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ABSTRACT: Two-dimensional (2D) metal halide perovskite-like
quantum wells can be obtained by slicing the inorganic perovskite
lattices with large organic molecules, where the number of
consecutive inorganic slabs (n) determines the quantum confinement.
Synthesizing large-area and ultrathin 2D perovskite sheets is crucial to
achieving heterostructures for future thin-sheet optoelectronic
devices. In this work, we demonstrate a synthesis method in which
perovskite precursor solutions are introduced on an antisolvent liquid
surface. Well-defined n = 1 sheets with sub-10 nm thickness and up to
50 μm lateral size are obtained in a scalable manner. This is achieved
through careful engineering of subphase and spreading phase
compositions to encourage controlled perovskite crystallization at
the antisolvent−air interface. Structural and spectroscopic character-
izations reveal a high phase purity and a clean excitonic emission, with their overall optical properties comparable to those of the
highly crystalline films fabricated by blade coating, highlighting the clear potential of this liquid surface synthesis strategy.

Metal halide perovskites,1 marked by their facile solution-
based synthesis and flexible chemical design, have

occupied in the last 12 years a major share of the attention of
researchers interested in optoelectronics.2,3 Most recently, next
to the three-dimensional (3D) lattices belonging to the metal
halide perovskite family, their two-dimensional (2D) homo-
logues obtained by inserting large organic spacer molecules
that break the 3D lattice into 2D perovskite-like slabs have also
entered the optoelectronic arena, mostly because of their
excitonic properties and fine control over the confinement
degree.4−6 Inserting monofunctional spacers along the ⟨100⟩
planes could yield the staggered slab arrangement or the so-
called Ruddlesden−Popper (RP) phases with a general
formulation of A′2An−1BnX3n+1, where A is a small cation, A′
is large spacer molecule, B is a metal cation in the octahedron
center, and X is a halogen anion. These material systems can
crucially be characterized by the number of corner-sharing
inorganic layers (n) hosting small A-site cations between the
spacer interruptions in (00l) directions, a parameter that
determines the quantum well properties (Figure 1a, top shows
the case for n = 1, 2, and 3, respectively). This quantum
confinement can, to an extent, be preserved regardless of the
material’s physical thickness, as the film can be viewed as a
periodic arrangement of the “well” and the “barrier”.

Modern optoelectronics is deeply rooted in the ability to
fabricate heterostructures of different semiconductors with the
aim of directing carriers to specific regions of a device to favor
charge recombination or separation. Traditionally, semi-

conductor heterostructures are fabricated by epitaxially
growing different materials on top of each other, where the
lattice matching represents a strong limitation for the materials
that can be used.7 In recent years, increased interest has also
appeared in the fabrication of heterostructures that are not
limited by lattice mismatch. While common examples are
definitely the transition metal dichalcogenides and organic
semiconductor heterostructure,8,9 there is also a growing desire
to form heterostructures using the soft RP perovskite phases
with different bandgap, which could be simply obtained via
altering halide compositions or n values.10 For standard thin
film fabrication techniques, there are however major bottle-
necks for the sequential deposition of perovskite layers: (1)
due to the highly dynamic and ionic nature of the halide
perovskite lattice, deposition of heterolayers from solution or
vapor could be destructive; (2) for n > 1 quasi-2D perovskites,
chemical disproportionation would cause the formation of
mixed-n phases with unwanted physical properties.11,12 This
seems to be different from transition metal dichalcogenides,
where the so-called van der Waals assembly of these 2D
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materials is a major research topic leading to the discovery of
interesting physical phenomena.13,14 Taking inspiration from
this, heterojunctions made of prefabricated ultrathin perovskite
sheets with controlled layer numbers and phase purity have
been demonstrated.15 Potentially, these systems will be
interesting for the fabrication of a device devoted to artificial
lighting and light detection,16 while the key challenge here is
how to obtain high quality 2D perovskite thin sheets with a
large lateral dimension.

Several authors have reported liquid phase synthesis of
perovskite thin sheets, while each of these methods still faces
specific challenges in either scaling up or composition control.
We supply some details of these methods in Scheme S1 and
Supplementary Note 1. Crucially, Dou et al.17 showed early on
that drying a droplet of n = 1 perovskite solution, which
requires careful solvent engineering, on a solid surface can
yield ∼5 μm lateral single-layer sheets (“droplet”, Scheme
S1a). Jin’s group18,19 instead utilized solution surface
crystallization from a droplet of perovskite solution upon proper
solvent selection and temperature control (“droplet surface”,
Scheme S1c). This enabled the growth of >100 μm lateral-
sized crystals with nm-scale thickness, which are transferred via
stamping. Utilizing the solution−air interface, a large open
surface of perovskite solutions (“bulk surface”, Scheme S1e) has
also supported surface-initiated single crystal growth, where

the involvement of liquid surface energy in the crystallization
process has been discussed.20,21 However, in this case, it is
extremely challenging to maintain the nanometer-level thick-
ness in obtained crystals. To limit z-direction crystal growth at
the liquid−air interface, Langmuir-film-inspired techniques are
highly suitable. Era’s group has demonstrated that spreading
long chain alkyl ammonium spacers on metal halide solutions
induces the formation of n = 1 halide perovskite Langmuir
films (“spread spacer”, Scheme S1g); however, obtaining
higher n value perovskites would not be feasible using this
method.

Facing these issues, here we report a facile “spread-perovskite-
on-antisolvent” method to prepare large-sized high-quality n = 1
metal halide perovskite thin sheets in large quantities. This
method is able to utilize a large surface area of the liquid
substrate and has the potential for fabricating phase-pure
higher n value perovskite nanosheets, since the perovskite
precursors are contained entirely in the spreading solution. We
show that, through careful selection of antisolvent substrate
and perovskite precursor solution, 2D perovskite sheets of ∼50
μm lateral size and <10 nm thickness could be obtained in a
scalable manner. Microscopic, structural and optical character-
izations of the synthesized perovskite sheets showcase their
phase purity and narrow excitonic emission benchmarked by
high-quality blade-coated perovskite thin films.

Figure 1. (a) Top: schematic representation of Ruddlesden−Popper 2D metal halide perovskite phases, which achieve quantum confinement in
⟨100⟩ planes using large spacer molecules. Blue octahedra: [BX6] inorganic cages; green spheres: halide anions; red spheres: small A-site cations;
purple ball-and-sticks: large spacer molecules forcing inorganic slab openings; n: number of consecutive inorganic layers between organic spacers.
Bottom: chemical structure of the spacer 2,3,4,5,6-pentafluorophenethylammonium cation (5FPEA+). (b−d) Process flow of the proposed “spread-
perovskite-on-antisolvent” method: (b) n = 1 perovskite precursor solution (PbI2:5FPEAI = 1:2) is introduced dropwise on an antisolvent
substrate. (c) Perovskite crystallization is allowed for time t, before (d) sample pickup by horizontal contact using a solid substrate and drying in a
vacuum.
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In our “spread-perovskite-on-antisolvent” method, a spreading
phase composed of dilute perovskite precursor solution of n =
1 stoichiometry is spread on an antisolvent liquid substrate, on
which surface the nucleation and growth of thin perovskite
sheets take place. For optimal anchoring and spreading at the
antisolvent−air interface, a perfluorinated spacer molecule
2,3,4,5,6-pentafluorophenethylammonium (5FPEA+, Figure 1a,
bottom) is used to achieve the composition of (5FPEA)2PbI4,
which was found to be more suitable in the synthesis compared
to its nonfluorinated counterpart PEA2PbI4 (vide inf ra), likely
due to the very low surface energy of the perfluoro spacer
molecules.

In a typical experiment, 50 μL of (5FPEA)2PbI4 solution in
acetonitrile is spread dropwise in a bolting pattern on the
liquid substrate (o-xylene or chlorobenzene) contained in a
circular Teflon bath (Ø30 mm) (Figure 1b). The crystal-
lization at room temperature is allowed for a period (in
minutes), where yellow precipitates gradually form and diffuse
on the surface (Figure 1c). After that, samples are picked up
with Si, quartz (10 × 10 mm2) or metal grids for electron
microscopy in parallel contact (Langmuir−Shaefer method)
and dried in a vacuum at room temperature (Figure 1d).

We begin with the selection of the spreading phase and
subphase solvents. For the spreading phase, only a handful of
solvents present good solubility for lead halide perovskites.22,23

Considering that the solvent should have a lower density and a
lower surface energy than the subphase, and be easily
removable,24 acetonitrile (MeCN, 0.79 g/cm3, 19.10 mN/m
@20 °C, bp 82 °C) was selected, as in the droplet on solid
surfaces method (Scheme S1a).17

For the subphase, several considerations are necessary. First,
it should have a relatively low solubility for lead halide
perovskite precursors to trigger crystallization. This is a rather
complex chemical environment for the perovskite precursors as
the antisolvent, solvent, and solute all interact with each other
during the one-step synthesis. It was found that spreading
perovskite solution on strong antisolvents (e.g., toluene)
results in quick agglomeration, while the slightly better
solubilities seen in some solvents,22 that either offer
coordination (e.g., cyclohexanone) to Pb2+ or hydrogen
bonding (e.g., isopropanol) to spacer cations or I−, result in
undesired full solvation of the perovskite precursor. Second,
the subphase should possess a large density as well as a high
liquid−air surface energy to enhance the tendency of the
dropped solution to spread and of the crystals to stay on the
liquid surface. This alone, however, is not sufficient to
guarantee a good synthesis, as in the case for iodobenzene
(1.83 g/cm3, 39.38 mN/m @20 °C), where while the
spreading phase disperses extremely well, the synthesized
crystals show small size (∼μm), large thickness (∼30 nm), and
porous morphology (Figure S1a). This may be due to the
halogen−halogen interactions between the subphase and
perovskite chemistry (lead iodide octahedra), again stressing
the importance of chemical interactions. Finally, regarding the
miscibility of spreading phase and subphase solvents, it has
been shown that, with proper solutes, miscible solvents could
also allow Langmuir film formation.25,26 After trials with
various antisolvent systems, o-xylene (OX, 0.88 g/cm3, 30.10
mN/m @20 °C) and chlorobenzene (CB, 1.11 g/cm3, 33.60
mN/m @20 °C) stood out as the best candidates for our
approach, despite both being miscible with MeCN.

The initial concentration of the spreading phase precursor
solution was set to 1 mM. A few sheets with lateral dimensions

on the 10s of μm and thickness below 10 nm were obtained
after picking up with a Si substrate (Figure S1b), while most of
the substrate surface is populated by 3D crystal agglomerates.
This is especially notable for the case of nonfluorinated
chemistry PEA2PbI4 (Figure S1c). Also noted are the clustered
small and porous sheets formed after a short growing time (2
min on CB, Figure S2a), and large and thick stars were
obtained after waiting longer before pickup (5 min on CB,
Figure S2b). This signifies unfavorable crystallization kinetics
under the current parameters, which exhibit rapid perovskite
nucleation and uncontrolled growth in the z direction.

This crystallization kinetic problem was systematically
tackled through engineering of the spreading phase composi-
tion. First, before making the final MeCN solution, the
precursor was predissolved into a 1 M dimethylformamide
(DMF) solution, to slow down the rapid crystallization
(especially in z) when the solute is put into contact with the
antisolvent. Second, the final concentration of the spreading
phase in MeCN was optimized. The 1 M DMF stock solution
was diluted to x M in DMF and then to y mM in MeCN,
yielding the solution formulation “xDMF yMeCN”.

The effect of introducing DMF as a presolvent can be found
when comparing Figures S3 and S4 (spread on OX) but is
especially obvious in Figure S5 (spread on CB). For the same
final concentration, additional DMF (up to 10x dilution to
reach 0.1DMF) reduces the growth rate and allows better 2D
sheet formation. However, the use of DMF is to be balanced,
as it possesses both a high density (0.94 g/cm3) and a high
surface energy (37.10 mN/m @20 °C). In addition, the
removal of DMF from the synthesized perovskite is nontrivial
due to its high bp (153 °C) and strong coordination with lead
complexes.

When the final precursor solution concentration is increased,
faster nucleation and growth are observed, producing a larger
quantity of sheets after the same growth time. Up to 8 mM,
increasing concentration did not lead to notable adverse
effects, while agglomeration and thick crystals started to show
earlier in CB (Figure S5). The samples from different growing
times are compared; it is reasonable to assume the presence of
Ostwald ripening, as longer-waited samples present larger but
fewer 2D perovskite sheets. In fact, in Scanning Transmission
Electron Microscopy (STEM) micrographs, we observe
crystals possibly in the process of assembling into a larger
entity (Figure S6).

After the process optimization, the liquid surface synthesized
samples were studied by using microscopic characterization
tools. In Figure 2a, on a quartz substrate a high population
density of perovskite sheets with rather uniform thickness and
lateral size (approaching 50 μm) is observed from the Bright-
Field Optical Microscope (OM) micrograph. In some regions,
we can also see clean overlaps between the stacked sheets. The
Scanning Electron Microscope (SEM) micrograph (Figure S7)
also shows sheets piling up on the “coffee ring” region on the
substrate, suggesting that further substrate treatments may
allow higher utilization of the liquid surface grown crystals.27

For a closer look at the harvested sheets, the STEM
micrograph (Figure 2b) shows one large sheet of ∼25 nm
thickness and ∼40 μm lateral dimension where a relatively
dense surface texture can be observed against the amorphous
carbon background. In the Atomic Force Microscopy (AFM)
measurement (Figure 2c, also see further examples in Figure
S8), several cracks and various surface contaminations
(including occasional particle inclusions) are visible. Still, the
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body of the sheets is flat and uniform in ∼10 nm thickness (∼5
octahedra layers). This is especially clear from the overlapping
region of three stacked sheets, where the line profile identifies
the individual sharp edges of these 2D materials. From the
confocal photoluminescence (PL) microscope micrographs
(Figure 2d), the sheets emit homogeneously in the 515 ± 30
nm window, agreeing with the characteristics of a n = 1 lead
iodide-based perovskite. The confocal micrograph also clearly
shows the surface textures and presence of cracks. When the
confocal micrographs are compared with OM images, it is
apparent that thinner sheets could not be detected in PL.

To balance the yield and geometry of formed perovskite thin
sheets, the samples made by recipe 0.2DMF 4MeCN spread on
OX for 2 min were selected for further investigations. The
crystal structure of these liquid surface grown perovskite sheets
(LS) was provided by powder X-ray diffraction (XRD). In
Figure 3a, the diffraction pattern presents clear Bragg peaks
that are equally spaced and can be indexed with (00l) Miller
indexes. These features are typical of n = 1 ⟨100⟩ 2D
perovskites with inorganic sublattice planes parallel to the
substrate.28−31 From the previously obtained crystal structure
of (5FPEA)2PbI4 single crystal,31 we also supply the simulated
XRD pattern which shows good agreements with our data. The
signal-to-noise ratio is relatively low, likely due to sample
quantity, yet the 2D sheets did not present notable features of
other phases. From the (002) Bragg peak, the d002 interplanar
distance was determined to be 17.2 Å, in trend with reports on
2D PEA perovskites28 and in agreement with the increased
spacings when using their monofluorinated (14.29 → 14.52 Å
from PEA to 3-FPEA)32 and penta-fluorinated analogues

(17.47−17.50 Å for (5FPEA)2SnI4).33,34 Debye−Scherrer
analysis revealed an average crystallite size of 60 nm, indicating
the average thickness of the perovskite sheets under detection.

To benchmark the crystal quality of the LS sample, we
fabricated (5FPEA)2PbI4 perovskite thin films by blade coating
(BC) from DMF solution with 10% dimethyl sulfoxide; see the
Experimental Section in the Supporting Information for details.
The powder XRD pattern obtained from these thin films
(Figure 3b) displays the same (00l) Bragg peak series with d002
= 17.6 Å, with a crystallite size of 95 nm. The crystal structures
of LS and BC were thus analogous barring the thickness
differences, which for the latter depend on BC parameters.

With the stronger signal in BC, we also observed a set of
much fainter equally spaced Bragg peaks (see the inset of the
logarithmic plot). This points to a spurious 2D phase with
increased interlayer separation (19.5 Å), which might be due
to trapped DMF solvent, even with both deposition and
annealing done at 110 °C. The specific interlayer separation of
this phase in fact falls into the category of solvent intercalated
2D halide perovskites.33 In addition, 1D perovskite phases that
are difficult to avoid for solution deposited and annealed 2D
perovskite films could also have been a culprit for the peak at
2θ = ∼8°.35,36 These impurities overall represent only a tiny
volumetric fraction in BC, but nevertheless, there is no
signature of solvent intercalation in LS (synthesized at room
temperature). Obviously, this observation may be affected by
the poorer signal-to-noise ratio of the LS XRD result, but on
the other hand, the limited use of DMF during the LS
fabrication may determine its phase purity.

We conducted further optical measurements on the LS and
BC samples. The absorbance spectra of these two samples can
be found in Figure 3c, where the excitonic peak appeared at
500 nm for BC sample and 502 nm for LS sample, and the
absorption stairs representing 2D electron states can be
identified. In the Raman spectra (Figure 3d), strong peaks at
44 and 58 cm−1 (5.48 and 7.24 meV, respectively) are present
in both samples which represent the signatures of the inorganic
cages of 2D perovskite.37 As from the XRD results, LS and BC
behave in the same way as typical n = 1 lead iodide perovskites.

Temperature-dependent and time-resolved PL measure-
ments further provided valuable information about the optical
properties and therefore the quality of the samples. Figure 4a
shows the steady-state PL spectra at room temperature (light)
and 4.3 K (dark color). At room temperature, the narrow
emission (NE) of the LS sample (light orange) at 515 nm
agrees with confocal PL microscope measurements (Figure
2d), and a notably bluer emission was found in BC (light blue,
505 nm), while both in the range of previous reported
(5FPEA)2PbI4.38,39 The blue-shifted signal of the BC sample
also agrees with the absorption spectra. Upon cooling, the NE
peak of both samples displayed a narrowing trend (Figure S9),
while BC possessed an ∼40 meV bluer peak at all
temperatures. After fitting with a Voigt function, the NE full-
width-at-half-maximum (fwhm) values are displayed in Figure
4b against temperature. In particular, at low temperatures, the
BC sample shows a wider NE peak (24.7 meV at room
temperature and 11.3 meV at 4.3 K) with respect to the LS
sample. It is important to underline that the detected
broadening is most probably the result of a different fine
structure (influenced by local disorder and solvent inclusions),
which is not resolved in these measurements because of the
grating utilized (vide infra).37

Figure 2. Microscopic characterizations of liquid surface grown
(5FPEA)2PbI4 sheets. (a) Transmission Bright-Field Optical Micro-
scope (OM) micrograph showcasing the quantity of obtained
perovskite sheets with the inset showing statistics of equivalent
sheet sizes. (b) Bright Field Scanning Transmission Electron
Microscope (STEM) micrograph on a TEM grid with amorphous
carbon supporting film, showing the edges of a (5FPEA)2PbI4 sheet.
(c) Atomic Force Microscope (AFM) image and (d) photo-
luminescence (PL) Confocal Microscope image of stacked
(5FPEA)2PbI4 sheets. Sample fabrication parameters: (a) 0.2DMF
8MeCN solution spread on o-xylene and pickup after wait time of 1
min; (b−d) 0.2DMF 4MeCN soulution spread on o-xylene and
pickup after wait time of 2 min.
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Based on the XRD results, such a blue-shift and the larger
fwhm of the BC sample could be related to the presence of a
solvent-intercalated 2D perovskite phase. The larger interlayer
separation and different dielectric screening could result in
higher energy PL emission, while energy disorders within the
film provide additional broadening factors. With its unique
fabrication method, the LS samples do not suffer from this
issue.

At room temperature, a broad emission (BE) peak around
720 nm can be readily found in the BC sample, which is
minimal for LS. The relative intensity of these peaks steadily
grew with decreasing temperature, and they became quite
dominant when cooled below 70−80 K especially in the LS
sample (Figure S9). This behavior has been previously
observed for other iodide RP systems and is related to trap
states (iodine vacancies), or in certain (chloride or bromide)
systems, self-trapped excitons.29,37,40 In addition, a secondary,
more complex broad structure around 600 nm was clearly

resolved below 70 K, previously also seen in (FPEA)2PbI4,41

reaching its peak relative intensity at 30 K.
Time-resolved PL characteristics of the NE and BE echo

previous reports,37,41 where the lifetime of the NE peak
decreases (in the ns regime) and that of the BE peak increases
(up to μs) with decreasing temperature (Figure S10a and
S10b, respectively), highlighting the complex recombination
pathways including energy transfer between free excitons and
trapped states. In Figure 4c, the normalized PL decays of the
NE of LS and BC at room temperature and 4.3 K are
compared. The BC sample showed a slower decay compared
to LS. The transients can be fitted with a biexponential model,
yielding an average τ of 82 (τ1 = 61 ps, τ2 = 312 ps) and 129 ps
(τ1 = 83 ps, τ2 = 350 ps) for LS and BC, respectively. Overall,
benchmarking with blade-coated thin films, the narrow blue
emission and comparable decay dynamics of the liquid surface
prepared ultrathin perovskite quantum wells showcase their
attractive optical properties.

Figure 3. Powder X-ray Diffraction pattern of (a) liquid surface (LS) grown (5FPEA)2PbI4 sheets and (b) (5FPEA)2PbI4 blade-coated (BC) thin
film. (c) Absorbance spectrum and (d) Raman spectrum of the LS and BC samples.
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To summarize, we here introduce a facile liquid surface
synthesis method to obtain ultrathin n = 1 RP metal halide
perovskite sheets at room temperature, where precursor
solutions containing the entire 2D perovskite formulation are
spread on an antisolvent substrate. Crucially important is to
balance the floating, spreading, and crystallization aspects of
the perovskite at the antisolvent−air interface, where liquid
phase formulations and related kinetic parameters are
optimized. The obtained perovskite thin sheets are on par in
geometry with state-of-the-art ultrathin 2D perovskites, and
compared to blade-coated thin films of the same chemical
composition, the liquid surface grown quantum wells provided
analogous or slightly improved light emission quality, possibly
due to the absence of remnant solvents. Future studies may
include preparing quantum wells with higher n perovskite

phases and other chemical compositions, where transfer
stacking of 2D materials and device fabrication could follow.
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Figure 4. Photoluminescence properties of the liquid surface grown (5FPEA)2PbI4 sheets (LS, orange) and (5FPEA)2PbI4 thin film made by blade
coating (BC, blue). (a) Steady-state PL spectra at 292 K (light) and 4.3 K (dark color). (b) Full-width-at-half-maximum (fwhm) versus
temperature plot of the narrow emission (NE) peak. (c) Time-resolved PL intensity of the NE peak at 292 K for both LS and BC samples.
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