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Abstract: 

Epitaxial growth gives the highest-quality crystalline semiconductor thin films for 

optoelectronic devices. Here we report a universal solution-processed bottom-up quasi-

epitaxial growth of highly oriented α-FAPbI3 perovskite film via a two-step method, in 

which the crystal orientation of α-FAPbI3 film was precisely controlled through the 

synergetic effect of MACl and large-organic cation BABr etc. In situ GIWAXS 

visualizes the BA-related intermediate phase formation at the bottom, which serves as 

a guiding template for the bottom-up quasi-epitaxial growth in the subsequent 

annealing process. The template-guided epitaxial-grown BAFAMA perovskite film 

exhibit increased crystallinity, preferred crystallographic orientation, and reduced 

defects. The resultant BAFAMA perovskite solar cell delivers an enhancement of the 

power conversion efficiency up to 22.7% ( with steady power output of 22.3% PCE), 

associated with a significant 70 mV VOC enhancement. Moreover, the BAFAMA 

perovskite solar cells demonstrate decent stability, maintaining 95% of initial PCE after 

2600h ambient storage, and 5-time operation condition lifetime enhancement. 
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Introduction 

Organic-inorganic metal halide perovskite solar cell has attracted keen attention 

and came out as one of the most promising research topics in material science for its 

low-cost, solution-processed fabrication and excellent optoelectronic properties [1]. As 

the benchmark, conventional three-dimensional perovskite has been extensively 

studied, and great efficiency progress has been achieved since the seminal paper in 2009 
[2], through the optimization of device structure [3], fabrication techniques modification 
[4], interface engineering [5], and composition engineering [6]. The power conversion 

efficiency (PCE) of perovskite solar cells has raised from 3.8% [2] to a certified 25.5% 

PCE in 2020 [7]. To further enhance the photovoltaic performance, precise and delicate 

control over the perovskite crystal structure and arrangement are urgently needed to go 

forward. 

Epitaxial growth is often viewed as the ultimate technique to obtain the highest-

quality crystalline semiconductor film through the ordered growth on the preferred 

single crystalline substrate [8]. The term epitaxy is derived from Greek, where epi means 

above or over, and taxy means order or arrangement. The crystalline orientation of 

deposited thin film is highly dependent on the substrate. The epitaxial growth has 

presented its great success in high-performance III-V semiconductor materials (e.g., 

GaAs, GaInP, AlGaInP, AlInP, and GaN) for optoelectronic devices [9]. Compared with 

classical molecular beam epitaxy (MBE), epitaxial CVD, or atomic layer 

epitaxy/deposition, liquid-phase epitaxy has clear advantages on device manufacture 

(inexpensive equipment setup, no rigorous operation requirement: high vacuum and 

high temperature), while so far, the quality control is not satisfactory due to poor 

uniformity and rough surface morphology, particularly in thin-film electronic devices 
[8]. Recently, the solution-processed epitaxial growth has been reported to obtain high-

quality perovskite thin film with reduced defect density and excellent photovoltaic 

property [10]. The majority of the proposed epitaxial grown perovskites relied on an 

exterior template: either a single crystalline substrate such as alkali halide [10a, 10d], ZnSe 
[10g], or conventional glass substrates modified by 2D material such as MoS2 

[10b] and 

WS2 
[10e] or polymer template[11]. Apart from the exterior template-guided epitaxial 

perovskite film, the localized epitaxial growth of perovskite film has also been reported 
[12]. The exterior template-guided and localized epitaxial growth has been shown and 

explained through static measurements (mainly TEM) and DFT simulation. The 

understanding of the epitaxial crystallization kinetics, however, is very limited so far. 

In this work, we first demonstrate a solution-processed bottom-up quasi-epitaxial 

perovskite growth through a synergetic effect of methylammonium chloride (MACl) 

additive and large-organic cation. Then we systematically investigate the crystallization 

kinetics of the perovskite quasi-epitaxial growth through a simple two-step method [13], 

which leads to the highly oriented quasi-epitaxial α-FAPbI3 film. The in situ and ex situ 

GIWAXS measurements have been conducted to visualize the crystallization dynamic 

of solution-processed quasi-epitaxial growth of the α-FAPbI3 film. From the in situ 

GIWAXS measurements, the n-butylammonium (BA)-based intermediate phase is 

proven to grow preferably at the bottom of the intermediate layer. The depth-resolved 

ex situ GIWAXS results provide clear evidence of bottom-up perovskite growth during 



the annealing process, which is the prerequisite of template guided epitaxial growth. 

The bottom BA-related intermediate phase is first converted into an oriented template, 

followed by a slow self-assembly process (MACl enabled) which guides the quasi-

epitaxial growth of perovskite film from the bottom to the top. The solution-processed 

bottom-up quasi-epitaxial growth of perovskite film is proven to be relatively general, 

confirmed by several widely used large cation organic salts (BAI, PEAI, and PEABr). 

The corresponding solar cells with oriented perovskite films exhibit a significantly 

reduced VOC loss (by 70 mV), much larger EL quantum efficiency (ELQE) by one order 

of magnitude, enhanced PCE up to 23.15%, and significantly boosted stability which 

maintained 95% of initial PCE after 2600h ambient storage without encapsulation.  

Results 
Two types of perovskites were investigated and prepared by the conventional two-

step method: Type 1 - The so-called FAMA perovskite with the composition of 

(FAPbI3)1-x(MAPbBr3)x was fabricated through depositing organic salts (FAI, MABr) 

precursor onto prepared PbI2 film, followed by an annealing process (Figure 1A). Type 

2: Large alkylammonium cation n-butylammonium bromide (BABr) was dissolved in 

the precursor of organic salts to prepare the so-called BAFAMA perovskite. The 

detailed experiment method was shown in the experiment section. For each type of the 

perovskites, samples with and without MACl was also compared to study the crystal 

properties. The grazing-incidence wide-angle X-ray scattering (GIWAXS) 

measurements were conducted to investigate the crystallographic structure of the 

perovskite films with and without BABr (BABr: FAI = 4%). The corresponding polar 

intensity profiles integrated along the (100) ring were shown in Figure 1D and 1H, and 

the polar angle (χ) stands for the angle to the substrate normal. For FAMA perovskite 

films, from the GIWAXS patterns and the corresponding polar intensity profiles, no 

preferential orientation was found for both samples regardless of the addition of MACl, 

as shown in Figure 1D. Nevertheless, the incorporation of MACl in FAMA perovskites 

will induce the formation of the PbI2 phase at q = 0.9 Å-1 and suppress the perovskite 

phase (Figure 1C and 1E). A similar phenomenon was observed in the BAFAMA 

perovskites as well (Figure 1G and 1I). The emergency of the PbI2 peak could be 

attributed to the coordination of MACl with PbI2 and formed intermediate phase which 

prevents the fast reaction and uncontrollable reaction between PbI2 and organic 

molecules such as FAI and MABr [14]. Besides, the BAFAMA perovskite film without 

MACl also exhibited randomly oriented crystals with a weak preferential orientation, 

in the light of the weak peak centered at 55º from the polar intensity profiles in Figure 

1F and 1H. 

The addition of MACl in the BAFAMA perovskite film was found to greatly 

strengthen the peak at 55º, indicating a strongly enhanced crystal orientation achieved 

with the aid of MACl (Figure 1G and 1H). From the intensity profiles in Figure 1E 

and 1I, the diffraction peaks position of (100), (200) and other characteristic peaks 

remained unchanged, indicating the additive of MACl was not incorporated into the 

perovskite lattice and released during the annealing process. These results indicated 

MACl accompanied by BABr could effectively regulate the orientation of perovskite 

film via the benchmark two-step method. 

The synergetic effect was also observed for other long-chain organic salts (BAI, PEAI, 

and PEABr), shown in figure. S1. The GIWAXS maps presented the high orientation 

of perovskite via the synergy of long-chain organic cation and MACl. In the cases of 

solely long-chain organic salts (w/o MACl), or solely MACl, the same two-step process 



gave isotropic perovskite film orientation.  

 

 

Figure 1. Perovskite film processing and synergetic effect of MACl and BABr on 

the perovskite crystal orientation. (A) Schematic of the fabrication process via a two-

step method. The GIWAXS characterization for two different perovskite types: (B) 

FAMA perovskite (w/o MACl), (C) FAMA perovskite (with MACl), (F) BAFAMA 

perovskite (w/o MACl), and (G) BAFAMA perovskite (with MACl). The polar 

intensity profiles along the ring at the range of 0.95-1.05 Å-1 for (D) FAMA and (H) 

BAFAMA perovskite. The polar intensity profiles averaged along with the rings 

corresponding for (E) FAMA and (I) BAFAMA perovskite. 

To elucidate the mysterious origin of the crystal orientation, we investigated the 

crystallization kinetics in the two stages of the perovskite growth process: (1) the 

formation of the intermediate phase right after the second step organic salts precursor 

coating, and (2) the perovskite crystallization during the annealing process.  

 To reveal this intermediate phase formation process, in situ GIWAXS 

measurements (2o) were conducted on FAMA and BAFAMA perovskite films, all with 

MACl. The GIWAXS intensity profiles and the corresponding false-color intensity 

maps versus q and frames for perovskites without and with BABr were summarized in 

Figure 2. For the perovskite without BABr, it exhibited a typical phase transition 

process from PbI2 to perovskite intermediate phases including three crystallization 

stages. At stage I, only the peak of PbI2 at q = 0.9 Å-1 and FTO substrate signal at q  

1.9 Å-1 were observed. Stage II was then triggered by the dropping of organic salts, as 



indicated by a broad peak centered at q  1.45 Å-1 in GIWAXS profiles, giving rise to 

the phase transition from PbI2 to perovskite intermediates. Therefore, the peak intensity 

of PbI2 was quickly decreased while the perovskite peak at q  1.0 Å-1 was built up in 

seconds. During this process, a dissolution-crystallization process was proposed to 

initiate the transformation from pristine film to the perovskite intermediate phase [15]. It 

is reported that the solution with a higher concentration of I- ion favored the formation 

of 𝑃𝑏𝐼4
2− and 𝑃𝑏𝐼3

− which were dissolved in the IPA [16]. For FAI based organic salts 

precursor with an excess amount of I-1- ion, the initially formed Perovskite crystal and 

PbI2 on the film surface reacted with I-1 ion by the following reactions: 

 𝐶𝐻(𝑁𝐻2)2𝑃𝑏𝐼3(𝑠) + 𝑥𝐼−(𝑠𝑜𝑙) → 𝐶𝐻(𝑁𝐻2)2
+(𝑠𝑜𝑙) + 𝑃𝑏𝐼2+𝑥

𝑥− (𝑠𝑜𝑙)        (1) 

𝑃𝑏𝐼2(𝑠) + 𝑥𝐼−(𝑠𝑜𝑙) → 𝑃𝑏𝐼2+𝑥
𝑥− (𝑠𝑜𝑙)                                 (2) 

After the precursor was oversaturated with 𝑃𝑏𝐼4
2−  or 𝑃𝑏𝐼3

−  complexes, the 

𝑃𝑏𝐼2+𝑥
2−  or 𝑃𝑏𝐼2 reacted with FA+ or MA+ ions and the nucleation of small perovskite 

grains will start. The chemical reactions were expressed as: 

𝑃𝑏𝐼2+𝑋
𝑋− (𝑠𝑜𝑙) + 𝐶𝐻(𝑁𝐻2)2

+ → 𝐶𝐻(𝑁𝐻2)2𝑃𝑏𝐼3(𝑠) + 𝑥𝐼−(𝑠𝑜𝑙)               (3) 

𝑃𝑏𝐼2(𝑠) + 𝐶𝐻(𝑁𝐻2)2
+(𝑠𝑜𝑙) + 𝐼−(𝑠𝑜𝑙) →  𝐶𝐻(𝑁𝐻2)2𝑃𝑏𝐼3(𝑠)              (4) 

For the perovskite film with MACl, since MACl could effectively slow down the 

nucleation process by controlling the delivery speed of PbI2 
[17], it could prevent the fast 

and uncontrollable reaction between PbI2, FAI, and BABr expressed as: 

𝑃𝑏𝐼2 + 𝐹𝐴𝐼 + 𝑥𝑀𝐴𝐶𝑙 → 𝐹𝐴𝐼 ∙ 𝑃𝑏𝐼2 ∙ 𝑥𝑀𝐴𝐶𝑙                           (5) 

After entering stage III, the formation of the perovskite intermediate phase 

continued and the residual unreacted PbI2 phase left. The addition of Br- also play an 

important role, the incorporation of Br could accelerate the formation of perovskite 

crystals and lead to a direct phase transition from precursor to perovskite[18] rather than 

via intermediate phases in the pure iodide perovskite film. In addition, Cl ions may slow 

down the perovskite crystallization process due to the formation of solvated phases[17b]. 

The perovskite with BABr, however, experienced four crystallization stages during the 

formation of perovskite crystallites. The first three stages were similar to the perovskite 

without BABr, but an additional stage IV was observed in the in situ GIWAXS profiles 

(Figure 2E and 2F). After the formation of the perovskite phase in stage III, two peaks 

at q = 0.79 and 1.09 Å-1 arose at  30 s of the spin coating, indicating the beginning of 

stage IV. These two peaks as well as the perovskite peak were further enhanced and 

then saturated at stage IV, accompanied by the decrease of the PbI2 peak. It is noted that 

these two peaks at q = 0.79 and 1.09 Å-1 likely came from the BA-related phase, as 

indicated by the XRD pattern of PbI2-BABr intermediate film (figure. S2A). The 

additional stage of large organic cation related phases was also reported in the one-step 

method [19]. In situ GIWAXS with two incident angles (1o and 2o) were summarized in 



figure. S3 to investigate the position of the BA-related phase within the film. The 

thickness of the intermediate phase film was around 730nm verified through cross-

section SEM (figure. S2B). For the incident angle of 1o, the beamline can only penetrate 

around 700nm of the intermediate film. From the GIWAXS intensity profiles of 1o, the 

signal of two BA-related phases was very weak, indicating the BA-related phase was 

dominantly located at deeper than 700nm below the top surface (figure. S3, B and C). 

Temporally, the formation of BA-related phases in 1o case happened later than in the 2o 

case (by ~30s), which could be attributed to the lower Gibbs free energy at the bottom 

interface[20]. From the last frame of in situ GIWAXS mapping, we find the perovskite 

phase and BA-related phase are consistent, i.e. both have strong orientations at ~55º 

(figure. S4). It is worth mentioning that the crystal orientations of the perovskite phase 

and BA-related phase are consistent, i.e. both have strong orientations at ~55º (figure. 

S4 B). In addition, the peak positions of the perovskite (100) plane and the BA-related 

phase are 1.01 Å-1 and 1.08 Å-1 (figure. S4C), corresponding to the d-spacing values of 

6.22 Å and 5.82 Å, respectively. It is reported that halide perovskites possess a “soft 

crystal lattice, allowing greater tolerance to lattice mismatch”[12a]. Therefore, it is 

possible for the epitaxial growth of the perovskite crystals based on the BA-relates 

phase with a small lattice mismatch.  

 

The (100) phase orientations of the two perovskite intermediate films (with MACl) 

– Control vs. with BABr - were exhibited in figure. S2 (D and E). Both intermediate 

films exhibited a preferred 55o orientation. Interestingly, the intermediate crystalline 

phases with BABr did not exhibit a better orientation compared with the film without 

BABr. We suspected the preferred 55o orientation of perovskite film via the two-step 

method was determined at the first stage during the reaction of organic salts with PbI2. 

The generation of BA-related intermediate phases was after the formation of the normal 

perovskite intermediate phase. The BA-related intermediate phase, therefore, has a very 

limited effect on the orientation of the intermediate phase. Therefore, the difference in 

the crystal orientation of well-formed FAMA and BAFAMA perovskite should be 

originated from the annealing/conversion process of perovskite. 

 



 

Figure 2. Time-resolved GIWAXS profile analysis - the formation of intermediate 

perovskite films. GIWAXS intensity profiles for the perovskite films (A) without and 

(D) with BABr, (B, E) the corresponding false-color intensity maps versus q and frame 

numbers, and the time evolution of peak areas of (C) without and (F) with BABr. #, *, 

and & denote the PbI2 phase, perovskite phase, and BA-related phase. 

The intermediate phase film would convert into complete perovskite film (~ 450 

nm) through the annealing process. A thorough investigation of the crystallography 

structure was conducted on the complete perovskite films with different BABr 

concentrations (0%, 4%, and 8%). The depth-resolved crystallography characterization 

was conducted by changing the incident angles of GIWAXS measurement[21]. Three 

angles were selected: 0.1°, 0.3°, and 1° (Figure 3). For the incident angle below the 

critical angle (α < 0.2°), the x-ray source can only penetrate the top 10 nm of the 

perovskite film. For the incident angle 0.2 < α < 0.4°, the GIWAXS map exhibits the 

information of the bulk/middle layer of perovskite film. For the incident angle of 1°, 

the x-ray beam would penetrate the whole 450 nm perovskite film. From the GIWAXS 

patterns, the rings around qz of 1, 2, and 2.5 Å-1 were corresponded with (100), (200), 

and (210) diffraction peaks. Continuous Debye-Scherrer rings with homogenous 

intensity over qr of 1 and 2 Å-1 were observed from all three incident angles of FAMA 

perovskite GIWAX maps, indicating an isotropic orientation of perovskite crystallites 

for FAMA perovskite at different film depth. For the BAFAMA perovskite, however, 

Bragg spots along the rings of qz of 1 and 2 A-1 were observed from all three incident 

angles, indicating the incorporating of BABr induced the oriented growth of BAFAMA 

perovskite throughout the film. The intensity of the scattering as a function of azimuthal 

angle over the (100) phase was exhibited in figure. S5 (A-C), showing the BAFAMA 

perovskite has a strong orientation at 55o over the FAMA perovskite film.  

The corresponding polar intensity profiles averaged along the rings were shown in 

figure. S5 (D-F). The diffraction peaks at 0.9, 1.0, 2.0, and 2.5 were corresponding with 

PbI2, (100), (200), and (210) of the perovskite crystal plane, respectively. The intensity 

ratio of PbI2/perovskite (100) phase was calculated from polar intensity profiles (Figure 



3D, 3F, and 3H). The ratio of PbI2/perovskite (100) gradually increased from the 

bottom (1°) to the top surface (0.1°), indicating a higher residual PbI2 on the surface. 

The different ratios of PbI2/perovskite (100) were attributed to the reaction sequence - 

the layer with a lower ratio was formed earlier than the film with a higher ratio. 

Therefore, the formation of the bottom layer perovskite was earlier than the top surface 

perovskite, i.e., the growth of perovskite was a bottom-up process. This could be due 

to the thermal transfer sequence that the heat transfer from the glass side to the top 

perovskite.  

 

 

Figure 3. Template-guided growth of perovskite film from the intermediate phase. 

(A) Bottom-up growth of perovskite via a two-step method. (B) Schematic of template-

guided growth of perovskite film during the annealing process. The GIWAXS maps of 

(C) FAMA perovskite, (E) BAFAMA (4% BABr) perovskite, and (G) BAFAMA (8% 

BABr) perovskite with different incident angles. The PbI2/PVSK (100) phase intensity 

ratio with different incident angles for (D) FAMA perovskite, (F) BAFAMA (4% BABr) 

perovskite, and (H) BAFAMA (8% BABr) perovskite.  



To double-check the hypothesis, we compared the perovskite films annealed from 

the top film surface (top-annealed perovskite) and the glass side. To analyze the 

distribution of PbI2 over various depths of perovskite film, GIWAXS (with incident 

angles of 0.1o, 0.3o, and 1o) measurements were conducted onto the top-annealed 

BAFAMA and FAMA perovskite film (Figure 4). From the GIWAXS results, no PbI2 

signal was found from the top layer (0.1o) of two top-annealed perovskite films (Figure 

4A, 4D and 4G). However, a clear Bragg spot along the rings of 0.9 Å-1 (PbI2) was 

found from the GIWAXS maps of 0.3o and 1o, indicating residual PbI2 was precipitated 

in the middle and bottom sections of films annealed from the perovskite top side. From 

SEM images of FAMA perovskite films annealed from two different sides, we did not 

find any residual PbI2 on the SEM image of the film annealed starting from the top 

surface (figure. S6), while clear white areas (residual PbI2) were observed on the grain 

edges of the film annealed from the glass side (figure. S7A). These results were 

consistent with our previous assumption that the thermal transfer sequence can 

determine the growth pattern of the perovskite film (bottom-up or top-down). 

Additionally, the orientation of perovskite crystal annealed from the different sides 

were compared (Figure 4I). It is noteworthy that two BAFAMA films exhibited distinct 

crystallographic property that the top-annealed BAFAMA film exhibited poor 

orientation similar to FAMA films.  

Therefore, the BA-related intermediate phase on the bottom layer played a critical 

role in the perovskite crystal orientation during the annealing process. For the glass side 

annealed BAFAMA perovskite film, the first formed oriented template could lead to an 

ordered growth of subsequent perovskite layer (Figure 3B). On the contrary, for the 

top annealed film, as no BA-related intermediate phase on the top surface as a template, 

the whole film exhibited poor orientation. 



 

Figure 4. The crystallographic characterization of perovskite film annealed from 

the top surface. The GIWAXS maps for (A-C) FAMA and (D-F) BAFAMA film 

annealed from the top perovskite intermediate surface. The polar intensity profiles 

averaged along the rings corresponding for three different incident angles (0.1o, 0.3o, 

and 1o) of (G) FAMA perovskite and (H) BAFAMA perovskite. (I) The corresponding 

polar intensity profiles over azimuthal angle extracted from the ring at the range of 

0.95-1.05 Å-1 for perovskite annealed from the glass side and perovskite top surface 

side. 

Furthermore, the distribution of the BA-related phase inside highly oriented 

perovskite film was further verified through the photoluminescence (PL) measurement 

incident from the glass side and air side (figure. S8). A clear blue shift was observed 

from BAFAMA perovskite film PL when illuminated from the glass side, comparing 

to the airside incidence. This is especially true for the film incorporating 8% BABr, 

which was attributed to a higher bandgap of perovskite with rich BABr at the bottom. 

The distribution of BA-related perovskite was consistent with the results of the in situ 

GIWAXS measurements of the intermediate phase, i.e., mainly at the bottom layer.  

To demonstrate the influence of the first-formed bottom layer on the following 

perovskite growth, we mimicked this by utilizing different substrates: amorphous glass 

and single crystalline silicon (100). We compared the crystallinity and crystal 

orientation of perovskite film grown on glass and silicon (figure. S9). The perovskite 



film coated on the glass substrate exhibited an isotropic ring of (100) plane despite a 

weak peak centered at χ = 55º, implying that the perovskite crystals on the glass 

substrate are almost randomly oriented, with only a weak preferential orientation 

(figure. S9C). By contrast, the peak centered at χ = 55º is much enhanced for the film-

coated on the Si (100) substrate, suggesting the critical role of the bottom substrate on 

the growth of perovskite film, considering the soft lattice constant of the material [12a]. 

This further confirms that the significant influence of the bottom layer/substrate on the 

subsequent growth of the perovskite layer.  

Based on these results, we proposed a bottom-up quasi-epitaxial growth model to 

explain the crystallization kinetics of the perovskite film via a two-step method (Figure 

5). To achieve the quasi-epitaxial growth, the growth process must be slow enough to 

enable an atomic level self-assemble over the template. In our case, this can be achieved 

by MACl which could effectively regulate the growth speed. The BA-related 

intermediate phase was preferable to be located at the bottom of the intermediate film 

and naturally served as the growth template in the thermal annealing process. 

Remarkably, we revealed and proved a bottom-up growth of perovskite thin film which 

was extremely important for the template guided quasi-epitaxial growth. The bottom 

BA-related intermediate phase was first converted into an oriented perovskite template. 

The oriented bottom template then leads to a quasi-epitaxial growth of perovskite with 

strong orientation. Without either BABr or MACl, an oriented perovskite template 

cannot be formed, and it would cause a random growth of perovskite. The poor 

orientation of top-annealed BAFAMA film was also consistent with this scenario as 

BA-related intermediate phases are located at the bottom rather than the top, thus no 

template formation. 

Figure 5. Schematic illustration of the bottom-up quasi-epitaxial growth of hybrid 

perovskite via a two-step method. i. With both MACl and large cation salt, i-a. the 

growth of bottom BA-related perovskite template on the substrate, i-b. highly oriented 

film; and ii. missing either MACl or large cation salt or both, ii-a. the non-oriented 

bottom layer, ii-b. non-oriented perovskite film. 

 To investigate the photovoltaic properties of the BAFAMA perovskite via bottom-

up quasi-epitaxial growth, the perovskite solar cells of FAMA perovskite and BAFAMA 



perovskite incorporating with 4 mol%, 8 mol%, and 12 mol% of BABr were prepared 

via a two-step method with MACl assistant (see the materials and methods section). 

The device structure of the perovskite solar cells was ITO/SnO2/perovskite/spiro-

OMeTAD/Au. The current density-voltage (J-V) characteristics of devices (active area: 

0.04 cm2) with different BABr concentrations were shown in Figure 6A, where the 

parameters were tabulated in Table 1, and the external quantum efficiency was shown 

in Figure 6B. The best PSC performance was achieved by incorporating 4 mol% of 

BABr. The corresponding PCE was 22.7%, with a short-circuit current density (JSC) of 

24.4 mA cm-2, a fill factor (FF) of 79%, and an open-circuit voltage (VOC) of 1.18 V. 

The reference FAMA perovskite device exhibited a PCE of 20.7%, with a short-circuit 

current (JSC) of 23.9 mA cm-2, a fill factor (FF) of 78%, and an open-circuit voltage 

(VOC) of 1.11 V. For a higher concentration of BABr, the performance of devices was 

reduced where the current density was dropped from 24.4 mA/cm2 (4% BABr) to 22.9 

mA/cm2 (8% BABr) and 20.3 mA/cm2 (12% BABr), which is attributed to the fact 

that the higher concentration of BABr would block the carrier transportation. In 

comparison with the reference FAMA perovskite device, the VOC was increased from 

1.11 V to 1.18 V and JSC was enhanced from 23.9 mA/cm2 to 24.4 mA/cm2 for the 

perovskite with 4% BABr. The great enhancement in the open-circuit voltage could be 

attributed to the reduced defects and high crystallinity of the film by quasi-epitaxial 

growth. With the anti-reflection (AR) coating, the JSC of the BAFAMA device was 

further enhanced from 24.4 mA/cm2 to 25 mA/cm2 and we obtained a PCE of 23.15% 

(figure. S10E). For the large area device (0.8 cm2), the template guided growth device 

(BAFAMA perovskite) exhibits a PCE of 21.2% with the Voc of 1.16 V, Jsc of 23.7 

mA/cm2, and FF of 0.77 (figure. S11). While for the control device (FAMA perovskite), 

it exhibits Voc of 1.08 V, Jsc of 23.0 mA/cm2, and FF of 0.73 which contributes the 

PCE of 18.1%. The large area BAFAMA device also conforms to a better performance 

than the control device, which indicated our proposed mechanisms work well on larger 

area cases. From the EQE spectra, the bandgaps of perovskite films were calculated as 

follows: 1.55eV for FAMA perovskite and BAFAMA perovskite with 4% BABr, 

1.56eV for perovskite with 8% BABr, and 1.58 eV for perovskite with 12% BABr. The 

integrated JSC values from EQE spectra for these devices were in good agreement with 

the values from J-V curves (within 5% deviation). An obvious blue shift was found in 

the absorption of perovskite films with the increasing concentration of BABr, which 

was consistent with the EQE results (Figure 6B and 6C). The BAFAMA perovskite 

solar cell with 4% BABr has also achieved a steady power output of 22.3% PCE with 

almost no hysteresis (Figure 6D and 6E). The statistic distribution of the photovoltaic 

parameters was shown in figure. S10 (A-D) for the FAMA perovskite and BAFAMA 

perovskite with 4% BABr, collected from 20 solar cells for each type.  
The origin of enhanced open-circuit voltage (VOC) was characterized through the 

reciprocity principle via electroluminescence techniques [22]. The open-circuit voltage 

of the ideal solar cell can be calculated from the classic equation: 𝑉𝑜𝑐 =
𝐾𝐵𝑇

𝑞
ln

𝐽𝑆𝐶

𝐽0
. Here, 

q is element charge, KB is Boltzmann constant, T is temperature, JSC is the short circuit 

current density and J0 is the recombination current density or dark current density. The 



JSC was calculated through an overlap integral between EQEPV and solar photon flux[23]: 

𝐽𝑆𝐶 = 𝑞 ∫ 𝐸𝑄𝐸𝑃𝑉(𝜆) ∙ ∅𝐴𝑀1.5(𝜆)𝑑𝜆
∞

0
. For real cell, J0 was the sum of radiative and non-

radiative recombination currents. In equilibrium, the radiative recombination current 

equal with emitted photon current. Therefore, 𝐽0,𝑟𝑎𝑑  can be calculated through the 

following equation: 𝐽0,𝑟𝑎𝑑 = 𝑞 ∫ ∅𝐵𝐵(𝜆) ∙ 𝐸𝑄𝐸𝑃𝑉(𝜆) ∙ 𝑑𝜆
∞

0
 . The non-radiative 

recombination current could be calculated through external electroluminescence 

quantum efficiency: 𝐸𝑄𝐸𝐸𝐿 =
𝐽0,𝑟𝑎𝑑

𝐽0,𝑟𝑎𝑑+𝐽0,𝑛𝑜𝑛−𝑟𝑎𝑑
. According to the reciprocity principle 

[22], the open-circuit voltage was obtained : 𝑉𝑂𝐶 = 𝑉𝑂𝐶
𝑟𝑎𝑑 +

𝑘𝑇

𝑞
ln (𝐸𝑄𝐸𝐸𝐿). For the EL 

measurement, both of FAMA and BAFAMA perovskite solar cells were operating as 

LED in (Figure 6F). The emission peak of BAFAMA perovskite was located at 796nm. 

The EQEEL of FAMA perovskite was 0.2% with the injection current of 23.9 mA/cm2, 

while BAFAMA perovskite exhibited a boosted EQEEL of 5.6% under injection current 

of 24.4 mA/cm2. The calculated VOC loss from non-radiative recombination were 159 

mV and 74 mV for FAMA perovskite and BAFAMA perovskite, respectively. The low 

non-radiative recombination loss for the BAFAMA perovskite was ascribed to the low 

defects level of perovskite film via ordered quasi-epitaxial growth. 

Moreover, steady-state photoluminescence (PL) and time-resolved 

photoluminescence (TRPL) spectroscopy measurements were conducted on samples of 

FAMA perovskite and BAFAMA perovskite to characterize the carrier dynamics 

(Figure 6G and 6H). From Figure 6G, we found the PL intensity was enhanced by 

around 200% for the film with 4% BABr, and around 100% for the film with 8% BABr 

which indicated the great suppression of nonradiative recombination for the 

incorporating of BABr, indicating fewer defects in the quasi-epitaxial grown perovskite 

guided by an oriented bottom template. The reduced PL intensity of the film with 8% 

BABr might be due to the low fluorescence with a higher concentration of BA-based 

perovskite.  

The TRPL spectroscopy of perovskite with different concentrations of BABr was 

shown in Figure 6H. The TRPL curves were analyzed by performing curve-fitting to 

the exponential equation (𝐼 = 𝐼1𝑒
−𝑡

𝜏1⁄ + 𝐼2𝑒
−𝑡

𝜏2⁄ ) and extracted the associated lifetime 

𝜏1 and 𝜏2. The 𝜏1 decay component was related to non-radiative recombination from 

defects, and 𝜏2 component corresponded with the radiative recombination from the 

bulk perovskite. The FAMA perovskite presented the characteristic PL lifetime of 𝜏1 

of 36.5 ns and 𝜏2 of 206.2 ns. The TRPL decays exhibited longer lifetimes and fewer 

dispersion rates with 𝜏1 of 140 ns and 𝜏2 of 1025 ns for the film of 4% BABr, and 

𝜏1 of 200 ns and 𝜏2 of 850 ns for the film of 8% BABr. The TRPL measurement 

results further proved the quasi-epitaxial growth of perovskite can greatly enhance the 

optoelectronic performance with effectively suppressed nonradiative recombination. 

The x-ray diffraction pattern for the pure BABr film, FAMA perovskite film, and 



BAFAMA perovskite films were shown in Figure 6I. The diffraction pattern for the 

samples displayed 5 dominant peaks which located at 12.7° corresponding to the PbI2 

phase and 14.1°, 24.3°, and 28.1° corresponding to (100), (110), and (200) of perovskite 

crystal planes respectively [24]. From the XRD pattern, no characteristic diffraction peak 

of BABr was found in the patterns of BAFAMA perovskite because the majority of 

BABr was converted to the perovskite phase. As shown in the XRD pattern, excess of 

PbI2 was used to passivate the defects in the perovskite film and improve device 

efficiency[25]. For the film without BABr, the excess PbI2 mainly locates at the top 

surface of the film, as proved in Figure 3C and 3D. In contrast, the addition of BABr 

can result in a uniform distribution of the excess PbI2 among the film (Figure 3E-H), 

passivating defects at grain boundaries. Also, we found the intensity of the PbI2 peak 

was reduced for the BAFAMA perovskite, especially for the perovskite with 8% 

concentration of BABr. This could be owing to the reaction of BA-related perovskite 

that would lead to a reduction of PbI2 content. The PbI2 phase will experience a different 

structural evolution for a one-step process. It is noted that the two-step process consisits 

of the sequential deposition of a PbI2 layer (step 1) and organic salts (step 2), so the 

PbI2 signal will undergo a significant drop during the second step because of the 

formation of perovskites after the interdiffusion between PbI2 and organic salts, as 

shown in Figure 2. In comparison, for the one-step process, the formation of the PbI2 

phase is mainly from the decomposition of perovskite crystals during the annealing[21a]. 

The origins of PbI2 in the two-step process and one-step process are therefore different.  

 



Figure 6. Photovoltaic and optoelectronic properties of FAMA perovskite and 

BAFAMA perovskite via quasi-epitaxial growth. (A) J-V curves for the perovskite 

solar cell with different concentration of BABr; (B) Corresponding External quantum 

efficiency (EQE) spectra of these cells; (C) Absorption of FAMA and BAFAMA 

perovskite films; (D) Steady-state output at the maximum power point of FAMA 

perovskite solar cell and BAFAMA perovskite solar cell with 4% BABr; (E) J-V curves 

of forward and reverse scan for BAFAMA perovskite with 4% BABr; (F) EQEEL and 

EL spectrum of perovskite; (G) Steady-state photoluminescence spectrum of perovskite 

films; (H) Time-resolved photoluminescence decay spectra of corresponding 

perovskite films; (I) XRD patterns of corresponding films. 

Table 1. Photovoltaic parameters of the champion cell for FAMA perovskite device 

and devices with BABr of different concentrations, under simulated AM 1.5G 

irradiation at 100 mW cm-2. 

Device 

VOC
 a) 

(V) 

JSC
 a) 

(mA cm-2) 

calc. JSC
 

b) 

(mA cm-

2) 

FF a) 

(%) 

PCEa) 

(%) 

FAMA perovskite 1.11 23.9 23.01 78 20.7 

BAFAMA 

perovskite (4% 

BABr) 

1.18 24.4 23.33 79 22.7 

BAFAMA 

perovskite (8% 

BABr) 

1.14 22.9 22.15 74 19.3 

BAFAMA 

perovskite (12% 

BABr) 

1.12 20.3 19.92 67 15.2 

a) Values are for the highest-PCE device. b) JSC value from the integration of the EQE 

spectra is within 4% error of those from J-V curves. 

The morphology of FAMA perovskite and BAFAMA perovskite films with 

different concentrations of BABr was studied through scan emission microscope (SEM) 

and atomic force microscope (AFM). From the SEM image, the BAFAMA perovskite 

exhibited a similar morphology with the FAMA perovskite, for example, similar grain 

size and existence of PbI2 on the grain edges (figure. S7, A-D). This is supported by 

our proposed quasi-epitaxial growth model that the bottom perovskite template could 

affect the assembling of perovskite crystal such as phase orientation and crystallinity 

and while had little effect on the nuclei formation of perovskite. 

The AFM images of perovskite films were shown in figure. S7 (E-H). The AFM 

images exhibited similar results with SEM images. For the FAMA perovskite film, the 

surface average roughness (Ra) was around 28 nm and the root mean square roughness 

(Rq) was around 35.6 nm. The BAFAMA perovskite film (4% BABr) shown a lower 

roughness where the surface average roughness (Ra) was around 26.5 nm and the root 



mean square roughness (Rq) was around 33.1 nm. With a higher concentration of BABr, 

the roughness of perovskite film was enhanced. For the BAFAMA perovskite film (8% 

BABr), the surface average roughness (Ra) was around 27.5 nm and the root mean 

square roughness (Rq) was around 34.3 nm. And the surface average roughness (Ra) for 

12% BABr BAFAMA perovskite film was around 28.2 nm and the root mean square 

roughness (Rq) was around 35.3 nm. The incorporation of 4% BABr could greatly 

reduce the surface roughness of perovskite film which was due to the ordered growth 

of perovskite film. 

At present, the stability of the perovskite solar cell is the most challenging issue 

toward commercialization. The BAFAMA perovskite exhibited an enhanced 

hydrophobicity over FAMA perovskite, which is in good agreement with other large 

organic cations/2D-materials[10i, 11, 26]. The static contact angles of deionized water on 

the top of FAMA perovskite, BAFAMA perovskite (4%, 8%, and 12% BABr) films 

were 10.1°, 15.1°, 17.5°, and 32.5°, respectively (figure. S12A). Stability tests were 

conducted onto the FAMA perovskite and BAFAMA perovskite with 4% BABr 

including storage stability and photo-stability (figure. S12, B and C). For storage 

stability, the non-encapsulated devices were kept in a dry box with the humidity of 15 

to 20% under dark for 2600 h. The non-encapsulated BAFAMA perovskite device 

maintained 95% of its initial PCE after 2600 h, while the control FAMA perovskite 

device only maintained 75% of its initial PCE (figure. S12B). The photostability was 

measured by exposing the encapsulated FAMA and BAFAMA perovskite devices to a 

white light-emitting diode array with equivalent 0.8 suns AM 1.5G. The encapsulated 

BAFAMA perovskite maintained 80% of its initial PCE after 600h illumination, while 

the control FAMA perovskite device only has 20% of its initial PCE (figure. S12C). 

The t80 lifetime of both devices was also exhibited in figure. S10C - 600 h for BAFAMA 

perovskite, which was over 4 times longer than the t80 lifetime of FAMA perovskite 

(130 h). 

Conclusion 

In this work, we reported a facile and universal bottom-up quasi-epitaxial growth 

of highly oriented α-FAPbI3 perovskite via a two-step solution process method. In-

depth GIWAXS characterizations systematically illuminated the synergetic effect of 

MACl and large-organic cations (e.g., BABr, BAI, PEAI, and PEABr) on the 

crystallization kinetics and precise crystallographic orientation control. The in situ 

formation of the BA-related intermediate phase was found to be at the film bottom for 

the first time, which resulted in an oriented template for the followed perovskite 

bottom-up quasi-epitaxial growth during thermal annealing. The novel solution process 

bottom-up quasi-epitaxial perovskite growth presented a significant advance in 

understanding the growth kinetics of perovskite.  

It worth noting that this investigation is on α-FAPbI3 perovskite for proof of 

concept, and the understanding of solution-processed quasi-epitaxial perovskite growth 

is just a beginning. Future deepened study (for example, visualizing in situ epitaxial 

growth process), and the validation of the technique in broader perovskite systems are 

strongly needed for the quasi-epitaxial grown perovskite concept to be applied. Other 

approaches to achieve quasi-epitaxial grown perovskite films will also be very 



important for the future development of high-performance perovskite optoelectronic 

devices in large, not limited to solar cells. 
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