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Abstract 

The addition of small seeding particles into a supersaturated solution is one effective 

approach to increase the crystallization rates to obtain high-quality semiconductor material. 

However, limited study was conducted on this approach for the fabrication of perovskite solar cells, 

a. Here, we propose a new strategy - heterogeneous seeding-induced crystallization (hetero-SiC)

to assist the growth of FAPbI3-based perovskite. In this work, the (t-Bu)2PMeHBF4 is directly

introduced into the precursor which forms a low solubility complex with PbI2. The low solubility

complex can serve as the seed to induce crystallization of perovskite during the solvent evaporation

process. The hetero-SiC process is proven to be one effective way to manipulate the nucleation

process and crystal growth of perovskite which is visualized by several in situ measurement tools.

The hetero-SiC greatly improves the film quality, reduces the film defects, and suppression the

This is the peer reviewed version of the following article: H. Zhang, Z. Ren, K. Liu, M. Qin, Z. Wu, D. Shen, Y. Zhang, H. T. Chandran, J. Hao, C.-s. Lee, X. Lu, Z. Zheng, J. 
Huang, G. Li, Controllable Heterogenous Seeding-Induced Crystallization for High-Efficiency FAPbI3-Based Perovskite Solar Cells Over 24%. Adv. Mater. 2022, 34, 2204366, 
which has been published in final form at https://doi.org/10.1002/adma.202204366. This article may be used for non-commercial purposes in accordance with Wiley Terms and 
Conditions for Use of Self-Archived Versions. This article may not be enhanced, enriched or otherwise transformed into a derivative work, without express permission from Wiley 
or by statutory rights under applicable legislation. Copyright notices must not be removed, obscured or modified. The article must be linked to Wiley’s version of record on Wiley 
Online Library and any embedding, framing or otherwise making available the article or pages thereof by third parties from platforms, services and websites other than Wiley 
Online Library must be prohibited.

This is the Pre-Published Version.



2 
 

non-radiative recombination. The hetero-SIC device exhibits outstanding performance with 24.0% 

PCE, well over the control device of 22.2% PCE. The stability of hetero-SiC PSCs under light 

illumination is also improved which maintains 84% of initial performance after 1400h light 

illumination. 

Introduction 

Organic-inorganic metal halide perovskite solar cells (PSCs) have attracted great interest 

over the last decades and obtained a power conversion efficiency of over certified 25.7%.1 The 

solution-processed fabrication of PSCs provides a huge advantage over other techniques to obtain 

cost-effective solar cells with a facile manufacturing process.2 As a solution process technique, the 

slow crystallization process of perovskite will lead to a non-uniform and non-fully covered film 

with large crystals.2-4 Several strategies were introduced to manipulate the perovskite 

crystallization, including anti-solvent qunching3, 5, gas quenching6, vacuum quenching7, elevated 

temperature coating, and so on. The above-mentioned approaches are majority focused on 

facilitating the evaporation of solvent to promote a rapid saturation and lead to faster crystallization.  

ABesides, adding small crystal seeding is a classical approach in the semiconductor area 

to obtain good high quality semiconductor material (Si and GaAs) with reduced defect density 

under a high growth speed.8 Inspired by this, the seed-assisted growthinduced crystallization is 

widely usedalso adopted in PSCs fabrication9-17. The seed-induced crystallization is believed to be 

one effective approach to modulating the film formation process by reducing the critical Gibbs 

free energy of nucleation.8 Based on the variety of seed material and target material, the seeding 

seeding-induced crystallization (SiC) can be divided into heterogeneous and homogeneous 

(hetero-SiC and homo-SiC). The homogeneous-seeding induced crystallization (homo-SiC) of 

perovskite is one important approach to enhancing the film quality and reducing defect density.9-

15 Typically, the seeds applied in homo-SIC exhibit a lattice-matching with target perovskite to a 

certain extend. The homo-SIiC exhibits unique glamor in the area of PSCs, especially for the two-

step fabrication of perovskite.  Sargent’s group reported embedding perovskite seed crystal 

(CsPbI3) in PbI2 film which acts as nuclei to facilitate crystallization during the two-step 

fabrication of perovskite.10 With the perovskite seed crystal, the PSCs show a striking 

improvement in both stability and performance. On the basis of this method, Zhao’s group 

achieves better device performance by replacing CsI with CsCl to serve as the seed in the PbI2 

precursor ink. 12 They found the Cl- could retard the crystallization process and reduce the 

nucleation center which lead to an enlarge grain size and reduced defects. Besides these works, 

multiple seed materials were developed and added in the PbI2 precursor ink to serve as the seed in 

the two-step deposition method and achieve great performance enhancement, including  mixed 

perovskite seed of Cs and Rb cations13, 14,  Br-rich perovskite seed15,  and tert-butylpyridine 

(TBP)16. Apart from introducing seed in PbI2 ink of the two-step method, the seed assistant growth 

approach was also applied in one step deposition method. Chen’s group developed one 

intermixing-seeded growth approach with the addition of MAI-capped PbS nanoparticles in the 

perovskite precursor solution.17 The MAI-capped PbS can be functioned as effective 

heterogeneous nucleation sites to promote the formation of the inorganic framework of perovskite 

lattice structures, leading to enhanced film coverage and improved performance. On the basis of 
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this work, Chen’s group further revealed the “catalytic” role of PbS seed nanoparticle that the PbS 

NCs can catalyze the conversion of the intermediate phase into perovskite crystals by reducing 

activation energy.18 Meanwhile, alkali additives (KPb2Br5) was added in the precursor ink as 

crystallization seed to enable highly crystalline large-area perovskite film via slot-die coating.19 

CdSe colloidal quantum dots was also reported to serve as crystallization seeds to modulate the 

nucleation and crystal growth processes.20 

Rather than direct adding seed to the precursor, the formation seed template at the bottom 

interface was also reported as an effective approach for the crystallization modulation. Gratzel’s 

group reported a simple approach by  usinging a pre-deposited PMMA template as the seeds to 

induce the growth of high-quality perovskite film.21 The PMMA template was found to enable 

heterogeneous nucleation (hetero-SiC) of perovskite film with few defects and larger oriented 

grains. Han’ group reported a perovskite crystal array (PCA) method to assist the growth of the 

perovskite absorption layer.22 The patterned perovskite crystal array is regularly distributed on the 

substrate and served as templated crystal, which induced a well-organized upward crystallization 

process.  

The study on the seed assistant perovskite growth indeed acquires good progress. However, 

the majority of works were focused on the two-step deposition method and the study of the one-

step deposition method is limited. Therefore, However, we start to find a facile strategy to manipulate the 

crystallization process by directly introducing the seed material (non-perovskite material) into the precursor solution was rarely reported in one 

step solution-processedmethod of perovskite fabrication.  19, 20Its difficultiesThe key challenge of it lies in the selection of seeding 

material, where an optimized material solubility should be selected. If the seed material solubility 

is too low, the seeds are precipitated in the precursor and will greatly detriment film quality which 

makes it difficult to obtain a smooth and uniform film. While for a high solubility material, it 

cannot serve as the seeds for perovskite crystallization.  

The organic ionic compounds with chemical stable organic cation were widely used as an 

additive for the perovskite. Several groups have revealed the ionic liquid/salts ([BMIM]BF4, 

[BMP]BF4, et al) could passivate the defects and work as stabilizers for PSCs.23-25 The 

incorporation of the ionic compound in the perovskite absorber could suppress deep trap states, 

boost PSCs’ performance and operation stability.23, 24, 26, 27 The organic ionic compounds are also 

used as interface modifiers for PSCs, such as hole or electron-transporting layer/perovskite 

absorber interface.24, 25, 28-31 Due to these advantages, we start to select from the group of organic 

ionic compounds and find di-tert-butyl(methyl)phosphonium tetrafluoroborate (t-Bu)2PMeHBF4) 

can form low solubility complex with PbI2 in majority popular solvent for perovskite precursor, 

including DMF, DMSO, and 2-Methoxyethanol. Furthermore, we systematically analyze the 

whole nucleation and growth process of perovskite with (t-Bu)2PMeHBF4 by in situ 

characterization techniques (in situ absorption, XRD and et. al), providing a new understanding of 

the seeded perovskite growth. At last, the hetero-SiC strategy formed perovskite films exhibit high-

quality, low trap density, and enlarged grain size. The hetero-SiC PSCs demonstrate outstanding 

performance with a PCE of 24.0% (over the control device with 22.2%). The hetero-SiC PSCs 

also exhibit a greatly enhanced operation stability which maintains 84% of initial performance 

after 1400h light illumination.  
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Results and discussion 

The (t-Bu)2PMeHBF4 is one low-cost widely used electron-rich ligand (ionic salts) for 

palladium-catalyzed cross-coupling reactions. The chemical structure of (t-Bu)2PMeHBF4 is 

shown in Fig. 1B inset. In this work, we demonstrate a heterogeneous-seeding induced 

crystallization (hetero-SiC) approach to manipulate the crystallization process of perovskite via 

this low-cost ionic salts (t-Bu)2PMeHBF4. In this approach, a small amount of (t-Bu)2PMeHBF4 

is added into the precursor of (FAPbI3)0.93(MAPbBr3)0.04(CsPbI3)0.03 perovskite - FAMACs 

perovskite. The additive (t-Bu)2PMeHBF4 can react with PbI2 to form a low solubility complex. 

The low solubility complex will precipitate as nuclei seeds which facilitate the growth of 

perovskite crystals. The crystallization process of perovskite via hetero-SiC can be explained by 

the classical model of Gibbs free energy. 

In classical theory, the crystallization of perovskite involved two important processes: 

nucleation and growth.2 The film quality is highly related to the rates of these two processes. At 

first, the nucleation of fine particles is initiated from the supersaturated state.2 For conventional 

homogeneous nucleation, the nuclei formation can be considered as a thermodynamical 

equilibrium where the total free energy (G) of a spherical particle is equal to the sum of the 

surface free energy (Gs) and the bulk free energy (Gv). In a supersaturated solution, the Gs is  

positive quantity proportional to r2 and Gv is negative quantity proportional to r3. The total free 

energy is defined as ∆𝐺 = ∆𝐺𝑆 + ∆𝐺𝑉 = 4𝜋𝑟2𝛾 +
4

3
𝜋𝑟3∆𝐺𝜐 , where 𝛾  is the surface energy 

between the supersaturated solution and crystalline surface and ∆𝐺𝜐 is the bulk free energy per 

unit volume. The formation of nuclei is strongly dependent on the critical radius (r*): if the nuclei 

radii are smaller than r*, the nuclei are dissolved back into the solution; if the nuclei radii are 

greater than r*, the nuclei are thermodynamically stable and will grow further (Fig. 1C). With the 

hetero-SiC, the complex of PbI2-(t-Bu)2PMeBF4 is pre-nucleated as the seeds (nucleation centers) 

of the following perovskite nucleation (Fig. 1D). The seeds could greatly reduce the interface 

energy and then the nucleation barrier of perovskite which allows the nucleation of perovskite 

nuclei occurs at a lower saturation.2 While for the homogeneous nucleation, small and dense nuclei 

are gradually generated slowly during the solvent evaporation.32-34  

The seeding in the precursor is characterized by the dynamic light scattering measurement. 

From the scattering spectral, we find the colloids exhibit two dominant distributions (Fig. 1A). 

With the addition of (t-Bu)2PMeHBF4, the colloids with the size between 100-300 nm (control 

precursor) are gradually grown to 400-2500 nm (precursor with 1 mol% additive) which indicates 

the growth of particle under different concentration of additive (peaks position shown in Fig. 1A). 

These large colloids from the control precursor are mainly coming from perovskite natural 

clustering. With (t-Bu)2PMeHBF4, the size of colloids gradually increases which is due to the 

generation of a low solubility complex. In comparison with control one, the precursor with 0.3 and 

0.5 mol% (t-Bu)2PMeHBF4 also exhibit a lower intensity of spectral (particles size over 100nm) 

indicating a reduced nucleation center. This could be due to the small perovskite clusters being 

aggregated into large size nucleation centers with the assistance of the low solubility complex. 

From the optical image, we could also find amounts of low solubility white needle shape 
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precipitated in the precursor with 1 mol% (t-Bu)2PMeHBF4 (Fig. 1B inset photo). The XRD 

measurement was conducted onto the film with and without (t-Bu)2PMeHBF4. Compared with the 

control film, a new peak around 8.8o is found on the XRD pattern of the film with (t-Bu)2PMeHBF4 

(Fig. 1B) which is attributed to the newly formed white crystal. To reveal the origin of the new 

generated phase, the (t-Bu)2PMeHBF4 are added into the precursor solutions of PbI2 and FAI (fig. 

S1). The white needle shape crystals only precipitate from the PbI2 precursor solution with (t-

Bu)2PMeHBF4. The XRD analysis also represents the same diffraction peak at 8.8o from the (t-

Bu)2PMeHBF4 -PbI2 film (fig. S2). This indicates the newly generated phase is one complex of (t-

Bu)2PMeHBF4-PbI2. Furthermore, solutions with different ratios of (t-Bu)2PMeHBF4 and PbI2 are 

also prepared. From the XRD pattern, we find a relatively pure phase with a negligible amount of 

residual PbI2 with the ratio of 1:2 (PbI2 : (t-Bu)2PMeHBF4 ) (fig. S2). To obtain a smooth and 

uniform film, it is desirable to avoid the precipitation of complex in perovskite precursors. 

Therefore, we first surveyed and determined 0.3 mol% gave the best film quality and device 

performance, and thus we use it as the standard concentration in demonstrating the following 

nucleation process.  
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Fig. 1. Mechanism of hetero-seeding induced crystallization (hetero-SiC) by (t-

Bu)2PMeHBF4. (A) Dynamic light scattering spectra of perovskite precursor with different 

concentration of di-tert-butyl(methyl)phosphonium tetrafluoroborate ((t-Bu)2PMeHBF4). The size 

indicates the colloidal particle size in the solution.  (B) XRD pattern of control perovskite film and 

film with (t-Bu)2PMeHBF4. (C) Gibbs free energies of perovskite nucleation with and without 

seed. (D) Schematic illustration of hetero-seeding induced crystallization (hetero-SiC) by (t-

Bu)2PMeHBF4.  

To demonstrate the nucleation process, the perovskite precursor inks with and without (t-

Bu)2PMeHBF4 (0.3% mol) are prepared and dropped onto ITO substrates followed by 70 oC 

thermal annealing. The whole nucleation and crystallization process is recorded by an optical 

microscope camera in real-time. The video frames at 0s, 20s, 25s, and 30s are grabbed and shown 

in Fig. S3. The scale bar in the frames is 300 m. Initiated from 0s, both two precursor droplets 

are clear. After 20s, a large amount of small black perovskite crystals appears in the precursor with 

(t-Bu)2PMeHBF4, while only a few crystals are formed in the control one. With the time going on 

(25s and 30s), this difference between the two precursors becomes prominent and the perovskite 

crystals with (t-Bu)2PMeHBF4 grow much larger, which indicated a faster crystallization process 

by hetero-SiC. This is because hetero-SiC could facilitate the nucleation process at nucleation sites 

(nuclei of (t-Bu)2PMeHBF4-PbI2 complex), in contrast to homogeneous nucleation (control 

precursor). 

Besides the faster hetero-SiC nucleation process in the liquid phase, we also observe a 

faster crystallization process for the film prepared by a one-step spin-coating process (same as the 

device), characterized by in-situ absorption measurement. The in-situ absorption spectra show an 

absorption redshift at ~ 10s in both the control film and the film with (t-Bu)2PMeHBF4 (0.3% mol) 

during the 120 oC annealing process (Fig. 2A). The as-casted intermediate film exhibits only UV 

absorption at wavelengths shorter than 450 nm which is attributed to the solvent complex. During 

the annealing process, the absorption at wavelengths longer than 450nm gradually increases, which 

is due to the phase transition from the intermediate phase and enhanced crystallinity of perovskite 

grain. In comparison with the control film, the film with (t-Bu)2PMeHBF4 exhibits a faster 

crystallization process where the time of film absorption reaching the peak is 10s earlier than the 

control film. To quantify the difference between the two films, the in-situ absorption color 

mapping is further interpreted by extracting the absorption intensity at the wavelength of 550 nm 

and plotting the absorption intensity as a function of annealing time in Fig.2B. XRD measurements 

are also conducted to investigate the perovskite phase transition, shown in Fig. 2C and 2D. The 

XRD patterns are collected from different annealing times (0s, 3s, 5s, 10s, 15s, 20s, 30s, 60s, 3min, 

5min, and 10min). Before thermal annealing, two intermediate films (0s) both exhibit three main 

peaks (denotes by & in the figure) at 6.6o, 7.2o, and 9.2o which are corresponding to (002), (021), 

and (022) planes of MAI-PbI2-DMSO intermediate phase (Fig. 2C and 2D).5, 35, 36 Compared with 

hetero-SiC film, the control film exhibits much stronger diffraction peaks of non-perovskite phase 

(-FAPbI3) and PbI2 (001) at 11.8o and 12.8o, respectively. This indicates the addition of (t-

Bu)2PMeHBF4 could effectively suppress the formation of -FAPbI3 in the intermediate stage. 

From the SEM images of the intermediate phase, the hetero-SiC film exhibits larger perovskite 
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crystal grains with a clear grain boundary, while the control intermediate film shows lots of small 

grains without a clear grain boundary (fig. S4). The white spots on the two films are the gold 

cluster which is from the gold deposition before SEM measurement to enhance the film 

conductivity for a better SEM quality. The different morphology of the two intermediate films 

could be attributed to the faster crystallization process by the hetero-SiC process. 

After thermal annealing, the phase conversion process from the intermediate phase to the 

perovskite phase is very fast.35 From the XRD measurement (Fig. 2C and 2D), we find the majority 

of the intermediate phase and -FAPbI3 phase are converted into the perovskite phase at the first 

3s. With the annealing process going on (3s and 5s), a small peak at 8.8o is found in the hetero-

SiC film which is corresponding with the complex of (t-Bu)2PMeHBF4-PbI2. While for the 

intermediate film (0s), it is hard to distinguish the complex diffraction peak with (022) planes of 

the MAI-PbI2-DMSO intermediate phase as they are overlapped with each other. With a longer 

annealing process, the complex of (t-Bu)2PMeHBF4-PbI2 is gradually reduced (after 5s). This 

explains why we cannot find the peak of the complex from the XRD pattern of well-formed hetero-

SiC perovskite film (Fig. 2E). At the first 10s, most of the residual solvent is evaporated and the 

intermediate phase is almost converted into the perovskite phase. With the removal of residual 

solvent and conversion of intermediate phase (MAI-PbI2-DMSO), the absorption intensities of the 

two films gradually increase (Fig. 2B). After 10s, the absorption intensities increase much faster 

which could be attributed to a faster crystal growth after solvent evaporation. Compared with the 

control film, the hetero-SiC film also exhibits a much faster crystallization process (Fig. 2B). From 

the in situ XRD patterns, no big difference is observed which implied the phase transition is not 

the dominant factor of the increasing absorption (Fig. 2C and 2D). From the SEM images, the 

dissolution and merging process of small particles into large crystals are observed (fig. S4).2 The 

fast perovskite crystal growth plays the dominant role in absorption changing. At last, the increase 

of the film absorption intensity becomes lower.  

The complete perovskite films are obtained after 1h thermal annealing. The grazing-

incidence wide-angle x-ray scattering (GIWAXS) and X-ray diffraction (XRD) measurements are 

conducted onto the films with and without (t-Bu)2PMeHBF4 (annealing for 60 min) to investigate 

the crystallographic structure (Fig. 2F). From the GIWAXS map, two films exhibit the same 

patterns with two diffraction rings located at q of 0.9 Å-1 and 1 Å-1, which is corresponding with 

the PbI2 phase and perovskite (100), respectively. From the XRD patterns (Fig. 2E), we also find 

the same patterns of two films with the dominant peaks located at 12.65o, 13.95o, 24.45o, and 28.2o. 

These peaks are corresponding with the PbI2, (100), (111), and (200) of FAPbI3 perovskite crystal 

planes, respectively.  With the well-controlled content of (t-Bu)2PMeHBF4, the hetero-SiC film 

exhibits the same crystallographic structure and same crystal orientation as the control film 

indicating the faster seeding-induced crystallization does not change the original perovskite 

crystallographic (Fig. 2E and 2F). At last, we have also noticed interesting phenomenon. The PbI2 

peak is found from the GIWAXS map and XRD patterns for the film with 60 min annealing, while 

negligible PbI2 Peak is generated at first 10 min annealing (Fig. C and D). In order to figure it, we 

then investigate the film annealing for 30 min and 50 min. With the increasing of annealing time 
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(from 30 min to 50 min), PbI2 peak intensity is gradually increase (fig.Figure S5Sx). This is possible due to 

the evaporation of MACl during longer time annealing. 

 

Fig. 2. In situ investigation of perovskite crystallization process by hetero-SiC approach ((t-

Bu)2PMeHBF4). (A) In situ UV-vis absorption spectra as a function of annealing time for the 

control perovskite film and film with 0.3 mol % (t-Bu)2PMeHBF4 at 120oC. (B) UV-vis absorption 

intensity at the wavelength of 550 nm as a function of annealing time. In situ XRD measurement 

of (C) control perovskite film and (D) film with (t-Bu)2PMeHBF4 for different annealing times (0s, 

3s, 5s, 10s, 15s, 20s, 30s, 60s, 3min, 5min, and 10min), & denotes the peaks of intermediate phase 
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and  denotes the peak of -FAPbI3. (E) Typical XRD patterns and (F) GIWAXS maps of control 

film and film with (t-Bu)2PMeHBF4 annealing for 60 min.  

The time-of-flight secondary-ion mass spectrometry (ToF-SIMS) is then conducted to 

investigate the chemical composition throughout the perovskite film (Fig. 3B). The signal of InO- 

indicates the touching of the substrate during the sputtering etching. From the result of ToF-SIMS, 

we find a well-distribution of (t-Bu)2PMeH+ throughout the entire perovskite film, while the BF4
- 

is predominantly accumulated at the substrate which is consistent with the previous report that 

BF4
- is tended to accumulate at the metal oxide-perovskite interface.24 The uniform distribution of 

(t-Bu)2PMeH+
 also helps to facilitate the perovskite crystallization of the entire film. The cross-

section and top-view FESEM images of control film and hetero-SiC film are shown in Fig. 3C and 

3D. Compared with control film, the annealed hetero-SiC film exhibits a greatly enlarged grain 

size (largest one is around 2um), while the grain size of annealed control film is around 1 um for 

the largest grain. For a precise analysis, the grain size distribution is obtained from Fig D and 

Figure S5 D. The average grain size of control film is around 0.92 um. The perovskite grain size 

becomes larger with (t-Bu)2PMeHBF4, where the average grain size of films with 0.3% and 0.5% 

(t-Bu)2PMeHBF4 are 1.49 um and 1.7 um, respectively (Figure fig. S6x). From the cross-section 

FESEM images, the film with (t-Bu)2PMeHBF4 also exhibits a compact and smooth grain with 

enlarged grain size. The cross-section view SEM image of the control film also shows a smaller 

grain size with a clear grain boundary which is consistent with the top-view FESEM image. The 

FESEM image demonstrates the hetero-SiC approach could effectively facilitate the perovskite 

crystallization and lead to a high-quality perovskite film with enlarged grain size (Fig. 3A).10, 21  

In addition, we also prepare types of related chemicals into the precursor to further study 

the proposed mechanism, including KBF4, NaBF4, and (t-Bu)2PMe. However, with the addition of 

the above-mentioned chemicals (from 0.1% mol to 5% mol), no precipitate is found in the 

perovskite precursors. The FESEM measurement is then conducted onto the films with these 

additives. The morphologies of control film and films with KBF4, NaBF4, or (t-Bu)2PMe are very 

similar and no enlarged grain sizes are found (fig. S5S7). However, the film with the (t-

Bu)2PMeHBF4 exhibits an obvious enlarged grain size. This could be due to the KBF4, NaBF4, and 

(t-Bu)2PMe cannot form low solubility seeds in the precursor, which further proves the function 

of seeding (hetero-SiC process) on the film morphology.  
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Fig. 3. Perovskite film processing and precisely growth modulation through (t-

Bu)2PMeHBF4. (A) Schematic of synergetic effect of (t-Bu)2PMeH+ and BF4
- over the perovskite 

film. (B) Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) of (t-Bu)2PMeH+ and 

BF4
- in the perovskite film. FESEM images of control film and film with (t-Bu)2PMeHBF4 for (C) 

cross-section view and (D) top-view. 

To demonstrate the potential of the hetero-SiC approach on PSCs, the PSCs with the 

conventional structures are fabricated (glass/ITO/SnO2/perovskite/Spiro-OMeTAD/Au). The 

performances of PSCs with and without (t-Bu)2PMeHBF4 are shown in Fig. 4A and Table 1. The 

optimized performance of PSCs is obtained with 0.3 % mol (t-Bu)2PMeHBF4, yielding a PCE of 

24.0% with a short circuit current (JSC) of 24.9 mA cm-2, and open-circuit voltage (VOC) of 1.19 

V, and an excellent fill factor (FF) of 81%. In comparison, the control device exhibits a PCE of 

22.2%, JSC of 24.4 mA cm-2, VOC of 1.15 V, and FF of 77%. The hetero-SiC device exhibits great 

enhancement on both Voc (40 mV increasing) and FF (from 77% to 81%). The statistical 

distribution of the photovoltaic parameters is obtained from 20 individual cells of each type (fig. 

S6S8). The statistical results also demonstrate a better reproducibility of the VOC and FF enhancement 

via the hetero-SiC approach where the reproducibility of devices is critical in the practical 
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manufacturing process. The good repeatability by hetero-SiC could be attributed to the seeding 

guided growth rather than a random homogeneous crystallization. The corresponding forward-

reverse direction J-V scans are shown in Fig. 4B and exhibit a negligible hysteresis for both two 

devices. The hetero-SiC approach also leads to stable steady-state power output (SPO) of 23.7% 

which is higher than the SPO of the control device (21.9%) (Fig. 4C). The corresponding external 

quantum efficiency (EQE) yields an integrated JSC of 23.5 mA cm-2 for the control device and 23.8 

mA cm-2 for the hetero-SiC device, which is in good agreement with the values from J-V curves 

(within 5% deviation). From the EQE measurement (Fig. 4D) and UV absorption (Fig. 4D inset), 

the hetero-SiC film exhibits the same bandgap as the control device (1.54 eV). Additionally, the 

dependence of VOC and JSC on the light intensity from 1 to 100 mW cm-2 is examined. The JSC 

versus light intensity curves on a double-logarithmic scale (Fig. 4E) can be fitted according to the 

relation of JSC∝Фα, where Ф is the light intensity and α is the exponent. The calculated α values 

are 0.99 for the control, and 1.0 for the hetero-SiC PSCs, respectively. From the VOC vs. light 

intensity curves (Fig. 4F), the VOC is proportional to the logarithm of light intensity, and the slopes 

are calculated to be 1.89 KBT/q for the control and 1.3 KBT/q for the hetero-SiC PSCs, respectively, 

where KB is the Boltzmann constant, T is the absolute temperature in Kelvin and q is the 

elementary charge. The enhanced slope of hetero-SiC PSCs indicates the hetero-SiC could 

significantly suppress the trap-assisted recombination and reduce the VOC loss.  

The electronic structure of the control film and hetero-SiC film are investigated via 

ultraviolet photoelectron emission spectra (UPS), shown in Fig. 4G. The highest occupied VB 

level, CB level, and work function (WF) are calculated and shown in Fig. 4G inset. It is noted that 

the VB level for hetero-SiC perovskite film changed to -5.6 eV from -5.7 eV (control film). The 

increased VB level of hetero-SiC reduces the energy barrier with spiro-OMeTAD (5.22 eV) which 

enhances the hole collection rates and block undesirable electron transfer from the perovskite to 

the spiro-OMeTAD. The photoluminescence (PL) spectroscopy is then conducted on the 

perovskite films to investigate the charge carrier dynamics (Fig. 4H and 4I). From the steady-state 

PL spectra of perovskite films, the hetero-SiC film exhibits a threefold enhancement over the 

control film indicating the suppression of recombination via the hetero-SiC approach (Fig. 4H). 

The time-resolved PL (TRPL) decay profiles (Fig. 4I) were fitted via a bi-exponential decay model 

(𝑌 = 𝐴1exp(− 𝑡 𝜏1⁄ ) + 𝐴2exp(− 𝑡 𝜏2⁄ )), where 𝜏1  and 𝜏2  denote the fast and slow decay time 

constants, relating to the radiative and trap-assisted nonradiative recombination processes, 

respectively. Compared to the control film, the hetero-SiC film demonstrates a great enhancement 

in both 𝜏1  (560.3 ns Vs 78.8 ns) and 𝜏2  (1710.2 ns Vs 351.8 ns). The TRPL results also 

demonstrate a great suppression of trap-assisted non-radiative recombination and the lowest defect 

density of perovskite film by the hetero-SiC approach which is consistent with the 40 mV Voc 

enhancement. Based on the previously results, the enhancement of Voc and FF of hetero-SiC 

device can be ascribed to several factors. Firstly, the hetero-SiC process facilitates the perovskite 

crystallization and leading to an enlarged grain size and high crystal quality. The larger grain size 

could greatly reduce the grain boundaries which benefits the suppression of charge carrier 

recombination, resulting in a better performance.27 Secondly, the reduced energy barrier between 

perovskite layer and spiro-OMeTAD facilitates the carrier collect rates. This is another important 
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reason for the increasing in Voc and FF.31 Lastly, the passivation function of ionic salts plays an 

important role one performance enhancement, such as BF4
-. 37  

 

Fig. 4. Photovoltaic and optoelectronic properties of the control device and (t-Bu)2PMeHBF4 

devices. J-V characterization of (A) control device and (t-Bu)2PMeHBF4 devices and (B) forward 

and reverse scan. (C)Steady-state output at the maximum power point of devices. (D) 

Corresponding external quantum efficiency (EQE) spectra of these cells. The light intensity-

dependent of (E)JSC and (F) VOC for the control and (t-Bu)2PMeHBF4 device. (G) UPS of the 

control and (t-Bu)2PMeHBF4 perovskite films; inset: the energy level calculated from UPS spectra.  

(H) Steady-state photoluminescence (PL) and (I) time-resolved photoluminescence (TRPL) 

analysis of perovskite films with and without (t-Bu)2PMeHBF4. 

Table 1. Photovoltaic parameters of the control device and devices with various concentrations of 

(t-Bu)2PMeHBF4, under simulated AM 1.5G irradiation at 100 mW cm-2. 

Device VOC(V) JSC (mA cm-2) FF (%) PCE (%) 

Control 1.15 24.4 79 22.2 

1mg mL-1 1.17 24.5 80 22.9 

3mg mL-1 1.19 24.9 81 24.0 
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5mg mL-1 1.19 24.4 77 22.4 

Table 2. Photovoltaic parameters of the forward-scan and reverse-scan of the champion cells of 

the control device and device with (t-Bu)2PMeHBF4, under simulated AM 1.5G irradiation at 100 

mW cm-2. 

Device VOC (V) 
JSC (mA cm-

2) 
FF (%) PCE (%) 

Control device 

Forward 

scan 
1.14 24.3 79 21.9 

Reverse 

scan 
1.15 24.3 79 22.1 

(t-Bu)2PMeHBF4 

device 

Forward 

scan 
1.19 24.9 80 23.7 

Reverse 

scan 
1.19 24.9 81 24.0 

Currently, the PSCs are on the eve of commercialization and the stability of PSCs is the 

most urgent issue to be solved. The stability measurements are then conducted on control and 

hetero-SiC devices (Fig. 5). Ten devices for each group are prepared for the stability measurements. 

For storage stability, the non-encapsulated devices were stored in a dry box with 20–30% relative 

humidity (RH). Compared to the control cells, which maintain ≈82% of their initial PCE over 

2300 h storage, the hetero-SiC devices exhibit much better storage stability (91% of their initial 

PCEs). Apart from the storage stability, the hetero-SiC devices also exhibit a great enhancement 

in both thermal stability and light stability. For thermal stability, the hetero-SiC devices maintain 

77% of their original PCE over 1400h 80oC thermal annealing, while the control devices only keep 

56% of their initial performance. And for the light stability, the hetero-SiC devices demonstrate 

better stability (84% of initial PCE) over 1400h continuous light soaking. In comparison, the 

control device only maintains 30% of initial PCE after 1400h light soaking which indicates the 

hetero-SiC devices have much better performance on long time operation, which could be 

attributed to the reduced defects of perovskite film via hetero-SiC and passivation of ionic anion 

and cation. 

From the morphology characterization results, the hetero-SiC film exhibits an enlarged 

grain size which could greatly reduce the grain boundary density. The reduced grain boundary 

density can effectively prevent water dispersion over crystal grain. From fig. S7S9, two drops of 

water (2 ul, 1cm distance) are dropped onto the control film and hetero-SiC film at the same 

distance. The water droplets on the control film spread very fast and are merged. And the hetero-

SiC perovskite film with enlarged grain size can prevent water droplets from spreading and 

maintain their shape. The static contact angles of water droplets on the two films are similar (59.8o 

for the control film and 60.2o for the hetero-SiC film). This is because a small amount of (t-

Bu)2PMeHBF4 can just modify the crystallization process and has little influence on film 

hydrophobic property.  
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All in all, the hetero-SiC approach not only brings a device performance bosting but also a 

great improvement in device stability. The enhanced stability of the hetero-SiC device could be 

attributed to the enhanced film quality, enlarged grain size, and reduced defect density. 

 

Fig. 5. Stability measurement of solar cells. (A) storage-stability, (B) thermal-stability and (C) 

light-stability.  

Conclusion 

In summary, we are the first group to report the seeding-induced crystallization approach 

for the one-step spin-coating perovskite fabrication method. The (t-Bu)2PMeHBF4 is added to the 

precursor which formed a low solubility complex with PbI2. We take the advantage of the solubility 

difference between seeding material and perovskite material for the seed-induced crystallization. 

The seeds can effectively reduce the perovskite crystallization energy barrier and facilitate the 

growth of perovskite film. Combined with multiple in situ analysis tools, our reported hetero-SiC 

approach is proven to be one effective way to facilitate perovskite crystallization. The hetero-SiC 

films exhibit large grain sizes with reduced defects which results in PSCs PCEs with up to 24.0% 

and 40 mV VOC enhancement. Furthermore, the hetero-SiC PSCs also represent great stability over 

the control device: 91% of the initial PCE over 2300 h storage stability, 77% of the initial PCE 

over 1400 h 80oC thermal annealing, and 84% of the initial PCE over 1400 h light illumination. 

At last, the introduced hetero-SiC approach provides a meaningful practice to apply the classical 

theory (seeding-induced crystallization) in manipulating the perovskite growth which is an 

important exploration in the PSCs study. 
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Supporting Information 

Experimental section 

Material 

The SnO2 colloid precursor was purchased from Alfa Aesar. Formamidinium iodide (FAI), 

methylammonium bromide (MABr), and methylammonium chloride (MACl) were bought from 

Greatcell Energy. Di-tert-butyl(methyl)phosphonium tetrafluoroborate ((t-Bu)2PMeHBF4), 

cesium iodide (CsI), chlorobenzene (CB), acetonitrile (ACN), bis(trifluoromethane) sulfonimide 

lithium salt (Li-TFSI), 4-tertbutylpyridine (tBP), N, N-dimethylformamide (DMF), and dimethyl 

sulfoxide (DMSO) were obtained from Sigma-Aldrich. Spiro-OMeTAD, Lead iodide (PbI2), and 

ITO substrates were purchased from Advanced Election Technology Co., Ltd. All chemicals were 

used without any further purification process.  

Device Fabrication  

The ITO glass was cleaned in detergent, deionized water, acetone, and isopropyl alcohol 

sequentially. After being dried by N2 blowing, the cleaned ITO substrates were treated with 

ultraviolet ozone for 15 min to remove organic residues and enhance surface wetting. Then the 

prepared SnO2 precursor (diluted by water with SnO2:H2O=1:4, v/v) was spin-coated onto the ITO 

substrates at 4000 rpm for 30 s, followed by thermal annealing at 150 °C for 30 min in ambient 

air. The ITO/SnO2 samples were treated with ultraviolet ozone for 10 min before deposition of 

perovskite film. The perovskite precursor of (FAPbI3)0.93(MAPbBr3)0.04(CsPbI3)0.03 was prepared 

by dissolving 1.4M FAPbI3, 0.06M MAPbBr3, and 0.045M CsPbI3 and 0.5M MACl into 1ml 

DMF/DMSO (8:1 v/v) solvent (10% excess PbI2 was used to boost device performance) followed 
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by 2 hours mechanical shaking for the solution to clear. The perovskite precursor was then spin-

coated onto ITO/SnO2 by two consecutive spin-coating steps (1000 rpm 5 s and 5000 rpm 30 s). 

During the spin-coating process, the antisolvent of chlorobenzene was poured onto the perovskite 

film at 15 s. The intermediate phase film was annealed under 120 oC for 60 min in the glove box. 

After that, a thin layer of 2d perovskite was formed by coating BABr (3mg/ml in IPA) onto 

perovskite film at the speed of 5000 rpm, followed by a 10 min 100oC annealing process.  Then, 

the hole transporting layer of 2,2′,7,7′-tetrakis (N, N-dip-methoxyphenylamine)-9,9′-

spirobifluorene (Spiro-OMeTAD) was deposited onto the top of the perovskite layer by 3500 rpm 

for 30 s with the composition of 72.8 mg Spiro-OMeTAD, 18.8 µL bis(trifluoromethane) 

sulfonimide lithium salt (Li-TFSI) stock solution (520 mg Li‐TFSI in 1 mL acetonitrile), 28.8 µL 

4-tertbutylpyridine (tBP), and 1 mL chlorobenzene. Finally, 80 nm of Au was thermally 

evaporated as a counter electrode using a shadow mask. For the hetero-SiC approach, different 

amounts of (t-Bu)2PMeHBF4 are directly dissolved into the perovskite precursor solution. The rest 

steps are similar to the fabrication of control devices. 

Characterizations and measurements  

The XRD patterns of perovskite films were collected from Rigaku SmartLab 9KW-Advanced X-

ray diffractometer with Cu Kα radiation in a step of 0.01° and θ-2θ scan mode. GIWAXS 

measurements were carried out with a Xeuss 2.0 SAXS/WAXS laboratory beamline using a Cu 

X-ray source (8.05 keV, 1.54 Å) and a Pilatus3R 300K detector. The incidence angle is 0.3°, except 

for the stated experiments. The FESEM images were collected from a field emission scanning 

electron microscope (Tescan VEGA3). The steady-state photoluminescence spectra and time-

resolved photoluminescence were measured on the Edinburgh FLSP920 spectrophotometer 

equipped with the excitation source of 485 nm picosecond pulsed diode laser at an average power 

of 0.15 mW. The absorption spectra of perovskite films were measured by the UV-vis 

spectrophotometer (CARY5000, Varian). The PL measurement was conducted on an Edinburgh 

FLSP920 spectrophotometer equipped with a 485 nm picosecond pulsed diode. The X-ray 

photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) were 

measured from the X-Ray photoelectron spectrometer system (Thermo scientific Nexsa) equipped 

with a 12 kV aluminum Ka X-ray.  

The in situ UV-vis absorption was measured by an F20 spectrometer (Filmetrics, Inc) with the 

light source of a halogen lamp (1.5 mm). A blank quartz substrate was used as the reference to 

calibrate the measurement signal. The absorbance of the thin film was calculated by the equation 

A=-log10(T), where the T is the transmission of the drying kinetics and crystallization rate of the 

perovskite thin film under ambient air conditions.38 The in situ XRD and in situ SEM are also 

conducted from Rigaku SmartLab 9KW-Advanced X-ray diffractometer and field emission 

scanning electron microscope (Tescan VEGA3), where the detail measurement method is adopted 

from reference.35 

Compositional depth profiling of perovskite films was carried out using a ToF-SIMS 5 system 

from IONTOF, operated in the spectral mode and using a 25-keV Bi3+ primary ion beam with an 

ion current of 0.7 pA. A mass-resolving power of about 8,000 m Δm−1 was reached. For depth 
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profiling, a 3-ke V Cs+ sputter beam with a current of 28 nA was used to remove material layer by 

layer in interlaced mode, from a raster area of 300 m ×  300 m. Mass spectrometry was 

performed on an area of 100 m × 100 m in the center of the sputter coater. A low-energy 

electron-flood gun was used for charge compensation. In the positive polarity, the [SnO + Cs]+ 

secondary ion is the SnO fragment ionized through interaction with the sputter ion Cs+, yielding 

the highest signal-to-noise ratio positive-secondary-ion signal characteristic of the ITO substrate. 

The current-voltage (J-V) characteristic and steady-state power output of photovoltaic devices 

were measured by Keithley 2400 Source Meter under standard AM 1.5 G illumination using a 

solar simulator (Enli Tech, Taiwan), and the light intensity was calibrated by KG-5 silicon diode. 

The step voltage and scan speeds were 20 mV and 100 mV s-1. The EQE measurement was carried 

out with an EQE system (Enli Tech, Taiwan) using 100 Hz chopped monochromatic light ranging 

from 300 nm to 900 nm.  

Thermal-stability measurement was conducted by measuring the unencapsulated devices on an 

80oC hot plate in the glove box. Photo-stability was measured using encapsulated devices under a 

white light-emitting diode array with the intensity equally with 0.8 suns AM 1.5G, calibrated by a 

standard silicon photodiode detector (equipped with a KG-5 filter). 

 

 

Fig. S1. Optical image of precursor solution with 1% mol% (t-Bu)2PMeHBF4 
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Fig. S2. XRD patterns of PbI2 with (t-Bu)2PMeHBF4 for different ratio (PbI2 :(t-Bu)2PMeHBF4): 

(A) 1:1 and (B) 1:2. 

 



19 
 

Fig. S3. Snapshots of the crystallization of precursor drop during 70 oC annealing process (scale 

bar-300 m). 

 

Fig. S4. SEM images of (A) control film and (B) film with (t-Bu)2PMeHBF4 annealing for 

different times (0s, 10s, 20s, and 30s). 

 

 

Fig.ure S5R2.. XRD of perovskite films with and without (t-Bu)2PMeHBF4 annealing for 30 min and 50 min. 
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Fig.ure SR63. Grain size distribution of control film and film with (t-Bu)2PMeHBF4 
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Fig. S5S7. Top view FESEM images of (A) control film, (B) film with KBF4 and NaBF4, (C) film 

with (t-Bu)2PMe, and (D) film with (t-Bu)2PMeHBF4 of different concentrations.  
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Fig. S86. Statistical deviation of the photovoltaic parameters for the control devices and (t-

Bu)2PMeHBF4 modulated devices (20 cells for each type): (A) JSC, (B) VOC, (C) Fill Factor, and 

(D) PCE. 

 

Fig. S97. Contact angles of control film and film with (t-Bu)2PMeHBF4. 

 

 

Figure R1. Optical image of perovskite precursor with 1% mol (t-Bu)2PMeHBF4 
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