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ABSTRACT 

 

Two dimensional (2D) organometal halide perovskites (OHPs) have attracted intensive interest for 

their diverse optoelectronic applications. However, a practical and controllable solution-based way 

particularly for the synthesis of pure BA2MAPb2I7 and heterostructured BA2PbI4/BA2MAPb2I7 single 

crystals, which are of great importance for high performance photodetectors, is still lacking. In this 

study, we report the efficient synthesis route of large-area high-quality BA2MAPb2I7 and 

BA2PbI4/BA2MAPb2I7 single crystals. We show that the combined method of solution temperature 

lowering and limiting reagent approaches yields rapid and controllable synthesis. In addition, the 

correct determination of the BAI:MAI:PbI2 molarity ratios in the synthesis process was revealed to be 

highly significant. These results provide fundamental insight and useful guideline for obtaining the 

presented 2D OHPs with regard to high practicality and controllability.     

 

Keywords: 2D Perovskite, Single crystal synthesis, Solution temperature lowering, Limiting reagent 

approach, Heterostructure. 

 

1. INTRODUCTION 

 

Among many prominent two dimensional (2D) materials such as graphene[1] and transition metal 

dichalcogenides (TMD)[2–4], 2D organometal halide perovskites (OHPs) are promising layered 

materials for optoelectronic applications owing to their favorable properties such as high carrier 

mobility, long diffusion length, high absorption coefficient, tunable optical bandgap, and ease of 

forming heterostructures with other materials[5,6]. 2D OHPs structures are generally defined by the 

chemical formula (RNH3)2(A)n−1MX3n+1, where RNH3 is a long-chain organic group (CH3(CH2)3NH3, 

C6H5C2H4NH3, etc.), A is an organic or inorganic cation (CH3NH3
+1

, Cs, etc.), M is a bivalent metal 

cation (mainly Pb
+2

, Sn
+2

, Ge
+2

, etc.), X is a halogen anion (Cl
-
, Br

-
, I

-
). Here the n value represents the 

number of the inorganic octahedron layers, giving the inorganic layer thickness. In recent years, 2D 
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OHPs have been studied as solution-processable active and supporting components in photovoltaics, 

LEDs, and photodetectors due to the higher stability feature compared to 3D OHPs and other superior 

characteristics[7].Particularly, long-chain hydrophobic organic groups increase the durability of 2D 

OHPs by protecting the inorganic octahedra layers[8,9]. Also, the optoelectronic properties of 2D 

OHPs are able to be adjusted by just varying the number of inorganic layers (n)[10,11]. Among the 

various applications of 2D OHP single crystals which yield high crystallinity and less number of grain 

boundaries, photodetectors stand out, providing superior responsivity and short response rate[12,13].  
 
Heterostructures emerge as structures formed by the combination of two different semiconductor 

materials with different unique optoelectronic properties such as graphene, TMD, black phosphorus, 

and perovskite. Thus, heterostructures significantly increase the functionality of optoelectronic 

applications such as photodetectors, photovoltaics, and transistors[14]. In particular, the synthesis of 

two different perovskite structures with different compositions as a single crystal is very important in 

order to overcome the problems such as the requirement of matching the lattice constant, and the 

formation of interface defects at the boundaries of materials[15]. Nowadays, researchers have 

succeeded in synthesizing various 2D perovskite heterostructures such as (BA)2PbI4/(BA)2PbBr4, 

(PEA)2PbI4/(PEA)2MAPb2I7, (2T)2PbI4/(2T)2PbBr4, (2T)2SnI4/(2T)2PbI4[16]. Moreover, 2D OHP 

single-crystal heterostructures are of great importance for dual-band high-performance photodetectors 

due to the tunable optical bandgap allowing high absorption coefficients over multiple spectral 

regions[15,17]. It is of great importance to synthesize high-quality 2D OHP pure single crystals and 

their heterostructures instead of widely used polycrystalline films for higher detector 

performances[15]. However, there are still important issues that need to be addressed and researched 

in detail regarding the synthesis process in terms of practicality and controllability. In particular, the 

use of slow and complex vapor deposition processes in the synthesis of BA2PbI4/BA2MAPb2I7 single 

crystal heterostructures is a major concern.[18,19]. 

 

Single crystals of 2D OHPs with diverse optoelectronic properties have been obtained using 

compositional engineering through various synthesis methods such as solution-based crystal growth, 

vapor-phase epitaxial growth, and top-down (slicing, mechanical peeling) methods[20–22]. Among 

them, the solution-based crystal growth method is ideal for synthesizing 2D OHP single crystals with 

ease, high-quality and controllability[23]. Solution-based crystal growth methods are also listed as 

inverse temperature crystallization, anti-solvent vapor assisted crystallization, slow evaporation 

crystallization and solution temperature lowering (STL). The STL method is an important route for 

the synthesis of high-quality 2D OHP single crystals with large grain sizes[24]. On the other hand, 

during STL synthesis of 2D OHP BA2MAPb2I7 (n=2) single crystal materials, which are of great 

importance for photodetector applications, BA2PbI4 (n=1) crystals are inevitably synthesized as side 

product and cause contamination; therefore, the inability to obtain homogeneous BA2MAPb2I7 

structures emerges as a major challenge[15]. Furthermore, this hinders the controlled synthesis of 2D 

OHP BA2PbI4/BA2MAPb2I7 single crystal heterostructures for use in dual-band photodetectors. 

Considering the slow and complex vapor deposition processes used in the synthesis of 

BA2PbI4/BA2MAPb2I7 single crystal heterostructures, a rapid and simple STL method provides highly 

important advantages for the controlled synthesis of heterostructures.  
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In this study, high-quality, large-area, pure 2D OHP BA2MAPb2I7 single crystals were synthesized 

within a few hours using a facile solution-based synthesis route. The high controllability of the used 

approach, which included STL and limiting reagent methods, was achieved by carefully varying the 

concentration ratios of n-butylamine (BA) and methylamine (MA) cations. 2D OHP 

BA2PbI4/BA2MAPb2I7 single crystal heterostructures were also synthesized and investigated in detail. 

Structural and optical properties of the synthesized perovskites were examined using various 

characterization techniques including scanning electron microscopy/energy dispersive X-ray 

spectroscopy (SEM/EDX), X-ray diffractometry (XRD), UV-Vis absorption spectroscopy, and 

steady-state photoluminescence (PL) spectroscopy. Accordingly, the characteristic spectra of the 

BA2MAPb2I7 and BA2PbI4/BA2MAPb2I7 single crystals were obtained. The SEM images illustrated 

the synthesized single crystals having large-area and layered structures. The XRD pattern of 

BA2PbI4/BA2MAPb2I7 single crystal heterostructures was obtained as a mixture of the patterns of 

BA2MAPb2I7 and BA2PbI4 single crystals as targeted. This result was also obtained in the PL and UV-

Vis absorption spectra. 

 

2. EXPERIMENTAL SECTION 

 

2.1. Chemicals 

The chemicals used here in the synthesis of perovskites are lead(II) iodide (PbI2), methylammonium 

iodide (MAI), n-butylamine (BA), 57% aqueous hydriodic acid (HI), 50% aqueous hypophosphorous 

acid (H3PO2). They were purchased from Sigma-Aldrich and used as received in high purity. 

 

2.2. Growth of 2D OHP single crystals  
STL and limiting reagent methods were utilized to synthesize 2D OHP BA2MAPb2I7 single crystals. 

Schematics of the synthesis steps, including the parameters, are shown in Figure 1. Herein, the 

concentration ratio of BA cations has been limited in the synthesis process of pure BA2MAPb2I7 2D 

OHP single crystals. Accordingly, 1.32 M PbI2 powder chemical was dissolved in 0.250 mL HI 

solvent (A solution). After stirring at 200 rpm for 10 minutes at the temperature of 90°C, a transparent 

yellow solution was obtained. After that, 0.66 M of MAI powder chemical was added to the solution 

and MAPbI3 was formed, and the color of the solution turned dark black. After 10 minutes, 28 µL of 

H3PO2 was added to the solution, dissolved at 90°C under 150 rpm stirring for 2 hours and the color of 

the solution turned transparent yellow again.  

 

In a separate flask placed in an ice bath, 0.86 M of n-BA was dissolved in 0.250 mL HI solvent to 

obtain BAI precursor solution (solution B). The n-BA was dropwise added and dissolved under 

stirring (200 rpm) at 0°C for 2 hours. An amount of solution B at 0°C was rapidly added to solution A 

at 90°C until observing red nuclei with hundreds of micron lateral areas. The temperature of the 

solution was increased to 100°C and stirred at 200 rpm for 15 minutes. The solution was cooled to 

25°C at a cooling rate of 30°C/h and BA2MAPb2I7 2D OHP single crystals were grown. After that, the 

single crystals were collected by vacuum filtration and taken into vacuum for drying at 25°C 

overnight. 

 

Further, BA2PbI4 2D OHP single crystals were synthesized using the STL method aforementioned, 

except that the molar concentrations of solution A and B were adjusted to the BAI:MAI:PbI2 ratio of 
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2:0:1. The synthesis of BA2PbI4/BA2MAPb2I7 2D OHP single crystal heterostructures was also carried 

out following the steps outlined above, but the concentrations of solution A and B were adjusted to the 

BAI:MAI:PbI2 molarity ratios of 2:1:2, 2:2:2, 2:3:2 and 2:4:2.  

 

2.3. Structural characterization 

The basic properties of the materials such as crystal quality, surface morphology, lateral thickness and 

grain boundary identification of the materials were examined as preliminary characterization using an 

optical microscope (Nikon series Eclipse H600L). The XRD system (Bruker D8 Advance) operating 

at 40 kV and using Cu Kα (λ=1.5418Å) as X-ray source was employed to characterize the crystal 

structure of the materials and to determine the distance between the inorganic layers. The analysis was 

performed at room temperature and within the diffraction angle range of 𝜃=4-60°, choosing 0.5 

second/step and 0.01° step size. The SEM/EDX system (Phenom XL) was used to examine the 

material’s morphology, grain orientation, grain size, layer thickness, chemical structure, different 

element maps on the surface, and element ratios in the materials. The SEM/EDX device was operated 

in point mode with 10 kV.  

 

 

Figure 1. Schematic representation for the synthesis of 2D OHPs using STL method and limiting 

reagent approach. 

 

2.4. Optical characterization 
UV-Vis absorption spectroscopy was used to obtain the optical bandgap and absorption peak position 

of the synthesized materials. Hitachi U-5100 Spectrophotometer was operated in the wavelength range 

of 380-800 nm with a scanning speed of 100 nm/min. Cary Eclipse fluorescence spectrophotometer 

was used for the PL analyses to characterize the materials and reveal optical properties.  

 

All the samples synthesized and investigated in this study were stored in Ar inert gas environment and 

all the characterization measurements were carried out at room temperature (25 °C).   

 



    
   

 
 

 

 
 
 

Yılmaz, A. and Yeltik, A.,  Journal of Scientific Reports-A, Number 52, 234-246, March 2023. 
 

 
 

238 
 

3. RESULTS AND DISCUSSIONS 

 

High-quality BA2MAPb2I7 2D OHP single crystals with large surface area as shown in Figure 2(a-d) 

involving the SEM images with the corresponding EDX analyses were synthesized. The main 

principle of the utilized STL method is to obtain single crystals by gradually lowering the 

temperature. By this way, the solubility of perovskite decreases and a single crystal precipitate may 

form in saturated solution. The crystallization process takes place in two stages, nucleation, and 

crystal growth. The crystallization process begins with the formation of nucleation sites, which always 

occur in a supersaturated solution. The process can be controlled by adjusting the crystallization 

temperature and degree of saturation to maximize crystal growth and minimize co-nucleation to 

achieve the best single crystal quality. During the synthesis of BA2MAPb2I7 2D OHP single crystals, 

n=1 perovskites are synthesized as contamination[15]. This is because the solubility of perovskite 

single crystals in aqueous solution increases as the n value increases towards n=∞ while transforming 

from 2D to 3D[15,25,26]. Hence, BA2PbI4 2D OHPs were synthesized as the growth rate of BA2PbI4 

(n=1) single crystals was higher than that of BA2MAPb2I7 (n=2) single crystals. In addition, due to the 

higher solubility of MA cations in aqueous solution than BA cations, the inability of MA cations to 

reach supersaturation in the prepared solution led to a further decrease in the growth rate of 

BA2MAPb2I7 2D OHP single crystals[27]. Therefore, solutions A and B were prepared with the 

molarity ratio of BAI:MAI:PbI2 adjusted to be 0.86:0.33:0.66. Limited amounts of BA cations in 

solution B are added to solution A until the color turning point is reached where red nuclei are 

observed, which is called the limiting reagent approach.  

 

Furthermore, BA2PbI4 2D OHP single crystals were synthesized by adjusting the BAI:MAI:PbI2 

molarity ratios to be 2:0:1 considering the stoichiometric ratio, as seen from Figure 2(e-h). When the 

BAI:MAI:PbI2 molarity ratio was adjusted to 2:1:2 by increasing the MAI concentration, 

BA2PbI4/BA2MAPb2I7 2D OHP single crystal heterostructures were synthesized, as shown in Figure 

2(i-k). In addition, BA2PbI4/BA2MAPb2I7 heterostructures were synthesized also by adjusting the 

BAI:MAI:PbI2 molar ratios to 2:2:2, 2:3:2 or 2:4:2 by increasing the concentration of MA cations. 

Due to the excess amount of MA concentration, n=1 perovskite structure was synthesized as 

contamination and prevented the synthesis of n=2 perovskite structure by acting as a kinetic 

barrier[26]. The lateral dimensions of the successfully synthesized 2D OHP single crystals ranged 

from tens of micrometers to a few millimeters. SEM images in Figure 2 show that perovskite single 

crystals have a layered structure stacked on top of each other with a smooth and homogeneous surface 

morphology free from grain boundaries or voids. In addition, it was observed that a small part of the 

red nuclei with a lateral area of hundreds of microns at the beginning of the cooling process was on 

the interface of the solution, and a large part was at the bottom of the solution. The reason for this is 

that the nucleation energy barrier, defined as the threshold energy value that must be exceeded for 

nucleation to occur, is significantly lower at the liquid-air interface than inside the solution. Therefore, 

the nucleation occurs much more easily at the interphase boundary[27]. Accordingly, it was stated that 

hydrophilic BA (C4H9NH3
+
) precursor cations align at the liquid-air interphase boundary, acting as a 

template for nucleation, rather than binding to water molecules in solution via static Coulomb 

interaction.   
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When the chemical analysis was made with the EDX method, the atomic concentration ratio of Pb:I in 

the structure of BA2MAPb2I7 2D OHP single crystals was found to be approximately 1:2, which is 

characteristic for the PbI2 inorganic part of the perovskite structure. Moreover, while the weight 

concentrations of C and N atoms were found to be low, the weight concentrations of I and Pb atoms in 

the structure were found to be relatively high as shown in Figure 2(d). Previous studies have reported 

that perovskite structures are very sensitive to high-energy electron beams[28–32]. Therefore, these 

results are attributed to the increased temperature on the surface region in which high-energy electron 

beams are focused, causing the degradation of OHP single crystals. Accordingly, the organic part with 

higher volatility in the crystal structure is connected to the inorganic layers with weak van der Waals 

bonds. High thermal energy breaks the weak bonds and the organic volatile part splits from the 

structure. Owing to the same situation, similar results were observed for the BA2PbI4 and 

BA2PbI4/BA2MAPb2I7 perovskites, as shown in Figure 2(h) and Figure 2(k), respectively.     

 

 

Figure 2. SEM images with the corresponding EDX spectra of the synthesized 2D OHP single 

crystals; (a-d) BA2MAPb2I7, (e-h) BA2PbI4, and (i-k) BA2PbI4/BA2MAPb2I7 heterostructure. 

 



    
   

 
 

 

 
 
 

Yılmaz, A. and Yeltik, A.,  Journal of Scientific Reports-A, Number 52, 234-246, March 2023. 
 

 
 

240 
 

Figure 3 shows comparative XRD patterns of BA2PbI4, BA2MAPb2I7 2D OHP single crystals and 

BA2PbI4/BA2MAPb2I7 2D OHP single crystal heterostructures. The characteristic crystal planes for 

the crystal structure of BA2MAPb2I7 2D OHP single crystals was determined at diffraction peaks of 

4.6°, 9.14°, 13.67°, 18.23°, 22.83°, 27.43°, 32.1°, 36.86°, respectively. In the literature, Zhou et al. 

reported that high intensity XRD peaks of BA2MAPb2I7 crystals were obtained at the angles of 5.09°, 

9.62°, 14.12°, 18.65°, 23.23°, 27.80° and 32.44°[33]. In addition, due to the continuity of the 

inorganic-organic-inorganic layer in the crystal structure of 2D OHP single crystals, the angle values 

at which XRD peaks increase regularly according to the d gap distance between the crystal planes[34–

36]. Accordingly, the distance between the crystal planes of the synthesized 2D OHP single crystals 

was measured to be d=1.964nm and, using the Bragg equation (n𝜆 = 2𝑑𝑠𝑖𝑛𝜃), it was calculated that 

the difference between the angle values between each peak should be approximately 2𝜃=4.5°, which 

is consistent with the obtained results. XRD analysis demonstrates a single crystallinity of perovskite 

structures and confirms that the 2D OHPs were successfully synthesized according to the XRD results 

in previous studies[26,37]. Furthermore, XRD analysis identified the diffraction peaks corresponding 

to the characteristic crystal planes of the BA2PbI4 2D OHP single crystals as 6.48°, 12.94°, 19.35°, 

25.89°, 32.5°, 39.22°, respectively. In the literature, Zhou et al. reported that high intensity diffraction 

peaks at the XRD analysis of BA2PbI4 crystals were obtained at the angles of 7.01°, 13.45°, 19.91°, 

26.44°, 33.06° and 39.79°[25]. These results are in agreement with the results  of XRD analysis in 

previous studies confirming the synthesis of BA2PbI4 2D OHP single crystals[33,37]. In addition, 

XRD analysis of BA2PbI4/BA2MAPb2I7 2D OHP single crystal heterostructures includes each of the 

diffraction peaks for characteristic planes of the crystal structures of BA2PbI4 and BA2MAPb2I7 2D 

OHP single crystals. These results are also consistent with the XRD results of BA2PbI4 and 

BA2MAPb2I7 2D OHP single crystals in the literature[15,33]. 

 

 

Figure 3. XRD patterns of the synthesized BA2MAPb2I7, BA2PbI4, and BA2PbI4/BA2MAPb2I7 single 

crystals. 

 

Absorption spectroscopy (UV-Vis) analysis was also performed to examine the optical properties of 

BA2MAPb2I7 2D OHP single crystals and showed the absorption peak at about 576 nm as shown in 
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Figure 4(a). Accordingly, there is a relationship between the photon energy ((αhυ)
1/n

 =β(hυ - Eg)) and 

the absorption coefficient (α = β/(hυ) (hυ - Eg)
n
), and the band gap is determined by the straight line, 

which is drawn to the slope of the graph of (αhυ)
(1/2)

 versus photon energy (hυ). The optical bandgap 

value was calculated as 2.04 eV by using the Tauc plot drawn in the inset figure.  

 

 

Figure 4. Absorption spectra of the synthesized single crystals; (a) BA2MAPb2I7, (b) BA2PbI4, and (c) 

BA2PbI4/BA2MAPb2I7 heterostructure. Insets show the corresponding Tauc plots. 

 

In addition, it was analyzed that the absorption onset value extends towards longer wavelengths due to 

the trap states of the 2D OHP single crystals[38]. BA2PbI4 2D OHP single crystals have an absorption 

peak at about 535 nm, an absorption onset value extending up to 700 nm due to the quantum 

confinement effect, and an optical bandgap value of 2.22 eV, as shown in Figure 4(b). When the 

optical properties of the heterostructure were examined by UV-Vis characterization method, it was 

observed that it had two absorption peaks at about 535 nm for the BA2PbI4 perovskite structure and at 

about 576 nm for the BA2MAPb2I7 perovskite structure, as shown in Figure 4(c). 

 

The optical properties of perovskite single crystals were investigated using the PL characterization 

method. In Figure 5(a), it is observed that the center of the emission peak for BA2MAPb2I7 2D OHP 

single crystal is at a wavelength of 584 nm. In addition, in the PL spectrum plot of Figure 5(b), it is 

observed that single crystals have a single luminescence peak at 520 nm wavelength for BA2PbI4 2D 

OHP single crystals. In Figure 5(c), BA2PbI4/BA2MAPb2I7 2D OHP single crystal heterostructure PL 

spectrum shows that one of the PL peaks is centered at about 588 nm for BA2MAPb2I7 and the other 

PL peak is for BA2PbI4 2D OHP single crystals. The gray dashed line in this figure represents the data 

that could not be obtained experimentally due to the filtering constraint of the instrument and was 

plotted considering the PL spectrum of BA2PbI4 OHP in Figure 5 (b). 
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Figure 5. PL spectra of the synthesized single crystals; (a) BA2MAPb2I7, (b) BA2PbI4, and (c) 

BA2PbI4/BA2MAPb2I7 heterostructure. 

 

4. CONCLUSION 

 

In summary, large-area high-quality BA2MAPb2I7 2D OHP single crystals were able to be synthesized 

within a few hours using solution-based STL method and limiting reagent approach. The 

concentration ratio of BA and MA cations was revealed to be significant for the synthesis of these 

crystals. Accordingly, the synthesis of BA2PbI4/BA2MAPb2I7 2D OHP single crystal heterostructures 

was carried out successfully. Herein, various characterization methods were utilized to investigate 

structural and optical properties of the synthesized 2D OHP single crystals. A novel pathway was 

introduced on rapid and controllable synthesis of large-area high-quality BA2MAPb2I7 and 

BA2PbI4/BA2MAPb2I7 2D OHP single crystals. It is of great importance to carry out such studies in 

order to develop new synthesis approaches of 2D OHP materials with superior properties for use in 

optoelectronic applications.  
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