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A B S T R A C T

Perovskites have emerged as a promising component of photovoltaic cells due to their high efficiency and 
compatibility with various fabrication processes. In the last years, many efforts have been made to eliminate the 
structural defects which reduce their quantum efficiency. Surface passivation by organic molecules, two- 
dimensional (2D) halide perovskites, has provided the best results. However, the development of synthesis to 
obtain high quality materials and the design of solid transfer processes that lead to highly ordered layered films, 
necessary for the preparation of devices, remains a challenge. Therefore, we report for the first time a new 
synthesis at the interface assisted by the Langmuir-Schaefer methodology (LS) to obtain 2D lead perovskites 
passivated with the surfactant octadecylammonium bromide (ODAB). In our synthesis, the ammonium salt was 
spread on a subphase containing lead and potassium bromides, and then, the monolayer was compressed until 
achieve a dense monolayer of ODAB and layered perovskite. The monolayer was then transferred to solids using 
the Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) methodologies. The structural characterization of the 
films was conducted by absorption UV–vis and Raman spectroscopies, X-Ray diffraction (XRD) and scanning 
electronic (SEM) and atomic force (AFM) microscopies. Our results demonstrate that the highest coverage was 
achieved by the LS method. Extensive structural analysis has shown that perovskites contain only a layer of 
inorganic material between bilayers of the organic material. 2D perovskites prepared by this methodology show 
higher crystallinity than those prepared by other syntheses.

1. Introduction

Metal halide perovskites (MHPs) have attracted a great interest in 
recent years due to their excellent properties such as absorption of light 
in a wide range of wavelengths, easy bandgap modification, high elec
tronic mobility and high capacity to absorb light and convert it into 
useful energy [1]. All these properties make them a very attractive 
material as a component of photodetectors [2,3], ionizing radiation 
detectors [4], photovoltaic cells [5–9] or light emitting diodes (LEDs) 
[10,11].

The building block of halide perovskites is the metal halide octahe
dral [BX6]4- (B=Pb2+or Sn2+, and X is a halogen), which can be arranged 
in three-dimensional (3D), two-dimensional, (2D), one-dimensional 
(1D) or even zero-dimensional (0D) structures [12]. 

Three-dimensional metal halide perovskites, ABX3, where A represents 
an organic ammonium cation, exhibit tunable optical properties and 
high fluorescence quantum yields [13], but their high instability limits 
their applications [14]. This instability is due to structural defects such 
as lattice defects and dangling bonds which reduce the quantum effi
ciency [15]. In addition, ionic migration leads to charge accumulation at 
the surface, which creates barriers for charge injection and degrades the 
structure of the material [15]. Surface passivation by shell molecules has 
been proposed to improve perovskite stability [16,17]. Although a large 
number of molecules have been proposed for passivation, theoretical 
[18] and experimental [19,20] results indicate that quaternary amines 
promote strong passivation effects. These ionic molecules stabilize the 
material by formation of hydrogen bonds with the halide anions of the 
perovskite, suppressing their migration and passivating the interstitial 
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halide [21]. Accordingly, two-dimensional metal halide perovskites 
described by the following formula (RNH3)2BnX3n+1, where RNH3 is a 
large organic ammonium cation, show improved stability due to the 
protection of the organic layer. In the formula, n represents the number 
of monolayer metal halide sheets in the layered structures, and 
depending on its value, the structure can be described as [22]: 2D (n =
1), quasi-2D (n = 2–5) and (n > 5) 3D perovskites.

In the case of 2D metal halide perovskites, their structure contains 
just one inorganic semiconductor layer of two-dimensional octahedral 
BX6 that shares corners while the dielectric organic layers of RNH3 are 
stacked alternately [23]. Compared with the polycrystalline films (n ≥
2), they contain less surface defects, exhibit higher crystallinity, stability 
and device performance [24,25]. However, despite extensive research 
efforts in recent years resulting in improved photoluminescence quan
tum yield, efficient electroluminescence [26,27] and power conversion 
efficiency up to 29.5 % [28], the reached quality is not sufficient for 
device applications; therefore, the development of high-quality mate
rials synthesis routes, and the design of solid-state transfer processes that 
achieve highly ordered layered films with minimal number of defects is 
currently the subject of extensive research.

The most universal method to synthesize 2D metal halide perovskites 
uses a slow cooling crystallization process [26] in which the precursors 
are dissolved in an acidic solution at a temperature high enough to 
dissolve them, followed by slow cooling, typically several days, until the 
2D perovskites are obtained. However, this method often leads to 
quasi-2D or 3D perovskites [27] with n ≥ 2. Another way to obtain 2D 
perovskite crystals is to employ a mixture of solvents, including good, 
moderate, and anti-solvents, to create atomically thin uniform nano
crystals by a quick evaporation [28]. Other method involves mechanical 
exfoliation of bulk materials to prepare single crystals with n values 
between 1 and 4 [29]. All these methods have their advantages and 
disadvantages. Thus, the direct synthesis of nanocrystals produces uni
form sizes and shapes, while the exfoliation method leads to random 
shapes and thicknesses [30]. However, direct synthesis is limited by 
short crystallization growth times, resulting in low crystal quality. Be
sides, the synthesis in bulk uses conventional transfer techniques as spin 
coating, and dipping or drop casting [31] which often lead to coffee ring 
effect [32] due to uncontrolled capillary flow and dewetting processes 
during solvent evaporation [33,34]. This effect causes inhomogeneous 
composition and/or phase segregation in large surface films, which 
deteriorates the quality of the devices. Therefore, to obtain high-quality 
2D perovskites, it is necessary to develop new manufacturing routes 
[32]. We believe that the synthesis at interfaces could be a good alter
native, because the strong asymmetry in the molecular interactions at 
the interface can significantly influence the orientation of molecules as 
well as the rate of chemical reactions [35]. Furthermore, the interfacial 
region provides a confined 2D space with high lateral mobility that al
lows the growth of large-area of 2D structures [36].

Recently, a synthesis at the interface by the Langmuir-Blodgett 
method (LB), has been used to construct lead layered perovskites 
[37–39]. The LB technique has been widely used for synthesis at in
terfaces and is based on the transfer process of material from the air-
water interface, Langmuir monolayer, to a solid substrate by vertical 
dipping of the solid in the Langmuir monolayer [40–42]. The technique 
allows continuous variation of the density, packing and arrangement of 
the material by compressing or expanding the film using two barriers. 
Therefore, it allows precise control of the film structure at the molecular 
level, offering the possibility of adjusting its properties [33,34,43].

In the case of the synthesis of perovskites, the procedure consisted of 
preparing 2D perovskites in a Langmuir monolayer using a water- 
insoluble organic cation, typically docosylamonium bromide [38,39] 
or π-conjugated materials such as phenylenevinylene oligomers, 
dithienylethene derivatives or polyfluorene [44] spread on the aqueous 
subphase containing the lead salt and then starting the compression of 
the monolayer. Reflection UV–vis spectra of the monolayer at different 
surface pressure values show that the formation of layered-perovskite 

structure starts at the edge of the plateau region of the isotherm and 
continues after further compression [38,45]. The layered-perovskite was 
formed above the plateau and transferred by LB from the air-water 
interface to different solids such as mica [38] or quartz [39]. Howev
er, to achieve high coverage, it was necessary to transfer several layers of 
perovskites (typically from 10 to 20) [37,44]. We believe that it is 
possible to improve both the molecular order and the film coverage, 
using the Langmuir-Schaefer technique (LS). In this methodology the 
solid touches the Langmuir monolayer horizontally [46] to construct 
monolayers or multilayers by repeating the touching and lifting pro
cedure. This method gives better results than LB for rigid monolayers 
[42] and was used for low dimensional nanomaterials [47,48]. Besides, 
since the substrate is not immersed in the aqueous subphase, undesirable 
inhomogeneities and segregation processes due to the solvent evapora
tion are minimized. In addition, in the case of LS multilayers, it is 
possible to modify the orientation of the different layers to obtain 
different patterns without a defined template [49,50]. We think that the 
LS technique could provide the enormous advantage of being able to 
tune the structure and properties of 2D perovskites in a straightforward 
way, simply by modifying the organic molecule spread at the interface 
or the salt dissolved in the aqueous subphase. In addition, the LS 
methodology is a scalable procedure which can be used to fabricate 
large-area monolayer films [51].

Based on this framework, the aim of this research is to explore the 
ability of the LS methodology to construct highly crystalline 2D halide 
perovskite films. With this aim in mind, we prepare two-dimensional 
lead halide perovskites using Langmuir films of the surfactant octade
cylammonium bromide (ODAB) spread on an aqueous subphase of PbBr2 
saturated with KBr. The perovskite synthesized at the air-liquid interface 
are further transferred to solids by both LB and LS methodologies. We 
have used these two methods because we are interested in comparing 
the quality of films obtained by the two methodologies to confirm which 
of them drives to better quality films. The surfactant ODAB was chosen 
because it is an ammonium salt capable of suppressing the migration of 
halide ions from the perovskite. In addition, its molecular structure is 
simpler than others used in the synthesis of perovskites at the air-water 
interface, and forms dense and ordered perovskite monolayers, which 
could minimize interstitial defects and increase the crystallinity of 2D 
perovskites. To minimize the number of poorly coordinated Pb atoms 
[52], we have used aqueous subphase saturated with Br- ions.

The work is organized as follows: firstly, we analyze the experi
mental conditions required to obtain dense monolayers of 2D lead pe
rovskites. In the next section, we compare films fabricated by the LB and 
LS methodologies using Scanning Electron Microscopy (SEM). Since the 
LB drives to poor coverage compared with LS method, in the next section 
we analyze the structure of the 2D perovskite LS films of different layers 
(≤ 5) by UV–vis transmission and Raman spectroscopies. A thickness 
analysis was done by Atomic Force Microscopy (AFM). Finally, the 
quality of the LS films was analyzed in terms of crystallinity [53] using 
X-Ray diffraction measurements (XRD).

2. Experimental section

2.1. Materials

Octadecylamine (99 %), Hydrobromic acid (48 % w: w) and PbBr2 
(98 %) were supplied by Sigma Aldrich. Acetonitrile (99 %) stabilized 
with 6 ppm dibutylhydroxytoluene, BHT, was provided by Merck, 
diethyl ether (99 %) from PanReac and KBr (99.5 %) by Scharlau. All 
reagents were used without further purification. Hydrogen peroxide, 
sulfuric acid, and ammonia for cleaning the solid wafers and chloroform 
filtered and stabilized in ethanol for preparing the spreading solutions 
were provided by Sigma Aldrich. The ultrapure water used to prepare 
the aqueous subphase of the Langmuir trough was obtained by a com
bination of RiOs and Milli-Q systems from Millipore. It contains less than 
5 ppb of organic matter, and its conductivity was less than 0.2 μS/cm. 
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The solids wafers were silicon (100) with 290 nm dry thermal SiO2 thin 
film supplied by IDB Technologies Ltd (UK) and quartz from Ted Pella 
(USA). The solids were cleaned prior deposition. In the case of the quartz 
substrate, it was cleaned with acetone (PAI), ethanol (PAI) and water 
(Milli Q) and then maintained for 15 min in a cleaning solution (60 mL) 
of ammonia (25 %) and 10 mL of hydrogen peroxide (30 %) dissolved in 
Milli Q water at 70 ◦C. Finally, it was rinsed with abundant Milli Q water 
and dried under nitrogen stream. Silicon wafers were cleaned with 
acetone (PAI) and water (Milli Q). They were then kept in a solution of 
70 % H2SO4 and 30 % H2O2 for 15 min, then, rinsed with water (Milli Q) 
and dried under a nitrogen stream.

2.2. Synthesis of octadecylammonium bromide (ODAB)

Octadecylammonium bromide was synthesized by a previously re
ported method [54]. Briefly, 0.5426 g of octadecyl amine were dissolved 
in 10 mL of acetonitrile with 0.23 mL of HBr and heated to 63 ◦C with 
stirring to give a white precipitate. The white solid was washed four 
times with diethyl ether [55] and then, dried under vacuum.

2.3. Experimental methods

Langmuir films were prepared on a Langmuir-Blodgett mini-trough 
(KSV, Finland) placed on an anti-vibration table. Pressure-area iso
therms were also recorded in the Langmuir mini-trough and the surface 
pressure was measured with a Wilhelmy plate of Pt connected to an 
electrobalance. The temperature at the aqueous subphase was main
tained at (25.0± 0.1) ◦C by flowing water through jackets at the bottom 
of the trough and measured with a calibrated sensor from KSV. The 
water temperature was controlled with a Lauda Ecoline RE-106 cryostat. 
For the synthesis of the organic hybrid 2D perovskites, the aqueous 
subphase in the Langmuir-Blodgett mini-trough contained 5.0 × 10–5 M 
PbBr2 and 1.0 M KBr dissolved in water (Milli Q). We selected this 
subphase because it had previously been used to obtain Langmuir films 
of perovskites with docosylammonium bromide as the organic moiety, 
with good results [45]. The spreading solution was prepared by dis
solving ODAB in chloroform by sonication for 15 min. The solution 
concentration was 1 mM. The spreading solution was spread drop by 
drop on the aqueous subphase with a micrometer Hamilton syringe with 
a precision of 1 μL. After the addition of a given volume of spreading 
solution and evaporation of chloroform, we wait until a stable value of 
surface pressure was reached, then, the equilibrium value was taken 
when this surface pressure remained constant for at least 15 min (pure 
water subphase) and 60 min (saline subphase), then compression was 
started. Perovskites synthesized at the air-water interface were then 
transferred to the solid wafers by vertical (Langmuir-Blodgett, LB) or 
horizontal (Langmuir-Schafer, LS) dipping. In the latter process, the 
solid substrate is placed parallel to the air-water interface and the 
transfer is completed by contacting the substrate with the floating 
monolayer using a Holder model KN 0006 from KSV. The 2D halide 
perovskites were transferred from the air-water interface to the solid 
wafers by symmetric barrier compression (5 mm/min) with the sub
strate into the trough by vertical (LB) and horizontal (LS) dipping at 10 
mm/min. The multilayer films with 1 to 5 layers were prepared as fol
lows: after the transfer of the first layer, the film was dried under vac
uum for 15 min, and then the transfer process was repeated until the 
desired number of layers was obtained. Finally, the chemical structure, 
morphology and crystallinity of the perovskite films were analyzed by 
UV–vis absorption and Raman spectroscopies, Scanning Electronic Mi
croscopy (SEM), Atomic force Microscopy (AFM) and X-ray diffraction, 
(XRD), respectively.

2.4. X-Ray diffraction measurements

To characterize the crystallinity of perovskite films, thin film X-ray 
diffraction measurements were employed. Perovskite films deposited on 

Si/SiO2, and quartz were mounted on a glass plate and the diffracto
grams were obtained in a Bruker D8 Advance powder diffractometer 
(Bruker Corp., Billerica, MA, USA) using Cu Kα1,2 radiation (λ =
1.54050 Å) between 2 and 25◦ (2θ) with a step size and step time of 
0.05◦ and a 2.6 s, respectively. The tube operates at 40 kV and 30 mA. To 
calculate the spacing of the layers (d), we use the Bragg`s law, nλ = 2d 
sin(θ), where n is the diffraction order and θ is the angle between the 
reflected ray and the plane formed by the materiaĺs surface.

The crystallite size was calculated from the Sherrer equation: L =

Kλ/β cosθ. In the equation λ is the X-ray wavelength, β represents the 
line broadening at half the maximum intensity, (FWHM), θ is the Bragg
angle and K represents the shape factor, typically 0.94.

2.5. UV–vis transmission spectroscopy

UV–vis transmission spectra of 3- and 5-layer perovskite films 
deposited on quartz were recorded in a spectrophotometer Shimadzu 
UV-1603 using a slit of 2 nm.

2.6. Raman spectroscopy

Spectra of perovskite films were recorded with a LabRAM HR Evo
lution micro-Raman spectrometer (Horiba Jobin-Yvon). The spectrom
eter is equipped with a solid-state laser operating at 532 nm and a 100 ×
objective (laser spot size ≈ 1 μm2). The calibration was carried out by 
checking the Si band centered at 520.7 cm-1. The spectral and spatial 
resolutions were 2 cm-1 and 0.5 μm, respectively.

2.7. Scanning electronic microscopy (SEM)

Scanning electron microscopy images were taken in a Hitachi S-3000 
N microscope with an accelerating voltage of 3 kV.

2.8. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) measurements were carried out 
using a commercial head and control unit from Nanotec Electrónica S.L. 
(Spain) Amplitude modulation atomic force microscopy (AM-AFM), 
(dynamic mode with fixed frequency) was performed at room temper
ature and ambient conditions. CrPt-coated Si tips in cantilevers with 
nominal k = 3 N m− 1 from Budget Sensors were employed. All data were 
analyzed with the WSxM freeware.

3. Results and discussion

3.1. Synthesis of 2D organic layer perovskite assisted by the Langmuir- 
Schaefer methodology

Prior to the transfer process, it is essential to analyze the experi
mental conditions required to obtain Langmuir-Blodgett and Langmuir- 
Schaffer films. Since the relationship between the surface concentration 
of the two components, organic and inorganic materials, could have a 
significant impact on the structure of the films, the effect of the ODAB 
surface concentration on compression isotherms was investigated. 
Fig. 1a presents the isotherms of ODAB obtained after the spreading of 
different amounts of the surfactant on the aqueous subphase in which 
the concentration of Pb2Br and KBr remains constant at 5.0× 10–5 M of 
PbBr2 and 1.0 M of KBr, respectively. For comparison, the isotherm of 
ODAB spread on pure water is also reported in Fig. 1a. Furthermore, we 
calculate the surface compression modulus value, C− 1

s , from numerical 
derivatives of the surface pressure isotherms and Eq. (1). 

C− 1
s = − A

(
dπ
dA

)

T
(1) 

where π represents the surface pressure and A is the molecular area of 
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ODAB. This parameter reflects the state of packing of the monolayer and 
is related to the elasticity in the plane [56]. Some illustrative results are 
plotted against the surface pressure in Fig. 1b.

The surface pressure-area isotherm of ODAB spread on pure water 
shows surface pressure values close to 0 at larger areas, above 37 Å2/ 
molecule. In this region, the compression modulus values are also close 
to 0. This is characteristic of molecules in a surface gas state [56]. As the 
molecular area decreases below 37 Å2, the surface pressure increases 
and the compression modulus value increases until values below 50 
mN/m, indicating that the monolayer is compressible and molecules are 
rearranged in the expanded liquid phase, (LE) [56]. If the monolayer is 
further compressed, the compressional modulus increases until a given 
value of 74 mN/m compatible with a liquid compressed phase (LC). 
Above this value, the compression modulus decreases and goes to a 
minimum at a surface pressure value of π = 42 mN/m, Fig. 1b. This 
behavior is characteristic of the transition phase that in this system 
corresponds to LC-S. At surface pressure values above 42 mN/m the 
isotherm becomes linear, and the compression modulus increases until it 
reaches a maximum at 112.3 mN/m. This value is compatible with the 
solid state [56]. The limit area estimated by extrapolating the linear part 
of the isotherm to the zero-surface pressure was 13 Å2. This isotherm is 
consistent with the reported by L. Xu et al. for octadecyl ammonium 
chloride [57].

When the surfactant is spread on aqueous solutions of 5.0 × 10–5 M 
of PbBr2 and 1.0 M of KBr, the isotherms become more expanded, 
Fig. 1a, and the effect has a clear dependence on the concentration of the 
surfactant, since when the amount of ODAB spread at the interface in
creases the isotherms are more compressed, although are always more 
expanded than the isotherm of ODAB spread on pure water. We have 
also analyzed the reproducibility of the isotherms. With this purpose 
have replicated the isotherm prepared by spreading 0.10 and 0.123 
μmol of ODAB, respectively. The procedure consisted of obtaining the 
molecular area at the surface pressure value used for transferring 
perovskite films from the air-water interface to the solids (50 mN/m). 
The averaged values found were (15.2± 0.7) Å2 and (13.5 ± 0.7) Å2, 
respectively, where the error is calculated from the standard deviation of 
six measurements.

We analyze the morphology of these isotherms based on the work 
reported by Era et al. [38,45] concerning to the formation of lead pe
rovskites at the air-water interface, since the morphology of our iso
therms are like those obtained by the authors using docosylammonium 
bromide as organic water-insoluble molecule. Accordingly, at larger 
surface area the ODAB molecules are highly expanded, probably due to 
the ionic repulsions between the ammonium salt molecules and positive 
metal ions [45]. During the compression, a plateau region at the surface 
pressure of 42 mN/m appears. This plateau was also observed in pre
vious work [38,45] and UV–vis reflection spectra of monolayers 
demonstrated the existence of an exciton peak around 390 nm 

characteristic of the layered lead-perovskite at the air–water interface, 
in which the octahedral lead bromide is intercalated with the ammo
nium salt. These layered perovskites coexist with ammonium salt mol
ecules at the plateau, but further compression drives to the complete 
formation of layered perovskites [38,45]. According to these previous 
results, we assign the edge of the plateau to the beginning of the for
mation of perovskite sandwiched between ODAB molecules, whose 
quantity increases with further compression beyond the plateau. The 
appearance of the exciton peak at 390 nm in our films, see below in 
Fig. 4a, confirms this fact.

Our results show that the surface pressure value at the plateau re
mains almost constant at a value of 42 mN/m, independently on the 
amount of ODAB spread at the interface, as illustrated in Fig. 1a. Be
sides, they evidence that the isotherms become more compressed as the 
amount of ODAB spread at the interface increases, although are always 
more expanded than the isotherm of ODAB spread on pure water. We 
have also obtained the compression modulus values, since this param
eter is highly sensitive to changes in the monolayer fluidity [58]. For the 
sake of clarity, Fig. 1b presents the compression modulus against surface 
pressure of three representative isotherms corresponding to ODAB 
monolayers spread on pure water and on PbBr2 and KBr aqueous sub
phase, respectively. In the last case, the ODAB amounts spread at the 
interface were 0.040 μmol and 0.121 μmol, respectively. As can be seen 
in Fig. 1b, there are significant changes in the compression modulus 
when the ODAB molecules are spread on PbBr2 and KBr aqueous sub
phase, although in the region of low surface pressure the compression 
modulus values are like those obtained in pure water. However, beyond 
the minimum corresponding to the phase coexistence region, the values 
of the compression modulus of the films that contain layered perovskites 
are lower than those corresponding to the surfactant spread on pure 
water (112.3 mN/m) and decrease when the amount of ODAB spread 
increases. We interpret this fact as the incorporation of perovskites be
tween the ODAB molecules in the monolayer, which decreases the 
packing of the surfactant molecules. This decrease in the packing of the 
ODAB molecules causes a decrease in the compression modulus 
observed in Fig. 1b. This behavior has been previously reported for 
surfactant monolayers in which nanoparticles are incorporated [59].

Due to our interest in transferring dense perovskite monolayers, we 
have selected monolayers at surface pressure higher than the value 
corresponding to the plateau. Besides, since we want obtained higher 
packing monolayers, we have transferred monolayers in which the area 
of the ODBA molecules was close to the limit area of ODAB at the solid 
state (13 Å2). This condition was achieved for monolayers fabricated 
with 0.123 μmol of ODAB at the surface pressure of 50 mN/m, (13.5 ±
0.7) Å2. To confirm if these experimental conditions are the most 
adequate to transfer monolayers saturated of perovskites, we have 
analyzed in Fig. 1c the dependence of the compression modulus value 
with the concentration of surfactant spread at the interface. The results 

Fig. 1. (a) Surface pressure-area isotherms of ODAB spread on pure water (curve 1) and on aqueous solutions of 5.0 × 10–5 M of PbBr2 mixed with 1.0 M of KBr 
(curves 2–5). ODAB spread on the interface was: 0.040 μmol (curves 1 and 2), 0.051 μmol (curve 3), 0.102 μmol (curve 4), and 0.123 μmol (curve 5). (b) Variation of 
the surface compression modulus with the surface pressure of ODAB spread on pure water (blue line) and 5.0 × 10–5 M of PbBr2 and 1.0 M of KBr. ODAB spread was 
green diamonds (0.040 μmol) and red circles (0.121 μmol). (c) Evolution of the surface compression modulus with the ODAB amounts spread at the aqueous interface 
at 50 mN/m. The star represents the value of the ODAB spread on water and the dashed line is just visual guide.
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in Fig. 1c show that the compression modulus decreases with the 
amount of ODAB spread at the interface until it reaches a value of 0.10 
μmol of ODAB in which the compression modulus remains constant. This 
behavior indicates that at least 0.10 μmol of ODAB are needed to satu
rate the interface with layered perovskites for the PbBr2 concentration 
used in the work, therefore, to build LB and LS perovskite films we 
spread 0.12 μmol of ODAB.

3.2. Structural characterization of 2D organic perovskites

In the next stage of the work, we have transferred the organic- 
layered perovskites at 50 mN/m from the air-liquid interface to the 
silicon wafer using both the Langmuir-Blodgett and Langmuir-Schaefer 
methodologies. We have selected this solid substrate because the sili
con/perovskite tandem has been proposed as a promising candidate to 
achieve power conversion efficiencies above 30 % at a reasonable cost 
[60]. The morphology of these films was analyzed by SEM, Fig. 2.

As Figs. 2a and Fig. 2b illustrate, the coverage obtained using the LS 
methodology is significantly higher than that achieved with LB. In any 
case, the coverage of one layer LS film must also be improved by 
transferring a greater number of layers. Figs. 2c and 2e show images of 
films containing 3 and 5 layers, respectively. They illustrate the signif
icant increase in coverage when the number of layers is increased. To 
gain further insights into the morphology of these films, images at 
different scales are in Figs. 2d and 2f.

To analyze the morphology of 3 and 5-layer films, AFM images of 
different regions were taken. Figs. 2g and 2h collect the representative 
images of 3-layers (Fig. 2g) and 5-layers (Fig. 2h) films. The structural 
features obtained in the 3 L and 5 L films are quite similar and, although 
AFM is a local measurement, we have observed higher structures in the 
5-layer film.

To analyze the quality of LS films, the crystallinity of perovskite films 
was analyzed by XRD. Fig. 3a presents the diffractograms of tree and 
five-layer LS films spread on Si/SiO2 substrates.

The profiles present only diffraction peaks of (00 h), indicating that 
the layered perovskite is parallel to the film plane [37,44,61]. The lack 
of other reflections is due to a preferential orientation of the crystals 
along the (00 h) direction and the position of peaks is in good agreement 
with those observed in the diffractograms of 2D lead perovskites fabri
cated by LB methodology [37,44,61,62]. It is noticeable that the posi
tion of the peaks does not depend on the number of layers, suggesting 
that the incorporation of layers using this methodology does not influ
ence the crystallinity of the films. This is likely due to the high control of 
the order achieved by the LS technique. The presence of eight periodic 
(00 h) peaks is indicative of the high purity of the layered perovskites 
[63]. It is important to note that the diffractograms of our perovskites 
show a greater number of reflections than those corresponding to pe
rovskites obtained in a previous work by LB [61,64], and in perovskites 
synthesized in bulk [65–68], indicating higher crystallinity and conse
quently, higher quality. The crystallite size was calculated from the 

Fig. 2. SEM images of 2D bromide perovskites transferred from the air-liquid interface at 50 mN/m using the following methodologies: (a) Langmuir-Blodgett (1 
layer); (b) Langmuir-Schaefer (1 layer); (c) and (d) Langmuir-Schaefer films of 3 layers; (e) and (f) Langmuir-Schaefer films of 5 layers. AFM images of perovskite 
films with: (g) 3-layers and (h) 5-layers.
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Scherrer equation using the FWHM and Bragg angle values of the (002) 
peaks. The values found are (21.4 ± 0.8) nm and (25 ± 1) nm for 3- and 
5-layer films, respectively. The value increases slightly as the number of 
layers increases. According to these values and considering the AFM 
analysis, it is possible to conclude that both 3- and 5- layer films are 
constituted by aggregate crystal [69].

From the position of the peaks and Bragg’s law, the spacing of the 
layer (d) was calculated, with an average value of 3.62 nm. A compar
ison with the spacer length of the ODAB molecule (2.4 nm) [70] suggests 
that two octadecylammonium molecules are interdigitated and tilted 
with a large angle of around 48◦. This behavior has previously been 
reported for a PbBr-based layered perovskites LB film using docosyla
monnium as organic layer [37].

The three-layer filḿs diffraction pattern displays the emergence of 
additional peaks of extremely low intensity centered at 2θ = 3.598, 
10.748, 14.336, 17.95 and 19.18◦. The position of the peaks was used to 
calculate the layer spacing value of 4.1 nm. The emergence of these 
peaks in three-layer films seems to indicate some structural changes on 
the organic layers of perovskites, attributed to movements of the organic 
chains within the bilayer, which appear constrained with the addition of 
further layers. The low intensity of these new peaks indicates that these 
structural changes are not significant.

Since we have spread the organic perovskites on quartz to record the 
UV–vis absorption spectra, it is necessary to confirm that the structure of 
these films does not change when they are spread on quartz. With this 
aim, we have obtained the diffractograms of LS films of 3 and 5 layers on 

Fig. 3. X-ray diffractograms of 2D bromide perovskite LS films of 3-layers (blue line) and 5-layers (red line) spread on: (a) Si/SiO2 and (b) quartz. For comparison 
inset in Fig. 3b collects diffractograms of a 5-layer film on silicon and quartz. The peaks are labeled with their corresponding diffraction planes.

Fig. 4. (a) UV–vis spectra of 3-layer (blue line) and 5-layer (red line) films. (b) Raman spectra taken in different regions of a 5-layer film labeled in the inset image. 
The scale bar corresponds to 10 μm. (c) and (d) Averaged Raman spectra of 3-layer (blue line) and 5-layer (red line) perovskites LS films.
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quartz, Fig. 3b. The figure shows the diffraction peaks of (00 h) from h =
2 to 6. It was not possible to observe peaks corresponding to h > 6 due to 
the wide peak of quartz, which interferes with the perovskite peaks 
corresponding to h > 6. The position of the peaks does depend on the 
number of layers of the films, or the type of wafer used. The latter is 
shown in the inset of Fig. 3b which compares the diffractograms of 5- 
layer films deposited on Si/SiO2 and quartz. Consequently, it can be 
concluded that the crystallinity of the perovskite LS films of 3 and 5 
layers is comparable in the two solid wafers employed, quartz and Si/ 
SiO2.

The UV–Vis absorption spectra of the LS films with 3 and 5 layers are 
plotted in Fig. 4a.

The UV–vis spectra exhibit a maximum at 390 nm, which is inde
pendent of the number of layers spread and has been attributed to the 
exciton in the inorganic layer [71]. The position of the maximum is 
characteristic of perovskites constituted by a single layer of inorganic 
material [71] sandwiched between the organic layers. This means that 
our perovskite films fabricated by the LS technique contain just one 
layer of the inorganic moiety. From results obtained by XRD and UV–vis 
transmission measurements it was possible to conclude the composition 
of perovskite as (C18H37 NH3)2 PbBr3.

The results presented here are consistent with recent theoretical 
calculations [72] which demonstrated that the optical properties of 
two-dimensional halide perovskites are mainly dominated by the elec
tronic states of the inorganic metal-halide sheets. This is because the 
bandgap of the organic layers is larger (> 3 eV) than that of the inor
ganic layer.

The absorbance values were plotted as a function of the number of 
layers (inset of Fig. 4a). The graph shows a linear dependence between 
them, confirming the steady deposition of layered perovskite using the 
LS methodology. When the absorbance values of our LS films are 
compared with those obtained in a previous work [37] fabricated by the 
LB technique, we observe that the absorbance of our five-layer film is 
similar to that of 10 layers prepared by the LB method and using seven 
layers of cadmium arachidate covering the solid to increase the perov
skite coverage [37]. This means that the LS methodology produces 
higher coverage than LB, even in non-modified solids.

The Raman spectra of three- and five-layer LS films on Si/SiO2 are in 
Figs. 4b-d. Each Raman spectrum was recorded in at least five different 
zones of the films, and the results were found to be consistent, see 
Fig. 4b. Accordingly, the spectra plotted in Figs. 4c and 4d are the av
erages of these measurements. As can be seen in Fig. 4c and Fig. 4d, the 
spectra show peaks in two different regions, below 500 cm-1 and above 
1200 cm-1. The region between 500 and 1200 cm-1 has not been rep
resented since it presents two very intense peaks centered at 520 and 
900–1100 cm-1 assigned to one- and multi-phonon scattering respec
tively, from silicon substrate [73]. The high intensity of these peaks 
interferes with the spectra of perovskites in this spectral region. In the 
low wavenumbers, the Raman spectra present peaks below 100 cm-1, 
which are assigned to the bending of the Br-Pb-Br bonds. Additionally, 
peaks between 100 and 250 cm-1 are observed as shoulders, and are 
assigned to the stretching of the Pb-Br bonds [74]. The peak centered at 
310 cm-1 has been previously reported and was assigned to the torsional 
vibration of RNH3

+ group [75,76]. Finally, bands at 1300, 1440 and 1460 
cm-1 are assigned to C–N and C–H bending and C–H scissoring vi
brations of the organic layer [77] of octadecylammonium bromide. Our 
Raman spectra demonstrate the presence of both, the organic and 
inorganic layers in the 2D bromide perovskites synthesized by the 
Langmuir-Schafer methodology and constituted additional evidence of 
the existence of 2D layered perovskites in our films.

4. Conclusions

In this work we report a novel synthesis of 2D-bromide perovskites at 
the interface based on the Langmuir-Schaefer technique. Our results 
demonstrate that this method represents an excellent procedure to 

obtain highly crystalline 2D-bromide perovskites. To our knowledge, 
this is the first time that the LS methodology has been proposed to 
prepare highly crystalline 2D-halide perovskites. Compared to other 
synthesis routes, it presents several advances. The LS method is a facile 
way to prepare 2D perovskite films. The perovskites prepared by LS have 
a crystallinity that exceeds the values achieved by other syntheses [73,
76–80]; and finally, the Langmuir Schaefer methodology is a versatile 
and scalable procedure that allows tuning the 2D perovskite structure 
according to applications, by modifying the organic molecules spread at 
the interface or the dopant ions dissolved in the aqueous subphase. 
Consequently, we strongly believe that this methodology opens new 
avenues for constructing layered perovskites with new functionalities 
that make their practical application possible.
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