inferior charge transport characteristics12-15 and an 

increased tendency to chemical degradation16-18 relative to their monocrystalline analogues. A 

desired shift towards single crystal-based devices is hindered by the necessity of synthesizing 

perovskite single crystals with geometries suitable for device applications. Though a number of 

solution-processed crystallization methods have been reported to date,12-14,19-28 none of them 

successfully achieved both large-area (> 1 cm2) and high-aspect-ratio (> 103) perovskite 

monocrystalline films (PMFs). The inability to direct the crystallization process stems from a 

poor understanding of its mechanism.  

Here, to bridge this technological gap, we thoroughly investigate the mechanistic origins of 

crystallization of metal halide perovskites, particularly focusing on their rapid synthesis by 

inverse temperature crystallization (ITC)14,19-21,29. We show that surface tension plays a central 

role in nucleation and growth of a crystal phase. We propose a mechanism, according to which 

the ITC starts with a nucleation at the solution surface layer due to the effect of surface tension. 

The growth of the nucleus into a crystal continues on the solution surface until it reaches the size 

when surface tension can no longer keep the crystal afloat. Taking advantage of this discovery, 

we design a general strategy for growing large-area monocrystalline films with high aspect ratios 

(~103), referred to here as surface tension-controlled inverse temperature crystallization (ST-

Page 4 of 20

ACS Paragon Plus Environment

ACS Energy Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 4 

ITC). The understanding of ITC mechanism and the development of ST-ITC for monocrystalline 

film growth creates a pathway to achieving optoelectronic devices based on perovskite single 

crystals. 

ITC is a method for rapid synthesis of sizable perovskite single crystals based on their solubility 

loss upon heating in certain organic solvents.14,19-21,29A recent report suggested a potential 

mechanism for ITC, in which the main driving force was proposed to be the supersaturation of 

ions as a result of the acid-induced dissolution of colloids.30 Although this mechanism may be 

relevant to the rapid crystallization of MA-based perovskites, the recent discovery of inverse 

solubility of cesium-based perovskites in DMSO (an aprotic solvent, which does not have an 

acid decomposition product)31-34 requires an alternative mechanism for ITC. To this end, we 

present below a generalized theory applicable to a broad range of metal halide perovskites. 

Nucleation analysis. The crystallization is a two-step process, which includes nucleation and 

growth of a solid phase. The basic physics of nucleation is illustrated using classical nucleation 

theory,35-38 according to which the nucleation rate NR  exponentially decreases with the 

nucleation barrier Δ: 

 expNR
T

 
  

 
 (1) 

where 𝑇 is temperature. 

We propose that nucleation in ITC is driven by dissociation of precursor-solvent complexes at 

elevated temperatures.14 Complex dissociation generates supersaturation of the isolated precursor 

molecules, which then nucleate into particles by overcoming the nucleation barrier Δ. For 

illustration purposes, consider a single-component precursor A in the solution, which forms 
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 5 

nuclei composed of pure A-molecules and complexes with the solvent S that is ASj. The 

concentration of the complexes is determined by the complex binding energy C C A SE j      

measured relative to the energies of A-molecules ( 0A  ) and solvent molecules ( 0S  ). At 

the solution surface these energies are lower, i.e.   AS A   and   SS S  , since the surface 

molecules are in strain due to surface tension (Figure 1A). 

 

 

Figure 1. (A) Schematic of change in molecular interaction energies in the volume (left) and the 

surface layer (right) of the solution. Due to surface tension effect, the intermolecular distances in 

the surface layer are increased hence decreasing corresponding interaction energy. (B) Graph 

illustrating the lower nucleation barrier for the solution surface layer compared to that in the 

solution volume. (C) Schematic of crystal growth during ITC. The free precursor molecules in 

the surface layer (above the dashed line) mainly attach to the sides of the nucleus (due to a higher 

free energy gain) resulting in a lateral growth of the crystal plate. The crystal plate is kept afloat 

by the solution surface tension. 

 

The nucleation barrier can be expressed as the difference in free energy of molecules in the 

nucleated particle relative to their energy in the solution: 

  
  

3
3 2

2

A

4 16
ln 4

3 3 ln
cr A B A cr

A B

R k T N R
k T N


   

 
         

  
 (2) 

where Rcr is the critical nucleus radius, γ is the particle’s surface energy, 𝜀 is the cohesive energy 

of A-molecules in the particle, NA is the mole fraction of isolated A-molecules. As the surface 

Page 6 of 20

ACS Paragon Plus Environment

ACS Energy Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 6 

layer is very thin, just a few intermolecular distances, the concentration of individual A-

molecules in it should be very close to that in the volume. Therefore, eq 2 shows that the 

nucleation barrier decreases with decreasing the molecular binding energy εA. For A-molecules 

in the surface layer this decrease is due to surface tension such that AS A surf    , where 

0surf   is the surface tension-related elastic energy per A-molecule in the surface layer. Then 

the nucleation barrier takes the form: 

 
  

3

2

A

16

3 ln
S

surf A Bk T N



  
  

   
 (3) 

This equation shows that the nucleation barrier at the surface layer is lower, hence the nucleation 

rate is higher than that in the solution volume (Figure 1B). We have also to emphasize that the 

higher is surface tension and accordingly surf , the lower is nucleation barrier at the solution 

surface, hence surface nucleation is easier. 

Growth analysis. The crystal growth rate can be treated within the Transition State Theory,39,40 

according to which the reaction rate is higher if the molecule in the initial state (solution) has 

higher chemical potential. The latter is true for A-molecules in the surface layer, which solvation 

energy ( )AS  is increased due to surface tension (Figure S1A). As a result, the edge sides of a 

crystal suspended on the solution surface are expected to grow faster than the bottom side, 

resulting in aspect ratios >1 (Figure 1C). 

Floatation analysis. The floatation of heavy solid objects on liquid surfaces arises from the 

interplay of several factors but is primarily due to the surface tension of a liquid. For illustrating 

the effect, consider a crystal plate of a a h   dimensions held on the solution surface (Figure 
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 7 

1C). Such a crystal plate of density ρ forms at its edges an effective contact angle θ > 90° with 

the liquid.41-43 The resultant equation taking into account the net force balance is as follows: 

 
4 sin( 90 )

( )

sol

sol

ah
g

 

 





 (4) 

where ρsol and σsol are the solution density and surface tension coefficient, respectively, g is the 

gravitational constant (9.81 m/s2). As is clear from this equation, solutions with high density and 

surface tension coefficient along with less tendency to wet the crystal plate are more likely to 

keep large crystals afloat on their surfaces. Thus, the use of highly concentrated solutions can 

prolong the crystal growth on the solution surface to a greater extent, as they provide both high 

ρsol and σsol values (Table S2) and also poorly wet the crystal surface (Figure S1B-S1C). 

 

 

Figure 2. Photographic images of (A) free-standing MAPbBr3 PMF, and (B) MAPbBr3, (C) 

MAPbI3 and (D) MASnBr3 PMFs floating on the solution surfaces. The vial diameter is 15 mm. 

(E) Top-view SEM image of MAPbBr3 PMF. Side-view SEM images of (F) MAPbBr3, (G) 

MAPbI3 and (H) MASnBr3 PMFs. 
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 8 

Based on our theoretical analysis, we hypothesized that crystallization process could be 

controlled in a way that enables the growth of large-area PMFs on the solution surface. To 

validate our hypothesis, we developed surface tension-controlled inverse temperature 

crystallization (ST-ITC) method, which uses solvent systems providing both the inverse 

solubility behavior and the high surface tension coefficient (σsol) for a perovskite solution.  

We started by choosing a suitable solvent system for the growth of MAPbBr3 PMFs. The highest 

achievable concentration of MAPbBr3 in DMF is 1.5 M at room temperature.29 However, only 

bulk crystals are produced from this solution upon its heating. Therefore, in order to arrive at 

PMFs only, a solvent with inherent high surface tension coefficient such as DMSO (σDMSO = 42.8 

mN/m vs σDMF = 35.2 mN/m)44 is needed. In addition, DMSO better dissolves MAPbBr3 than 

DMF, which is essential to further increase σsol. (Indeed, σsol increases with the concentration of 

perovskite solution as will be shown further). Though MAPbBr3 does not display ITC in pure 

DMSO, fortunately, we discovered that it does in the mixture of DMF and DMSO. DMF most 

likely provides inverse solubility, while DMSO increases the solubility of precursors and 

guarantees high σsol. 

To understand the effect of composition on ST-ITC, we mixed the solutions A (1.5 M 

MABr/PbBr2 in DMF) and B (4.2 M MABr/PbBr2 in DMSO) in various ratios. We observed that 

upon heating to 90-100 °C, A-B mixtures with 80-90% of B (by volume) produced MAPbBr3 

PMFs only (Figure 2B). Whereas the further decrease of the B content (≤ 70%) resulted mainly 

in bulk crystals (Figure S2A). Hence, we can conclude that there is a threshold surface tension 

value above which only PMFs grow. We will discuss this in more details in discussions sections. 
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 9 

We next use our knowledge to grow MAPbI3 PMFs. By analogy, here we used GBL as a solvent 

providing inverse solubility, and DMSO as a solvent providing high σsol. We found that typical 

dodecahedral-MAPbI3 cannot be grown in the PMF-form using ST-ITC method, whereas 

recently reported cuboid-MAPbI3 can (Figure S2).45 To arrive at the cuboid shape, we used 2:1 

molar ratio of MAI/PbI2. We separately prepared concentrated solutions of 2MAI/PbI2 in GBL 

(2.5 M, solution C) and DMSO (4.5 M, solution D), and then mixed them in 1:1 ratio by volume. 

Thin square black plates with truncated corners appeared on the solution surface upon heating 

the mixture to 100-110 °C (Figure 2C). The films have a specular top-surface. 

Finally, we also generalized ST-ITC to tin halide perovskites. We found that MASnBr3 is well 

dissolved in DMF at room temperature and displays inverse solubility in the solvent. Hence, we 

were able to achieve sufficiently high σsol without involving a second solvent. Heating 5 M 

solution of MABr/SnBr2 in DMF to 60-70 °C resulted in thin square red plates (Figure 2D). To 

the best of our knowledge, this is the first demonstration of inverse solubility behavior in tin 

halide perovskites. 

Top-view scanning electron microscopy (SEM) image of MAPbBr3 PMF shows a smooth 

surface comparable with that of bulk crystals (Figure 2E). From side-view SEM images (Figure 

2F–2H), we estimated the film thicknesses to vary from 5 to 20 µm, reaching down to 10 µm for 

MAPbBr3 and MASnBr3 PMFs, and 5 µm for MAPbI3 PMFs. We note that the thickness of 

MAPbI3 PMFs is in the same range with the charge carrier diffusion length,14 suggesting its 

potential use for optoelectronic devices. The typical aspect ratio of grown PMFs is about 103 in 

line with our theoretical analysis. 
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 10 

 

Figure 3. XRD patterns of free-standing and ground (A) MAPbBr3, (B) MAPbI3 and (C) 

MASnBr3 PMFs. Absorption and PL spectra of (D) MAPbBr3, (E) MAPbI3 and (F) MASnBr3 

PMFs. 

 

Next, we characterized PMFs by X-ray diffraction (XRD). Powder XRD patterns of ground 

crystals confirmed the presence of single cubic phase of MAPbBr3 and MASnBr3 perovskites, 

and single tetragonal phase of MAPbI3 perovskite (Figure 3A–3C).14,46 For MASnBr3, the 

calculated unit cell parameter (a = 5.89 Å) was found to be consistent with previous reports.46 

The XRD patterns of free-standing PMFs have reflections only from particular families of planes 

(Figure 3A–3C), indicating that their lateral growth on the solution surface proceeds along 

certain crystallographic directions. For example, as seen from Figure 3A–3B, both MAPbBr3 and 

MASnBr3 PMFs show only those diffraction peaks which correspond to (00l) family of planes, 

suggesting the top facet of these films to be (001)-oriented. For MAPbI3, we observed two strong 

adjacent peaks at 2θ = 14.01° and 14.17° corresponding to (002) and (110) planes, respectively, 
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 11 

and another two adjacent peaks at 2θ = 28.21° and 28.49° corresponding to (004) and (220) 

planes, respectively. We suppose that such (002)/(110)-orientation of the MAPbI3 PMFs is 

related to the choice of molar ratio of precursors. Namely, increasing the MAI/PbI2 ratio from 

1:1 to 2:1 shifts the equilibrium towards the formation of iodine-rich lead-complexes,47-49 which 

preferentially integrate to (200) facet (Figure S3). The resultant shape is, thus, determined by 

slower growing (002) and/or (110) planes, which are observed here.  

Further, we performed single crystal XRD analysis on MAPbBr3 PMF. The results revealed the 

absence of other domains and confirmed the monocrystalline nature of the films grown by ST-

ITC method (Figure S4). The PMF crystallinity was also assessed by high-resolution XRD. The 

rocking curve of the (001) diffraction plane of MAPbBr3 PMF shows a narrow peak with a full-

width at half-maximum (FWHM) of 0.042° (Figure S5) on par with high quality perovskite 

single crystals and monocrystalline films.15,27 The trap state density of 115.3 10  cm-3 estimated 

by space-charge-limited current (SCLC) technique was found to be of the same order as for 

previously reported MAPbBr3 PMFs,27 but slightly higher than for bulk single crystals13,14 

possibly due to surface traps induced by larger contact area of PMFs with the solution (Figure S6 

and Table S1). 

The Raman study of the near-top-surface layer of MAPbBr3 PMF showed the absence of 

precursor residues and homogenous chemical/structural composition throughout the investigated 

volume ( 70 50 1   µm3), indicating no degradation and restructuring of PMF takes place upon 

exposure to air and the solvent vapor during its growth on the solution surface (Figures S13–S15, 

see Supporting Information for more details). 
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 12 

We also investigated the optical properties of the grown PMFs using steady-state absorption and 

photoluminescence (PL) spectroscopies (Figure 3D–3F). The absorption profiles of PMFs have a 

sharp band edge cut-off at 542 nm for MAPbBr3 and 770 nm for MAPbI3 in line with bulk single 

crystals.13,14,50 In case of MASnBr3, the band edge was estimated to be 552 nm. However, 

noteworthy that Sn2+ is likely to partially oxidize in air to Sn4+, resulting in a long tail in the 

absorption spectrum. PL peak positions for MAPbBr3 and MAPbI3 were found to center at 539 

and 773 nm, respectively, slightly blue-shifted compared to bulk crystals13,14 consistent with 

recent reports51. Although the solution-processed tin halide perovskites were previously reported 

to be PL-inactive,52 for MASnBr3 PMFs we still observed a peak at 572 nm with a very weak 

intensity. 

As a proof of concept, we fabricated a self-powered Schottky photodetector employing 

MAPbBr3 PMF sandwiched between Pt and Au electrodes (Figure S16). The current ON–OFF 

ratio of about 104 was observed at zero bias. Owing to small transverse dimension of the PMF, 

the responsivity (87 mA/W at 0 V) of the photodetector was found to be 40 times higher than 

that of the previously reported one based on MAPbBr3 single crystal with 150 µm thickness.53 

Furthermore, an excellent detectivity of 1012 Jones at zero bias and fast response speed (trise = 32 

µS; tdecay = 60 µS) were achieved. Notably that the device characteristics are comparable to the 

state-of-the-art perovskite photodetectors based on single crystals,5,32,54-58 underpinning the high 

quality of the PMFs (Table S6). 
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 13 

 

Figure 4. Dependence of surface tension coefficient on: (A) concentration expressed here as the 

solution B content in A-B mixture, (B) temperature for A-B mixtures with 70% and 80% of B, 

resulting in bulk crystals and PMFs, respectively. (C) Demonstration of altering the nucleation 

site from solution-air to solution-vial interface by treating vials with air plasma. 

 

Unlike standard ITC, ST-ITC involves highly concentrated solutions. Particularly, as 

demonstrated for MAPbBr3, only PMFs (without bulk crystals) grow from more concentrated A-

B mixtures with the B content of 80% and above (Figure 4A). These B-rich compositions 

possess lower density than the crystalline phase (ρ = 3.582 g/cm3) (Table S2). Therefore, the 

floatation of crystals is supported primarily by the solution surface tension. Next, we investigated 

the bottom threshold value (σtrs) for the solution surface tension, which maintains the growth of 

PMFs only. Using the pendant drop method we measured σsol for a range of A-B mixtures and 

found σtrs to be 50.7 ±1.0 mN/m for room temperature mixtures (Figure 4A), or 39.9 ±0.9 mN/m 

for mixtures at the crystallization point (100 °C) (Figure 4B, see Supporting Information for 

more details). Based on eq 4, we note that over 1 cm2-area PMF can be held on the solution 

surface by this high surface tension value. 

Obviously, the observation of PMF growth is a direct evidence of surface nucleation. 

Nevertheless, it is worth mentioning that for less concentrated solutions the surface nucleation is 

still possible, but less pronounced and results in bulk crystals. As seen from Supporting Movie, 

for solution A in 3 out of 8 vials the crystals appear at the solution surface, but then sinks when 
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reaches a critical size. In the rest cases, the crystals appear on the bottom at the solution-vial 

interface. Such tendency conforms with our theoretical analysis, as the increased σsol leads to 

preferential nucleation at the surface layer. 

While solution-air interface plays a critical role in nucleation as we discussed above, solution-

vial interface might also introduce nucleation. We performed ITC from solution A in vials 

without and after air plasma treatment (Figure 4C). The surface energy of vials (σvial) estimated 

by the Owens-Wendt-Rabel-Kaelble (OWRK) method59-61 was found to increase from 33.6 

mN/m to 71.2 mN/m after the treatment (Figure S11). Though the nucleation in untreated vials 

was observed at both sites almost equally, the plasma-treated vials with high surface energy 

stimulated nucleation preferentially at the solution-vial interface (Figure 4C). Based on the 

Young’s equation62 (eq S17), we speculate that higher surface energy of vial gives a rise to the 

solution-vial interface energy σsol-vial (Table S5), thus making it more favorable nucleation site. 

This effect of surface energy could potentially be utilized for the large-area on-substrate growth 

of PMFs. 

In summary, we uncovered the role of surface tension in the rapid synthesis of metal halide 

perovskites by inverse temperature crystallization (ITC) and supported it by experimental 

studies. Equipped by this new knowledge we designed a method termed surface tension-

controlled inverse temperature crystallization (ST-ITC) to achieve large-area (up to 1 cm2) 

perovskite monocrystalline films with thickness on the order of charge carrier diffusion length 

(~5-10 µm) suitable for device applications. The versatility of ST-ITC enabled the synthesis of 

not only lead halide perovskites (MAPbBr3 and MAPbI3) but also tin halide perovskites 

(MASnBr3), thus enriching the ITC library with tin-based perovskites.  
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Even though we demonstrated the role of surface tension in crystallization of perovskites from 

solution only, we note that it plays a critical role in thin film deposition as well. Recently, while 

this work was under preparation, Grätzel and co-workers demonstrated that illumination can alter 

the surface tension between phases, which in turn affects the thin film morphology, grain sizes 

and the device performance.63 The detailed study of the effect of surface tension on the ITC 

phenomenon is, thus, not only intriguing from a fundamental viewpoint, but is expected to 

impact future progress towards eliminating the grain boundaries and improving the crystallinity 

of perovskite thin films for fully single crystal-based stable devices. 
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