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High quality polycrystalline CH;NH;Pbl; was prepared by dripping the y-butyrolactone (GBL)
solution of CH3;NH;Pbl; into toluene, dimethylformamide (DMF) and dimethylsilicone oil respectively.
In toluene, compact CH3;NH;Pbl; thin film was observed but with grain size smaller than 1 um because
of the rapid extraction of GBL. As CH3;NH;Pbl; is also soluble in DMF, the crystallization in DMF is
understood by interdiffusion induced local and temporal supersaturation droplets, which allow for
growth of irregular, separated single crystals with size of more than 0.1 mm. In dimethylsilicone oil,
compact, yolk-like polycrystalline CH;NH;Pbl; was observed. Unlike the round grain observed in
toluene, it is composed of single crystal grains with clear angular surface. The average crystal size is
tens of um and can be modulated by the solvent temperature. We suggest that the poor miscibility
between GBL and dimethylsilicone oil, and the poor solubility of CH;NH;I, Pbl, and CH3;NH;Pbl; in
the dimethylsilicone oil, allow slow extraction of GBL while keeping the stoichiometric of
CH;NH;PbI;. The results offer a feasible and high-yield method for growing uniform CH;NH;Pbl;

crystals in a few seconds.

* Author to whom correspondence should be addressed: W G Xie: wgxie@email.jnu.edu.cn; J B Xu:
joxu@ee.cuhk.edu.hk; P Y Liu: tlpy@jnu.edu.cn;
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1. Introduction

Organic lead trihalide perovskite materials (OTP) have attracted great interests due to its excellent
photo-electric properties such as high absorption coefficient "2, long diffusion length **, high mobility
6 and so on. It’s found that the above properties are greatly influenced by the crystallinity and the
morphology of OTP. Large size, highly crystallized OTP is essential for high performance
optoelectronic devices because of longer carrier diffusion length and lower defect density.”® Single
crystal based optoelectronic devices may be more promising to be commercialized in applications than
thin film.” '° There are several methods for preparing perovskite large single crystals including top-seed
solution growth (TSSG) method,” anti-solvent vapor-assisted crystallization (AVC)," inverse

12,13

temperature crystallization and so on. Growth of a two-inch-sized CH;NH;Pbl; single crystal was

demonstrated by seed-induced growth by Y Liu et al.™*

However, the growth of large single crystal is
still too time-consuming and low yield to meet the requirement of mass production.

Application of thin film is restricted by the poor crystallinity and uniformity in large scale."” In
recent year, solvent engineering is proposed to effectively suppress the growth of grains '* ', leading to
uniform thin film for centimeter scale device '. The solvent engineering is first demonstrated by N J
Jeon et al.'® The CH;3;NH;Pb(I,,Bry); in a mix solution of fy-butyrolactone (GBL) and
dimethylsulphoxide (DMSO) was first spin-coated, followed by adding toluene droplet and further
extraction of DMSO molecules by annealing.'® The as-prepared thin film is compact and uniform. In
the solvent engineering, the solvent properties are especially important. K Zhu and coworkers
suggested 3 rules for the growth of uniform and dense perovskite layers.'” First, the precursor polar
solvent must have high solubility for perovskite and a high boiling point, normally, GBL, DMSO,
dimethylformamide (DMF), or N-methyl-2-pyrrolidone (NMP) is used. Second, the extracting solvent,
also called anti-solvent should have no solubility and reactivity for the perovskite precursors and the
solid perovskite. It should have a low boiling point allowing rapid drying in the ambient. Third, the
precursor solvent and the anti-solvent must be highly miscible, inducing supersaturation in the
precursor solution in a short time. In the study of M Xiao et al., a series of anti-solvent are
investigated."” They found that toluene, benzene, xylene and chlorobenzene (CBZ) are suitable to
prepare compact and uniform perovskite films, however, with small grain size of hundreds of
nanometer."” Studies by other groups using the same method show single crystal grain with similar size,
implying the limitation of the method. *°

Although the aim of the rules is to guide the preparation of high quality thin film, the 2™ and 3"
rules are also applicable in the growth of single crystal. AVC method is developed to growth large OTP
single crystal using solvent engineering principle. It’s found that the application of dichloromethane
(DCM), which is miscible to the precursor solvent (3™ rule) but insoluble to MAPbX;, MAX and PbX,
(2nd rule), strongly improved the quality of crystals and the volumes to more than 100 cubic
millimeters.'' To grow larger crystal, a slower growth process is required, which is a little different to
the above 3™ rule. In the work of M Xiao et al., the anti-solvent quickly dissolves into the DMF
precursor, which reduces the crystallization time. This may be the reason of small crystal size."
Therefore, the solvent interaction can be further investigated beyond the above three rules, and we

expect that flexible control over the uniformity, size, and morphology of the crystal can be realized.
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In this study, we investigate the crystallization of OTP by mixing the precursor solution into
different types of solvents. GBL is used as the precursor solvent for CH;NH;Pbl;. Different to the nd
rule, we use DMF or DMSO as the second solvent. Both are good solvents for CH;NH;Pbl;. Different
to the 3" rule, dimethylsilicone oil is used as the second solvent. It has much lower miscibility in GBL
than toluene. It is also a poorer solvent to CH;NH;Pbl;, CH;NH;1, and Pbl, than Toluene. The boiling
points of all the above solvent are higher than 150 °C, which we expect to increase the crystallization
time. Toluene is in common used in the former solvent engineering, and used for comparison here. We
find that large scale, well crystallized CH;NH;Pbl; can be grown after the above modification. The
mechanism responsible for the crystallization process is proposed. The findings enrich our
understanding of solvent engineering. This novel approach also enables rapid growth of high-quality
MAPDI; crystal with high yield.

2. Results & discussion

(a )CH;NH3PbI3 solution (b

olvent

Figure 1 (a) Experimental set-up, (b) CH;NH;PbI; precursor solution, the inset indicates that the

solution shows Tyndall effect. (c)-(d) Perovskite crystallization process in dimethylsilicone oil.

Figure 1 shows the schematic of the growth method. The as prepared perovskite solution in
Figure 1(b) shows a strong Tyndall effect, indicating that the solution has many colloidal particles
between room temperature and 150 °C.'>?' These colloidal particles are beneficial to the growth of
CH;NH;PbI; crystals. A droplet of perovskite solution was dripped into the second solvent (Figure
1(c)). For dimethylsilicone oil, the solvent was kept at 70 °C. For DMF or DMSO, the solvent was kept
at 150 °C. Toluene can be kept at room temperature. In order to avoid the inverse crystallization effect,
the temperature of the perovskite solution is no less than the temperature of the corresponding second
solvent. After the perovskite droplet was dripped into the second solvent, it quickly grew yellow and
then turned black (Figure 1(c) & (d)). Except in the dimethylsilicone oil, the perovskite droplet
quickly dispersed at the bottom of the beaker. In the dimethylsilicone oil, the perovskite droplet kept
the droplet shape, and turned black.
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Figure 2 (a) XRD spectra of the CH;NH;Pbl; prepared in different solvents. Reflectance spectra and
photoluminescence spectra of the as-prepared CH;NH;Pbl; in DMF (b), toluene (c), and in
dimethylsilicone oil (d). The insets show the corresponding Kubelka-munk relations calculated from

the reflectance spectra.

The black precipitates were quickly taken out of the solvent and dried for analysis. X-ray
diffraction (XRD) spectra in Figure 2(a) show that all the precipitates are CH;NH;3Pbl; in tetragonal
structure.'' A preferential growth direction along [110] direction can be determined. In the sample
prepared in dimethylsilicone oil, a small broad background signal centered at ~23° is observed which
can be removed by vacuum annealing at 70 °C. We attribute the background to the residue of
dimethylsilicone oil because it has high boiling point. However, we can find that the (110) and (220)
peaks of the sample shows narrower full-width half maximum (FWHM) and higher intensity,
indicating that it has better crystallinity. UV-visible reflectance spectrum is used to measure the band
gap of the samples (Figure 2(b)-(d)). According to the Kubelka-munk equation, F(R)=a=(1-R)?/(2R),
where R represents the reflectance (%). The band gap can be calculated from the reflectance edge of
the F(R)-Energy curves (insets in Figure 2(b)-(d)). All the samples show similar value of 1.50 eV,
agree with the reported value.”” In addition to the band gap, the photoluminescence spectra of all the
samples showed same emission peaks at 820 nm when excitation wavelength is 545 nm. These are
consistent with the values of the reported data by using anti-solvent vapor-assisted crystallization.” It’s
found that the PL peak intensity is the strongest in the sample prepared by dimethylsilicone oil, which
further support that the sample has better crystallinity than the other two.
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Figure 3 SEM images of CH;NH;PbI; crystallized in toluene (a), DMF (b), and dimethylsilicone oil (c)

1
140

& (d). (e) EDS spectrum of a CH3;NH;PbI; crystal prepared in dimethylsilicone oil. (f) Decrease of

crystal area with the temperature of dimethylsilicone oil.

The as-prepared CH;NH;PbI; from toluene shows uniform and compact morphology with small
polygon grain size around hundreds of nanometers (Figure 3(a)). It’s consistent with the results from

other groups.'”'"?" In former study, the process of the anti-solvent approach using toluene is explained
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by the schematic in Figure 4. Once the toluene is mixed with the CH;NH;Pbl; solution, the GBL is
extracted quickly to achieve a supersaturation condition, leading to fast crystallization of CH;NH;Pbl;.
The crystallization process in toluene is only a few seconds. The colloidal particles have not enough
time to recrystallize, resulting in small crystal grains in the thin film. In addition, the CH;NHj;I still has
a small solubility in toluene, so we observed a poor crystalized surface. As a result, the sample shows
the smallest PL intensity shown in Figure 2(c). It explained why excess CH;NH;I was required to

improve the quality of the thin film."®
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Figure 4 Schematic of the crystal process in the three types of solvent

Largest crystals with typical dimension more than 0.1 mm were found in the DMF solvent
(Figure 3(b)). DMF is a good solvent for CH3;NH;Pbl;. The observed crystallization of large
CH;NH;Pbl; means that the 2™ rule is not strict. It’s found that the crystals disperse separately, and the
crystal shape was irregular. We can also find that some smaller crystals merge together. We suggest that
the irregular shape should come from independent nucleation of smaller crystal with different growth
direction. When DMF was added into perovskite solution, on one hand, GBL can be extracted from the
perovskite solution. On the other hand, the CH;NH;Pbl; can also diffuse into DMF. The first process is
faster than the second one. A temporal transition zone appears at the interface. There forms a mixture of
CH;NH;Pbl; droplets with GBL or DMF as solvent. It may induce temporal local supersaturation
condition in the droplets. Non-uniform recrystallization takes place separately in droplet, with different
crystallization rate and crystal orientation, so large irregular crystals were observed.

Unlike the above crystallization, the perovskite solution does not disperse in the dimethylsilicone
oil. Therefore, a yurt-like structure was observed after crystallization (Figure 1(d)). Dimethylsilicone
oil and GBL are immiscible at room temperature, and we found no precipitates at room temperature
even after several days. It means that the 3™ rule takes effect. However, with increasing temperature,
the GBL was found to slightly diffuse into the dimethylsilicone oil, which can be used to control the
crystallization process. Crystallization was found when the temperature was around 50-70 °C. The
crystallization can be understood as shown in Figure 4. During the diffusion of GBL into the

dimethylsilicone oil, the solutes are carried to the liquid interface. The dimethylsilicone oil is still
6
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immiscible to CH;NH;I, Pbl, and CH3;NH;Pblj; at high temperature, the CH;NH;Pbl; will nucleate and
deposit on the surface of dimethylsilicone oil. As a result, a compact crystal surface plane appears at
the outer surface of the yurt-like structure (Figure 3(c)). On the inner surface, we can find that it’s
composed of crystal grains with average area of ~10° umz (Figure 3(d)). Both surfaces show clear and
uniform crystallographic plane because the solvents are not lost, which is consistent with the stronger
XRD peak intensity and narrower FWHM in Figure 2(a). Figure 3(e) presents the EDS analysis of the
crystal. The atomic ratio of I and Pb is 3.01, complying with the chemical composition in CH;NH;PbI;.

Increasing the temperature is able to enhance the extraction of GBL, which provides the
possibility to control the size of grains. Figure 3(f) shows that the average crystal area decreases from
1062.6 pmz to 130.2 pmz when the temperature increases from 70 °C to 150 °C. A faster crystallization
speed can be observed as temperature increases. The result indicates that fast extraction of GBL may be
not an essential condition for the growth of compact thin film. Increasing the grains size by increasing
the crystallization time can be applicable. The requirement of fast crystallization may be due to the
small solubility of CH3;NH;I in toluene and other solvent used in former studies. A slower
crystallization process will lead to decomposition of the CH;NH;Pbl; due to the loss of CH;NH;I.
Therefore, further studies should focus on finding a solvent with ultra-poor solubility to CH;NH;1, Pbl,
and CH;NH;PbI;.
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Figure 5 Thermogravimetric (TG) curve (a) and differential scanning calorimeter (DSC) plot (b) for

MAPDI; prepared in dimethylsilicone oil.

The as prepared perovskite keeps black when stored in air for several days. To further investigate
the stability of CH3;NH;Pbl; single crystals, the thermogravimetric (TG) and differential scanning
calorimeter (DSC) curves were shown in Figure 5 (a) & (b). Figure 5(a) indicates that the samples are
stable up to 240 °C . On the other hand, when the temperature rises from room temperature to 500 °C,
the samples exhibit two thermal events. Material first undergoes 20% weight loss at 343 °C, indicating
a loss of HI, and followed by another 6% mass loss of CH3;NH, component at 415 °C." The results
demonstrate that amine group can be more firmly bound to perovskite structure comparing to HI. As
many CH;NH;Pbl; materials decompose at about 150 °C,2* % the as prepared CH;NH;PbI; crystals
exhibit better stability. The DSC curve in Figure 4(b) shows that during heating process, the phase
transition temperature from tetragonal to cubic structure is 57.4 °C. In the cooling process, the
transition temperature is 56.2 °C. This is consistent with the relevant reports.* %’ The above results

show that the crystal has good structural, optical properties and thermal stability. Although the size of
7
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single crystal grain cannot reach 1 mm, we find that the yield of crystallization is above 70%, higher
than the former reported 11%." Therefore, it’s a feasible and rapid method to grow large scale, high

quality CH;NH;PbI; polycrystalline structure with controllable grains size.

Conclusion

In conclusion, we have compared the growth of MAPbI; in three different types of solvents using
solvent mixing method. The results show the crystal structure and size are controlled by the
interdiffusion behavior of the two solvents. Dimethylsilicone oil is the best solvent for rapid growth of
high quality, compact perovskite polycrystals. The size of the crystal can be controlled by the solvent
temperature. The findings enrich our understanding of solvent engineering in the preparation of high
quality perovskite crystals. It provides a feasible way for rapid growth of perovskite crystals and

method to control the crystal size.

Methods

The synthesis of CH;NH;PbI; single crystals. Equimolar CH;NH;I (>99.8%) and Pbl, (99%) were
mixed in 2.5 ml GBL (>99.8%), and stirring on the hotplate set at 60°C. After perovskite completely
dissolving in GBL, 5 pl perovskite solution was dripped into the second solvent (dimethylsilicone oil,
DMF or toluene) with volume of 1 ml. All procedures were completed under ambient conditions, with
temperature at 25°C and humidity of 55% to 65%.

Measurement and characterization. The X-ray diffraction (XRD) pattern was measured in a
Rigaku-MiniFlex600 using the Cu Ka radiation (1.546 A), with voltage of 40kV and current of 40 mA.
The Enlitech’s QE-R system was used to measure UV-visible spectrum. The photoluminescence
spectrum was performed on Shimadzu RF-5301PC. The morphology and EDS of CH;NH;Pbl; were
characterized by Zeiss Ultra 55 scanning electron microscope (SEM). Thermo gravimetric and
differential scanning calorimeter were carried out on Netzsch TG209 F1 and DSC-204 F1 at constant
N, flow of 50ml/min with heating and cooling rates of 5 °C/min. The grain size is measured by

calculating the area of a single crystal grain from the SEM image.
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