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L. Arriola Carril

Abstract

Hybrid organic-inorganic metal halide perovskites have emerged as promising ma-
terials in the development of optoelectronic devices, namely due to their high optical
absorption coefficient, tuneable bandgap and charge carrier mobility. However, more
efforts are needed to improve their stability against oxygen, moisture and light and
find new ways to modulate their optical properties. In this work, we study the photo-
luminescence properties of lead-bromide-based layered (2D) perovskites with different
composition and dimensionality as bulk crystals and mechanically exfoliated flakes. We
highlight the tuning of the photoluminescence emission of 2D metal halide perovskites
by design and enhance their ambient stability by encapsulating the exfoliated flakes
with h-BN flakes. Finally, we carry out the fabrication of heterostructures using as
building blocks perovskite flakes showing how to further modulate the photolumines-
cence emission colour.
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1 INTRODUCTION L. Arriola Carril

1 Introduction

The need of novel solutions in optoelectronics materials for application in light emitting
diodes (LEDs), phosphors, scintillators and photodetectors has been a driving force in nano-
materials research for the past years. Efforts have been focused to improve properties such
as emission or absorption efficiency, control and tunability of the spectral features (from nar-
row, pure color to broad, nearly-white emission), modulation of the emission with external
knobs, response speed and sensitivity. In the last years, the metal halide perovskites have
awakened the attention of the scientific community as a new class of materials for the de-
velopment of the next-generation of optoelectronic devices. The 3D metal halide perovskites
stand out in the photovoltaic applications. Since the first solar cell with a power conversion
efficiency (PCE) of 3.81% nowadays achieve more than 25% [1].However, going a step further,
the dimensional reduction of 3D perovskites toward layered structures can boost the photolu-
minescence quantum yield (PLQY) and expand their emission range for other optoelectronic
applications [2], e.g. as blue-LEDs, PLQY of 88% together with stable emission under high
operation voltages and a maximum luminance of 2480 cd m−2 has been achieved [3]. However,
there are still some challenges to be addressed in this area and in which we focus this work:
(i) the modulation of the photoluminescence emission and (ii) the development of strategies
to enhance their stability against moisture, oxygen or light [4,5].

1.1 Crystal structure of the metal-halide perovskites

The perovskite structure has been known since the XIX century, with the CaTiO3 mineral
discovered by Gustav Rose and is named after Russian noble and mineralogist Lev Alekseye-
vich von Perovski. The general formula of the perovskite structure is ABX3. They consist
of divalent B-site cations surrounded by anions (X) that create a corner-sharing octahedra
network, with A-site monovalent cations that occupy the cavities of the octahedral network.
In the particular case of metal halide perovskites, studied in this work, A is an inorganic or
small organic monovalent cation (such as Cs or methylammonium, MA), B is a metal cation
and X is a halide anion (Cl, Br, I). To this date and regarding the metal site, remarkable good
properties have been obtained with Pb, but there is a large library of perovskites, including
Sn, Ge, Cd, and Mn, for instance [5].

1.1.1 Layered (two-dimensional) perovskites

The layered metal-halide perovskites consist on replacing the small A-site cation in the 3D
structure detailed before by large organic cations. In this way a quasi-2D structure is ob-
tained, where each layer of octahedra is separated by organic layers. There are two type of
phases depending on the organic cations used: Ruddlesden-Popper (RP) and Dion-Jacobson
(DJ). While the RP phase contains two monoammonium cations, the DJ phase contains
diammonium cations [6]. However, we this study on RP perovskites since the two organic
cations interact by Van der Waals forces, allowing the separation of these layers by scotch
tape exfoliation in a similar way than for graphene-related materials [7,8,9]. See Figure 1.
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1 INTRODUCTION L. Arriola Carril

Figure 1: Crystal structure of 3D and 2D metal-halide perovskites.

Additionally, it is also possible to modulate the dimensionality of the layered metal-halide
perovskites. The dimensionality refers to the number of octahedra layers sticked together,
noted as n, and separated by the organic cations, see Figure 2.

1.2 Optoelectronic properties of metal-halide perovskites

Figure 2: Different dimensionalities of the la-
yered 2D perovskites.

Metal-halide perovskites are stand out due
to their tunable optoelectronic properties by
varying the composition (metal, halide, or-
ganic cation) and dimensionality (from 2D
structure with n=1, 2, 3. . . to 3D). They
have shown a high optical absorption coef-
ficient, tunable band-gap, near-unity photo-
luminescence (PL) quantum yield, low trap
densities and good charge carrier mobility.
For example, their PL spectrum covers from
the UV to NIR range. Moreover, the corres-
ponding PL emission at room temperature
ranges from extremely narrow (about 0.1 eV,
thus, high color purity) to a broad width (ca.
1 eV), useful for white emitters.

The dimensionality plays an important role in the optical properties, moving from 3D to
2D structures there is a change in the valence and conduction bands dispersion which leads
to larger bandgaps [10].

Not only the bandgap modulation, but there are also another advantages that the 2D
perovskites offer compared to 3D counterparts. One of the main challenges is their insta-
bility under the exposure to oxygen and moisture leading to their degradation, which has
been reported in the widely used lead-halide perovskites. In this sense the presence in 2D
perovskite structures of large organic cations, with hydrophobic character which could act as
moisture/oxygen barriers improving their ambient stability [11]. Moreover, the 2D perovskites
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present a more versatile crystal structure and dimensionality than the 3D ones, which fa-
cilitates their incorporation in miniaturized and flexible electronic devices and creates new
opportunities for tailor-made materials [2]. Although, the promises of the 2D perovskites
seem strong, one also have to consider that the presence of the large organic cations also
affect the conductivity, which is in general lower in the 2D perovskites compared to their 3D
counterparts [5].

1.3 Interest and challenges

Apart from the extraordinary and tunable optoelectronic properties, the metal-halide perov-
skites have awakened the attention due to their low-cost processability and fabrication. These
factors make them suitable for their integration in optoelectronic devices such as solar cells,
light emitting devices (LEDs) and photodetectors.

However, as already commented, from the material point of view, there are several cha-
llenges in which the researchers are actively working on [2]:

• The understanding of the structure-properties-device relation to make predictable de-
signs in terms of composition, crystal structure and target application.

• Toxicity reduction. The research work has been namely focused on Pb-based perov-
skites since at the moment present better performance in optoelectronic devices than
other metal compositions. Lead is toxic to nature which makes devices fabrication and
waste-handling in a large-scale much more complex. Nonetheless, there are many active
research lines for reducing, reusing or replacing lead [12].

• Stability enhancement. Lengthening the lifetime of perovskite devices may be consi-
dered one of their main challenges. Perovskites are degraded if exposed to the atmos-
phere, light or temperature. The lead-halide core is easily degradable and the materials
that are more stable usually come with reduced performance.

1.4 Objectives of the study

The main aims of this work are to explore and modulate the optical properties of layered
(2D) metal halide perovskites for their future application in devices. For this purpose, hybrid
organic-inorganic lead bromide perovskites with different organic molecules and dimensiona-
lity (n) have been used. Specific objectives are:

1. Determine the optical properties of the materials, concretely their photoluminescence
emission, as bulk crystals and after their exfoliation leading to flakes, and therefore
how they vary with composition, dimensionality, and thickness.

2. Enhance the environmental stability (atmosphere, light) of 2D perovskite flakes without
affecting their optical properties using other 2D Van der Waals (VdW) materials such
as hBN as encapsulant.
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3. Rational design of heterostructures of light-emitting 2D perovskite flakes combining
materials of different dimensionality, to achieve emission ranges not accessible with the
starting materials and enhance the emission efficiency.
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2 Experimental techniques

On this section we have described the equipment and techniques used on the experiments
carried out in this work.

2.1 Exfoliation procedure

Figure 3: Millimetric-scale perov-
skite crystals.

The preparation of perovskite bulk crystals follows
a bottom-up methodology. The metal-halide perov-
skites used were synthesized by other members of
the research group via a solution process in acid
medium following published protocols [13]. This pro-
cedure forms macroscopic crystals of millimeter-scale
(in Figure 3). From these bulk crystals, we obtained
micro and nanoscale sheets (called ’flakes’) via scotch
tape mechanical exfoliation, see Fig. 4.

The process consists on depositing a small quan-
tity of the crystals on top of a special blue tape and
exfoliate it several times until the initial small crys-
tals are divided/sliced in small sheets. Due to the VdW nature of these materials, very thin
(nm-scale) and large (µm-scale) flakes of perovskites can be obtained. To characterize these
flakes, we press the tape against a polymer substrate (PDMS, Poly(dimethylsiloxane)), to
physically transfer them to it.

A B

Figure 4: a) Optical microscope image of a perovskite flake. b) Laboratory tools used to
exfoliate 2D VdW materials, including PDMS substrate and blue tape. The PDMS is placed
on a microscope slide, to analyze the samples under the optical microscope.

Once the flakes are on PDMS, flakes with the desired characteristics are looked for using
the optical microscope considering the size of the flakes. It is also used to keep record of

8



2 EXPERIMENTAL TECHNIQUES L. Arriola Carril

samples under study taking pictures to further analyse their surface features (terraces, cracks,
flat sections...) or locate its position on the substrate for the corresponding experiments.

The optical microscope (Leica) used has 5x to 100x objectives, brightness/contrast cus-
tomization, several light filters and a camera connected to the computer. We took photos of
the flakes namely with the 50x and 100x objectives and use the software to measure their
dimensions (length and width).

2.2 Dry viscoelastic stamping system

100μm

Figure 5: Perovskite flakes on a SiO2/Si
substrate with markers.

To transfer the samples from a PDMS substrate
to other substrates, we have used the dry vis-
coelastic stamping system (a technique originally
developed by Castellanos-Gomez et al [9]). The
stamping system also allows to make heterostruc-
tures consisting of several flakes stacked one onto
another. The substrates that are used in all the
experiments are 5mmx5mm 300nm SiO2 coated
silicon, with Au/Ti markers to facilitate the local-
ization of flakes in the next experiments (Fig. 5).

How to use the stamping system can be ex-
plained with the visual help of Figure 6. The
flake that is to be transferred is on a PDMS sub-
strate supported on a glass slide. This glass slide
is mounted upside-down on a controllable arm
that is moved in x,y,z-directions to reach on the
SiO2/Si substrate. This SiO2/Si substrate is held in place by vacuum, and the holder has a
6-axis range of motion. All movement is operated manually using micromanipulators.

CAMERA

ARM

MICROMANIPULATORS

BASE

Figure 6: Image of the stamping system. Both the base and the arm are mechanically
controlled by micromanipulator screws. This system is used to pass samples from PDMS
substrate to SiO2/Si.
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To control both moving parts, there is a camera that gives at top down image of the
setup. As both the glass slide and the PDMS are transparent, we can see the surfaces of both
substrate though them and we can focus any desirable plane in the z axis. To proceed with
the transfer, the PDMS is slowly lowered as we see the flake contact the SiO2/Si substrate
and then we can lift it while seeing if it is getting correctly attached or not.

2.3 Micro photoluminescence spectroscopy

The micro-Raman equipment (in Fig. 7) allows us to collect Raman and photoluminescence
signal, although in this work we focused on the study of the photoluminescence (PL) emission.
We used a laser as excitation source, then, the sample is excited and the light emitted is
collected.

Figure 7: Micro-Raman equipment used in this work.

Therefore, photoluminescence is the emission of light from any form of matter after the
absorption of photons (electromagnetic radiation) by the recombination of non-equilibrium
carriers. These absorbed photons are usually provided by a light source. PL is related to the
band structure of the material, and therefore, the energy of the excitation photons should be
higher than the bandgap of the sample to make the process happen. Briefly and in a simple
way, the absorbed photons excite the carriers from the valence band to the conduction band
(low to high energy level) and the radiative relaxation of these carriers leads to photon
emission (see Figure 8).

Our samples show the maximum PL emission in the 408-500nm range, depending on the
compound, therefore, from the lasers available at the lab, we have chosen 405nm as excitation
source. On the collection path, the light from the laser is blocked by a filter at around 405
nm, and we can collect signal from 406.5nm. To properly measure and characterize the
samples, we adjusted the power of the laser and time of exposure, in order to get the best
compromise between SNRR (signal to noise ratio) and avoid the damage to the sample.

The mapped area can be adjusted using the objectives ranging from 5x to 100x. We
usually worked with 50x or 100x with which the laser has a footprint of ∼ 1µm diameter.
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Figure 8: Scheme of the photoluminiscence process of a semiconducting material.

2.4 Atomic Force Microscopy

Thickness is an important parameter to take into account when studying flakes obtained from
2D materials. Therefore, we have used the Atomic Force Microscope (AFM) to characterize
the thickness of the samples.

The AFM is a mechanical-optical instrument capable of detecting atomic forces thanks to
a tip (around 200 microns long) that is attached to the end of a cantilever. When scanning
a sample, atomic forces can be detected when the tip is close to the surface of the sample,
which creates a small flexion of the cantilever. Thus, by measuring the movements of the
reflected light of a laser pointing to the edge of the cantilever, a topography of the sample
can be generated (see Fig. 9). The resolution of the AFM is below the nanometer range.

Figure 9: Scheme of the working elements of an AFM.

The experimental imaging data given by the AFM were analysed with the software Gwyd-
dion to obtain the topography and thickness profiles.
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3 Results and discussion

3.1 Characterization of the materials: bulk and flakes

Figure 10: Scheme of the organic molecules
used as the A-site cations in the studied
perovskites: phenethylammonium (PEA) and
butylammonium (BA).

As commented, we worked with layered lead-
bromide perovskites. Therefore, in stead of
the formula ABX3, which applies to the 3D
perovskites, we used the following one incor-
porating the presence of two cations:

(A′)2An−1BnX3n−1

where A’ is the large organic cation, A
is the small cation, B is the metal and X is
the halide and ’n’ notes the dimensionality
of the crystal structure. In our case the A
small cation is cesium, Cs+; B metal is lead,
Pb2+; X is bromide, Br−; and the A’ is an
organic cation. In this work, we used two
large organic cations with different nature: phenethylammonium (PEA) with aromatic ring
and butylammonium (BA) with alkyl chain (See Fig. 10).

Since in this study we aim to understand how the optical properties of the layered perov-
skites depends on the composition and dimensionality, we studied compounds with different
dimensionality (n) or A’ cation (see Table 1).

Table 1: List of the different perovskite materials to be studied in this work and the notation
used along the text.

Notation Formula

(PEA)PbBr n=1 (PEA)2PbBr4
(PEA)CsPbBr n=2 (PEA)2CsPb2Br7
(PEA)CsPbBr n=4 (PEA)2Cs3Pb4Br13
(BA)PbBr n=1 (BA)2PbBr4

3.1.1 Absorption and photoluminescence spectra of bulk crystals

We started by measuring the absorbance and photoluminescence spectra of the bulk crystals
that we exfoliate later on. To collect the spectra shown in Figure 11, we have used an UV-vis
spectrometer and the micro-Raman instrument, for the absorbance and photoluminescence
spectra, respectively.

Results show a systematic shift towards larger wavelengths when the dimensionality in-
creases from n=1 to∞ (3D) in both the absorbance and photoluminescence spectra (Table 2)

12
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(a) Absorbance spectra.

(b) Photoluminescence spectra.

Figure 11: (a) Absorbance spectra and (b) photoluminescence spectra of bulk crystals using
(PEA) as organic cation of the 2D perovskite compounds of n = 1, 2 y 4, showing the shift
towards larger wavelengths when the dimensionality increases from n=1 to ∞ (3D). Dashed
data corresponds to fitted data.
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in accordance with literature [1,5,2]. Moreover, the excitonic absorption peak is broader when
comparing with the corresponding photoluminescence spectra, which is narrow. This indi-
cates that a slight mixture of different dimensionalities is present in the crystals with n>1.
The PL spectra are narrower since we analysed smaller areas of the crystals. Most impor-
tant, these results demonstrate that it is possible to modulate the optical properties of these
materials by tuning their composition and dimensionality.

3.1.2 Characterization of (thin) perovskite flakes

The next step of the study was the exfoliation of the bulk crystals, taking advantage of the
VdW forces to obtain 2D flakes.

To facilitate the optical characterization and the building up of heterostructures with the
exfoliated flakes, we first create thickness-dependent color-scale. The color-scale allow us to
to quickly estimate the thickness of a flake by comparing its color with the established scale
using the image taken using an optical microscope, without needing to characterize it by
AFM.

As we have already seen, perovskites (and any 2D material, indeed) have colour in an
optical microscope. The colour they display is related to their thickness, due to optical
reasons, and creates a color palette that is always the same for each composition. In the case
of perovskites it is very colorful. The goal is to inspect and photograph these perovskite flakes
while they are in a PDMS substrate, then stamp then to a SiO2/Si substrate to characterize
them by AFM. Ultimately, both sets of data, optical image and AFM topography, can be
put together to get a scale bar that relates the colour with thickness.

Sample preparation: exfoliation and stamping

For this purpose, flakes of each perovskite compound studied have been selected. To make
the comparison easier, we selected flakes with terraces, ranging from very thin (10 nm) up to
∼100nm, where it cannot be considered as a 2D material anymore. Pictures of these flakes
have been taken by fixing the same settings in the optical microscope (brightness, contrast,
white balance, objective, exposure time...).

The selected flakes are then stamped onto a SiO2/Si substrate. After it, some more
pictures have been taken to later localized the flakes under the AFM instrument. It has to
be noted out that the contrast of the colours of the samples change on the SiO2/Si substrate,
making more visible the thinnest flakes. However, for the colour-scale elaboration, we only
use optical imaging onto PDMS substrates, since we use the PDMS substrates to select the
samples.

AFM characterization: colour scales

Every sample is mapped by AFM imaging, obtaining thickness profiles and topography
images. This has been successfully done for the four perovskite compounds. The correspond-
ing thickness profiles (and all the intermediary data) are shown in Figure 12. Analysing the
colour-scales obtained for the different materials, we observe that:

14
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Table 2: Optical properties of the bulk crystals studied.

Compound Dimensionality Absorbance peak (nm) PL peak (nm)

(PEA)2PbBr4 n=1 410± 1 408± 1
(PEA)2CsPb2Br7 n=2 446± 1 444± 1
(PEA)2Cs3Pb4Br13 n=4 470± 1 472± 1

(a) Perovskite structure: (PEA)PbBr n=1 (b) Perovskite structure: (BA)PbBr n=1

(c) Perovskite structure: (PEA)CsPbBr n=2 (d) Perovskite structure: (PEA)CsPbBr n=4

Figure 12: Study of the thickness of the four perovskite compounds used in this study. For
each structure, there is an image of the flake in PDMS, an image of the flake in SiO2/Si
substrate; both via optical microscope. On the bottom row of each picture it is displayed the
AFM topography image of the flake on the right, and the corresponding height profile (from
the white line on top of the AFM image) on the left. The color-thickness palette is displayed
on a background of matching colours with the PDMS.
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1. When moving from bright colors (orange, yellow) to grey shades, the thickness de-
creases. All samples are greyish below 60nm.

2. Different perovskite compositions have different palettes.

(a) A higher dimensionality n brings a brighter colour.

(b) The organic component has a smaller impact, both n=1 compounds are very
similar.

3. There is an exfoliation limit: flakes of below 20nm are difficult to obtain. This study
aimed for thin samples and yet only the (BA)PbBr had bellow 20nm thickness1.

These remarks offer useful information for sample preparation and experiment design in
the upcoming sections of this work.

Effect of flake thickness on the photoluminescence properties

As done for the AFM thickness determination, we prepare flakes with terraces to evaluate
the effect of the flake thickness on the PL properties in terms of peak intensity, position and
line width (FWHM). The aim is also to determine the experimental detection limit of PL
considering the flake thickness.

We have focused our efforts on n=1 and n=4 structures, which are used to create per-
ovskite heterostructures further down in this work and for which this thickness study is
intended. The change in intensity of the PL of the flakes can be seen in Figure 13.

For the n=1 perovskites, both phenethylammonium (PEA) and butylammonium (BA)
compounds have been studied and both show a systematic increase of PL intensity with the
thickness. This increase has a linear nature in every perovskite type, as the curve fitting
done have small errors. It is important to note that there was no detectable PL intensity for
thickness < 10nm. Therefore, we work for the next steps with flakes of thickness > 20nm.
Moreover, some degradation was observed for the (BA)PbBr n=1 samples, but it is futher
discussed in the stability experiments.

By analising also their respective peak position and full width half maximum (FWHM)
dependence with the thickness (Figure 13), we observe that: (i) both peak position and width
systematically increase with thickness, (ii) the increase in the peak position is small and not
significant considering the instrument error ±1nm.

1This composite, (BA), gives much thinner samples while exfoliating.
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(a) Perovskite compound: (PEA)PbBr n=1

(b) Perovskite compound: (PEA)CsPbBr n=4

(c) Perovskite compound: (BA)PbBr n=1

Figure 13: Photoluminescence emission characterization of the perovskite compounds. Left,
the intensity as a function of thickness is displayed and, on the right, the respecting peak
position and FWHM. A linear curve fit has been performed on the intensity graphs.
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3.2 Stability study

3.2.1 Exposure to the atmosphere

Perovskite stability is one of the main disadvantages of these materials, since they are affected
by different factors, primarily the atmosphere, but also light and heat. On this study, we aim
to evaluate the degradation effect of the atmosphere depending on the organic cation and
the dimensionality of the perovskite. Regarding to the atmosphere, it has been described
in literature that the main sources promoting the degradation are oxygen and moisture,
especially the latter one. It is not correct to describe this process as a simple oxidation, as
it is rather a mixture of multiple redox reactions that form oxides and hydroxides [4].

Looking at the literature, we can gain information on the degradation paths and the
conditions in which they can happen. Regarding to the widely used and studied MAPbI3 3D
structure2, the group of Ruoting Dong [4] analysed its degradation against moisture proposing
a reversible first reaction (1), then followed by (2), an irreversible loss of MA. An excess of
water therefore moves the equilibrium (1) towards the formation of products.

4 [(CH3NH3)PbI3 ·H2O] ⇔ (CH3NH3)4PbI6 · 2H2 + 3PbI2 + 2H2O (1)

(CH3NH3)4PbI6 · 2H2 ⇔ 4CH3NH3I + PbI2 + 2H2O (2)

We expect a similar principle for the reactions in our Pb-Br samples. There may be
other ways of degradation that the mentioned one, but the moisture and oxygen are always
be strongly implied. For that, this work does not focus on the nature of the degradation,
but rather on the effectiveness of the ways used to prevent it. As a reminder, the strategies
already used in the samples studied that help to minimize the degradation are the following:

1. The use of bromide instead of iodine. Perovskites of Pb-I have been widely studied and
proposed for high performance optoelectronic devices, but the exchange of Br makes
the perovskites more stable [14].

2. Layered 2D perovskite structures have a better moisture tolerance due to the hydropho-
bic nature of the organic molecules used in the A’-site [11].

With these changes, the samples studied in this work are much more resistant and it helps
to their study and characterization in the laboratory, but mean no long-term solution for their
stability issue. Looking for a long-term protection, here we propose the encapsulation of 2D
thin perovskite flakes with hBN flakes and compare their behaviour under ambient exposure
with unencapsulated flakes.

As commented, the material proposed for the encapsulation is crystalline h-BN (hexa-
gonal boron nitride). It is an atomically thin layer of a graphene-like hexagonal structure

2MA stands for the methylammonium cation, CH3NH3+.
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of alternating boron and nitrogen atoms [15]. These layers are held together by Van der
Waals (VdW) forces, and are spaced every 3.3Å [15]. Therefore, their mechanical exfoliation
is possible.

In relation to its optoelectronic properties, hBN is an insulating material with a wide
bandgap, of around 6eV. It has been reported in literature that bulk hBN has an indirect
bandgap of 5.95eV and a monolayer has a direct bandgap of 6.1eV [16,17]. It is considered
a transparent material as it has a very low absorption in the 250-900nm range, but with a
strong absorbance peak around its bandgap (i.e. 200-220nm) [15].

Therefore, this material is a good candidate to encapsulate the perovskite samples since:
(i) It has optical transparency in the wavelength range of interest for the study of the perov-
skites photoluminescence; (ii) It is an insulating material, limiting charge transfer process
through the barrier; and (iii) It is non-permeable and has already been reported to block
moisture and oxygen gas acting as a gas barrier [18].

In order to carry out the ambient exposure study, the perovskites were stored in dark-
ness and room temperature conditions.. Regarding to humidity, we monitored it and it has
maintained a value between 55% and 65% RH (Relative Humidity) throughout the study.
This value is higher than 30%, usually considered as dry conditions for perovskites. Thus,
the oxygen and moisture in the atmosphere should be the main degrading factors.

Since the PL emission of the hybrid organic-inorganic metal halide perovskites is sensible
to any mode of degradation, we monitor the PL spectrum of the different materials under
study to evaluate the effect of the exposure to the atmosphere in terms of:

1. Intensity: Rough estimation of thickness. It also gives the general performance level of
the perovskite and its weakening is an indication of degradation.

2. Peak position: there are more factors affecting the position of the PL peak. Slight varia-
tions in the range of a few nanometers can be due to: thickness3 or strain, for instance.
But usually, a shift towards shorter wavelengths can be a signal of degradation.

3. FWHM (Full Width at Half Maximum): As shown in Figure 11b, the materials present
a narrow linewidth. Therefore, a broadening of the PL spectrum or the appearance of
shoulders have been attributed to indications of degradation or surface defects.

In this experiment we tracked several perovskite samples, and measured their PL spectra
as they are exposed to the laboratory’s atmosphere during several weeks. To understand the
effect of the use of a hBN flake to encapsulate the perovskites, both flakes with and without
covering are studied. Regarding to sample preparation, hBN is commercially available as
powder crystals that we mechanically exfoliated with the blue tape to obtain thin4 layers.
These layers are transferred on top of the perovskite samples with the dry-viscoelastic stamp-
ing system described in the experimental chapter. We have used single-side encapsulating

3The relation between thickness and PL of (C4H9NH3)2PbBr4 has been reported by Letian Dou et al [19],
where a smaller thickness is related to a bigger band gap.

4Not monolayers, as their obtainment and detection with the used methods has not been possible.
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(i.e. Si/SiO2-perovskite-hBN stacks) where hBN is on top of the perovskite flake and com-
pletely surrounds it by being in contact with the SiO2/Si substrate all around 360 degrees of
the flake (see Fig. 14).

Figure 14: Encapsulation of a perovskite flake under an hBN flake. a) Scheme, b) optical
microscope photo.

To make accurate measurements, tracked samples have a main flat section, so that the
expected degradation happens uniformly and PL can be consistently collected using several
points for each sample. To faccilitate the data analysis, an average of 5 measures of PL are
taken (equidistant points on a straight line, for the sake of simplicity and reproducibility).
Each sample is studied every week for 1-2 months. A Python code is used to analyze all the
spectra. Each point gets parameterized by a Gaussian, which gives the following parameters:
height, peak position and linewidth. These parameters get averaged. The mean value x̂ and
mean square error ∆x of an N-long sample of data {xi}N are obtained via the next formulas:

x̂ =
1

N

∑
i

xi ; ∆x =
1

N(N − 1)

√∑
i

(xi − x̂)2 (3)

The results of these measurements after (at least) three weeks of data collection (de-
pending on the sample), are displayed in Figure 15. As can be seen, we have obtained
the degradation trend for the different samples. All the samples corresponding to the same
compound are grouped together in the graphs.

Evaluating the results obtained, we observe that:

1. The PL intensity decay of the perovskites occurs in two steps. First, there is a quick
decrease of the PL intensity in the first 1-2 weeks, that seems to affect the layers closest
to the surface. Then the decrease is slower. A possible explanation is the formation of a
passivation layer. The flake degrades from the surface to the substrate. Therefore, the
first superficial layers degrade leading to a degraded layer that protects the underneath
layersfrom moisture acting like a barrier. From the trend of the PL intensity curves
in the uncovered perovskite graphs, this passivation layer should be formed within the
first 1-2 weeks. Then the PL intensity stays almost constant. Depending on the flakes
thickness, the relative proportion of the passivation layer is different, explaining why
we still observe PL emission on the thicker samples vs. the thinnest ones.

20



3 RESULTS AND DISCUSSION L. Arriola Carril

(a) Structure: (PEA)PbBr n=1 (b) Structure: (PEA)PbBr n=1 w/ hBN

(c) Structure: (PEA)CsPbBr n=2 (d) Structure: (PEA)CsPbBr n=2 w/ hBN

(e) Structure: (PEA)CsPbBr n=4 (f) Structure: (PEA)CsPbBr n=4 w/ hBN

(g) Structure: (BA)PbBr n=1 (h) Structure: (BA)PbBr n=1 w/ hBN

Figure 15: Study of the atmosphere stability of different perovskites. Evolution of the PL
intensity of the studied samples, catalogued from a) to h) by composition.
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2. If we compare the effect of the organic cation: phenethylammonium (PEA) and butyl-
ammonium (BA) on the stability: First, we can clearly see that (BA) samples are much
more unstable and therefore the PL intensity decreases in the first days of exposure,
being more marked for thinner flakes (see Fig. 16). This highlights that the PEA cation
offers a better ambient stability.

Figure 16: Optical microscope image showing the strong degradation observed on a
(BA)PbBr n=1 sample after 15 days of atmosphere exposure.

3. Regarding to the dimensionality n, there are no big differences between the different
(PEA) compounds when comparing their stability. Therefore, the organic cation is
playing the main role in the stability, while the dimensionality is most important for
the modulation of the optical properties.

4. Lastly, we have the effect of hBN encapsulation. The degradation speed is slowed, and
the PL intensity drops ever so slightly over the weeks. The protection is not completely
perfect and the samples are degraded over time, maybe due to reported leaking moisture
and oxygen through hBN defects [18]. Nevertheless, after a month of exposure the sam-
ples retain ∼80% of their initial intensity, acting as efficient encapsulation. More over,
the samples of (BA) covered by hBN have an outstanding stability and show similar
decay rate of the (PEA) compounds, even though they are more unstable. Therefore,
we demonstrate that hBN protects independently of the perovskite composition.

As a conclusion, hBN single-side encapsulation succeeds in making a simple, efficient
solution to perovskite degradation, and keeps the PL intensity over 70-80% after 3 weeks for
all the samples, which was the target duration suited for research purposes in the laboratory.
It gives good protection to unstable varieties of perovskites, allowing the research of the
unstable (BA)PbBr, or even (PEA)PbI, outside of inert atmospheres such as argon or nitrogen
commonly used for keeping or characterizing devices at the lab-scale.
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3.2.2 Exposure to light

Not only to the atmosphere but metal-halide perovskites are sensible to other external stimuli
as light, which is the one primarily reported. Indeed, while conducting the moisture stability
study, some insight of the degradation of the perovskite samples to light was observed. We
noticed that room-light or optical microscope light enhances the degradation of perovskite
samples, mostly seen in the more sensitive (BA) samples. A good understanding on the
degradation with different external agents is of great value to fully understand how perovskites
behave.

Akihiro Kojima et al [20] studied the light-induced decomposition of 3D perovskites. They
show the difference between the use of iodine and bromide, as the latter is used specifically
for its longer stability. The decomposition of both varieties, MAPbI3 and MAPbBr3, was
studied and the degradation paths are detailed in (4) and (5).

MAPbI3(s)
hν←−→PbI2(s) + Pb0(s) + I2(g)

+ CH3NH2(g) + CH3I(g) +HI(g) +NH3(g) (4)

MAPbBr3(s)
hν←−→PbBr2(s) + CH3NH2(g) +HBr(g) (5)

They show that the creation of CH3NH2(g) +HX (where X is I or Br) is considered a
reversible degradation as they actually are the precursors for the synthesis of the perovskite.
These products can be lost, if the gases leak from the perovskite, thus making the reverse
reaction not possible. An encapsulation of the flakes for preventing the volatile precursors
leaving the surroundings of the generated PbBr2 may benefit a possible regeneration of the
perovskite structure.

Moreover, we can see the differences between the decomposition of iodine or bromide.
The former also generates products of thermodynamically less favourable reverse reactions.
Therefore, bromide perovskites offer clear and favourable regeneration, being a better choice.

To conduct this study, we used an analogous procedure as in the previous atmosphere
stability study. Again, we carried out PL measurements to monitor the samples before and
after the light exposure.

As for the samples, they are thin (< 500nm), to get the light absorbed through all the
depth of the flake, and flat, to be able to get a consistent measure of their PL emission.
Samples were also covered in hBN to discard additional effects of the atmosphere. Some
control samples without hBN coating act as control samples, to understand the effect of hBN
on the process. As for the light source, we used a white LED light, with a broad spectrum
displayed in Figure 17. To carry out the light exposure, we used a dark box with the light
placed on the top cover and a power density of 64.3mW/cm2 (during all the measures).

In a systematic way, we exposed the samples to the light source on timed, increasingly
longer periods and we measure their PL emission after each period. After this light expo-
sure period, the samples are left to recover and reach an equilibrium state, and further PL
measurements are carried out.
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Figure 17: Emission spectrum from the white light source used in the experiments of sec-
tion 3.2.2.

Effects of hBN encapsulation

We measured (PEA)CsPbBr n=4 samples, on several hBN-covered and uncovered flakes.
The samples are excited simultaneously on intervals which sum up to 1 hour. After that
more measurements have been taken after certain rest time, to see what the reached stable
state is. This experiment gives general understanding of the effects of the light exposure. We
also evaluate the effect of hBN coating and compare results with uncovered samples.

For the sake of a better visual understanding, representative example of those samples
are shown in Figures 18 and 19. The key points that can be extracted from the experiment
can be synthesized in the following points:

Figure 18: Results extracted from the photoluminescence of a representative uncovered n=4
sample, during the light exposure study. (Left) Value and error on the average intensity of
the PL. (Right) Idem for the peak position and FWHM.
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• Effect in uncovered flakes:

– The PL intensity decreases when increasing the exposure time, reaching the 40%
of their original value by 1h. The decrease is not constant, and most of the
damage/degradation happens in the first 15 min and an equilibrium is reached
afterwards.

– Changes to peak position or FWHM were not significant, although a systematic
blue-shift5 and broadening is observed confirming degradation pointed out by the
clear PL intensity decrease.

– After a day of rest, the peak position and the FWHM changed substantially. Those
changes were slow, as little change happened after 30 min, compared to a full day
of rest.

Figure 19: Results extracted from the photoluminescence of a representative hBN covered
n=4 sample, during the light exposure study. (Left) Value and error on the average intensity
of the PL. (Right) Idem for the peak position and FWHM.

• Effect in covered flakes:

– These samples were also damaged by the light exposure. They had a decrease of
the same order in their intensity. It shows that light goes through the hBN layer.
Those changes happen happen after the exposure time, similar to the uncovered
case.

– There have been more significant changes in peak position and FWHM during the
light exposure period.

To sum up, hBN does not reduce the light-induced degradation, as light goes through
it. Most important, the encapsulated samples showed more significant changes in the PL
spectrum (position and linewidth), which maybe indicate that degradation products formed
remain inside and continue to damage the flake.

5An enlargement of the bandgap is called blue-shift as the resulting PL of the material moves towards a
blue color.
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Effect of the dimensionality: n=1 & n=4

We also evaluated the light exposure on (PEA)PbBr n=1 perovskite and compared with
the n=4 results using hBN for encapsulation. The different absorbance spectrum of both
materials could play a role, since the overlap with the white LED spectrum is smaller in the
case of the (PEA)PbBr n=1. Nevertheless, this does not mean that the light cannot induce
any degradation on the material.

As the monitoring of the PL intensity shows, Figure 20, we observed a similar behaviour
than in the n=4 perovskite. The behaviour is reproducible in the 3 samples of (PEA)PbBr
n=1 studied.

Figure 20: Evolution of the phololuminescence intensity of representative (PEA)PbBr n=1
samples, covered by hBN, through exposure to a white light source. The PL intensities of the
3 samples are displayed in the top left graph. The corresponding peak position and FWHM
of each sample are shown in separate graphs.

As happened with the encapsulated (PEA)CsPbBr n=4, in the (PEA)PbBr n=1, results
pointed out that:

• The PL intensity exponentially decreases from the initial value to roughly 30%-40%.
The relative decreases from Fig. 20 and the already displayed Fig. 18 are similar in
trend and magnitude. The only variation of the total loss depends on the thickness
of the samples, as thin ones have shown more decrease, while thick ones have lost less
than 60% of their PL intensity.
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Lastly, it also is clear that no changes in intensity appear after the exposure time is
finished. With these results, we demonstrate that independently of the light absorbed
the light degradation occurs.

• Regarding to the FWHM, it always broadens. The increase is bigger in the first stages
of the exposure, where the PL intensity drops the most. It also broadens substantially
after the exposure period. Not only in the samples shown in Fig. 20 (in red) , but every
other sample has a consistent line width broadening.

The evolution of FWHM is similar between n=1 and n=4 samples, and the broadening
observed supports the degradation highlighted by the PL intensity decrease.

• Looking at the peak position of the three n=1 samples in Fig. 20 (in blue), the change
in position lies within the order 0.1nm, much smaller that the change reported on n=4
samples, which was of a few nanometers. Considering the experiments performed, we
have seen that uncovered-hBN perovskite samples have consistent small blue-shifts,
while covered flakes usually display none. When a hBN-covered sample has this blue-
shift, it is thicker. Therefore, the main factor that seems to be the thickness since only
the thinnest samples present the peak position blue-shift, indicative of degradation.

Therefore, we can conclude that white light exposure affects the two different perovskite
n=1 and n=4 in a similar way. Therefore, there are no big changes on their behaviour under
light exposure.

Effect of thickness

Additionally, we have studied the effect of thickness on the photodegradation. Making use of
the colour-scale obtained in section 3.1.2, we have reevaluated the analysed samples, as can
be seen in Figure 21.

Figure 21: Phololuminescence emission of uncovered (PEA)CsPbBr n=4 samples, under
exposure to a white light source. The intensity of the photoluminescence is displayed in the
left graph, while the peak positions are displayed together in the right graph.
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The drop of the PL intensity is proportional to the thickness of the sample: thin samples
lose a larger part of their PL intensity, while thicker need more time to show the degradation.

As for the FWHM, there is not a clear relation with the thickness but all the samples
get a wider spectra after the light exposure, independently of their thickness, indicating the
degradation. This broaden of the PL peak is also accompanied by a blue-shift of the peak
position, being larger for thinner samples. Therefore, corroborating the degradation with the
light exposure.
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3.3 Building heterostructures

The aim of this section is to modulate the resulting photoluminescence emission of the indi-
vidual flakes by creating heterostructures to enhance the efficiency of one compound or even
create a sum of colours. For this purpose, we made vertical stacks combining perovskites
with different dimensionality. Concretely, considering the previous experiments on PL cha-
racterization, exfoliation and stability, we selected (PEA)PbBr with n=1 (PL emission at
ca. 408 nm) and n=4 (PL emission at ca. 470 nm). When putting in direct contact the
flakes, their Van der Waals nature and band energy levels alignment allow the energy transfer
between them. The direction of the energy transfer goes from the larger bandgap (n=1) to
the shorter bandgap (n=4) material, as a type-I band alignment [21]. Some transfer examples
can be studied in Figure 22.

Figure 22: Expected transfers between different heterostructure combinations, all of type-
I band alignment. The two lines of every scheme indicate the conduction band (top) and
valence band (bottom) structure along the heterojunction.

Therefore, for the building of the heterostructures, we evaluated the following parameters:
(i) combination of the materials, (ii) the presence of an isolating and transparent material
(hBN) and (iii) the thickness variation of the flakes. For the experimental design, we assem-
bled all the heterostructures using the PDMS stamping technique leaving parts of the flakes
out of the structure and characterized them by micro-PL spectroscopy. We used the parts
of the flakes out of the structure as control to observe the PL emission of each material and
compare with the heterostructure.

3.3.1 Effect of the order of the stack

As commented, the first point to consider is the order of the materials in the vertical stack:
n1/n4 or n4/n1. Regarding to notation, the layers are named from bottom to top. For
instance, a n1/n4 heterostructure would be n4 flake on top of n1 flake.
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Order of the heterostructure: n1/n4

Figure 23: Top view of what the he-
terostructure organization should be.

We started with a n4 flake on top of a n1 one, us-
ing flakes thickness <200nm to allow the excitation to
arrive the bottom flake. This should give an enhanced
n4 emission, which we target. As commented all the
heterostructures on this section have been assembled
with the stamping system. It was important to stack
the flakes so that we leave parts of those flakes out of
the structure. Therefore, we can measure the signal
of the heterostructure and compare it to the original
signal of the flake (See graphic explanation in Fig. 23).

A representative sample, and its photolumines-
cence emission, is shown in Figure 24. We observe
that the PL intensity of the higher-n compound is
clearly enhanced, by the portion of lower-n PL emission that is transferred to it, in accor-
dance with results in literature done with other perovskites [21]. Concretely, the PL emission
intensity of n4 is enhanced by a factor of 2, while the n1 one is reduced to half of the initial
one. This behaviour is of high interest and worth to be studied.

Figure 24: Analysis of a representative n1/n4 flakes heterostructure. (a) Order of the het-
erostructure. (b) PL emission of the heterostructure, in green, as well as the original emissions
from n1 and n4. (c) Optical image, with the heterostructure in the highlighted area.

Order of the heterostructure: n4/n1 (n1 on top of n4)

Now we have inverted the order of the components. In principle, this should affect the
result. In this case, part the excitation light is already absorbed by n1, thus, the power
excitation reaching the n4 flake is lower than in the previous stack n1/n4. Moreover, n4 PL
emission can pass without being absorbed by n1 flake if one consider its absorbance spectrum.
Results in Figure 25 show a reduction of PL of both n1 and n4 parts, in comparison to their
single flake emission. The PL emission of n1 flake is partially absorbed by n4 flake, whose PL
intensity in the heterostructure is lower since the excitation power has been reduced by the
partial absorption in the top n1 flake. Therefore, the absorption of n1 flake of the excitation
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eliminates the gain in intensity of the n4 layer underneath. This experiment allowed us to
establish the stack order looking for improving the n4 PL emission efficiency.

Figure 25: Analysis of a representative n4/n1 flakes heterostructure. (a) Order of the het-
erostructure. (b) PL emission of the heterostructure and the individual flakes. (c) Optical
image.

3.3.2 Effect of an hBN barrier

Next, we repeated the same experiment for heterostructures n1/n4 flakes but including a hBN
flake between the n1 and n4 flakes. We have to consider the following possible mechanisms:

1. Charge transfer. Charge carriers flow from the n1 flake to the n4 flake due to the band
alignment.

2. Energy transfer. The n4 flake can be excited by the PL emission of the n1 flake, but this
process cannot happen the other way round according to the band energy alignment.
In practice, the n4 flake gets excited by a ’second light source’, while n1 PL emission
gets absorbed by n4 flake.

Figure 26: Charge transfer blocked by the hBN
layer between the perovskite flakes.

With an hBN barrier between the two
compounds, we should block the possible
charge transfer processes since hBN is an
insulating material with large bandgap (see
Fig. 26). Comparing the results of this type
of heterostructures with the previous ones,
we can calculate which mechanism is pre-
dominant.

From the results shown in Figure 27, we observe a similar behaviour than in the n1/n4
case. The PL emission intensity of n4 flake is enhanced and the one of n1 flake reduced
and the enhancement achieved in this case is in the same order of magnitude. One should
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Figure 27: Analysis of a representative n1/hBN/n4 heterostructure. (a) Order of the het-
erostructure. (b) PL emission of the heterostructure and individual n1 and n4 flakes. (c)
Optical image with highlighted limits of every component.

consider than in this case the PL intensity of the n1 flake used is higher. Therefore, an energy
transfer between the flakes occurs.

Therefore, we can conclude that the use of hBN does not produce any change in the PL
emission, nor in the n4 enhancement.

3.3.3 Effect of flake thickness

Lastly, we analysed the effect of the thickness of the perovskite flakes, regarding to the
resulting photoluminescence emission.

Order of the heterostructure: n4/n1

To set up the experiment, we have made several heterostructures increasing the thickness
of the n1 flake (which is on top) and keeping the same thickness for the n4 flake. We carried
out the same PL measurements as before, and we observed that the thicker the n1 top flake
is, the less n4 PL emission is obtained, see Table 3.

Table 3: Thickness of the n1 and n4 flakes forming the heterostructure and PL results in
terms of the percentage difference compared to the PL emission of the uncovered part of the
flake.

Thickness (nm) PL change

n4 n1 ratio n4 n1

40 50 1-1.2 -64% -31%
40 70 1-1.75 -80% -25%
45 90 1-2 -86% -27%

Therefore, we can argue that the thicker the top n1 flake is the more light it absorbs, and
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the the more the intensity of the n4 flake emission decreases, although it is able to absorb
part of the n1 flake PL emission.

Order of the heterostructure: n1/n4

We look for the relation between the thickness proportions and the PL intensity enhance-
ment achieved in n4 flake at the heterostructure.

For this experiment we have prepared an heterostructure using two flakes with regions
with different thickness forming terraces, see Image 28. With this sample, we can measure
the change on PL emisision through the steps of any of the flakes (effectively varying its total
thickness).

A C

B

Figure 28: The n1/n4 heterostructure and the two flakes it is built of, (a) n4 layer (b) n1
layer, and (c) the resulting n1/n4 heterostructure.

First, we measured the PL emission through a direction where n4 flake stayed constant
in thickness, while the thickness of n1 changes. We collected more than one set of data, and
they are displayed on Figure 29 a-b. With this test, we can evaluate the behaviour of the n4
PL emission, as the thickness of that flake is constant. Results show that n4 PL intensity
systematically increases as the n1 layer underneath is thicker.

Next, we measured the PL emission through other direction, that is, where n1 flake
thickness remains constant and n4 flake thickness varies. Our sets of data are displayed on
Figure 29 c-d. Results show that n1 flake PL intensity drops as the n4 layer on top thickens.
This can happen due to the combination two factors: i) The thicker the n4 layer is the more
light it blocks, both inwards and outwards, and also ii) a thicker n4 layer generates a larger
energy transfer.
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Figure 29: Photoluminescence intensity evaluation of the n1/n4 heterostructure. (a) n4 flake
with constant thickness of 30nm and (b) n4 flake with constant thickness of 20nm. (c) n1
flake with constant thickness of 100nm and (d) n1 flake with constant thickness of 80nm.
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4 Conclusions

Throughout this work, we have studied the optical properties of the layered metal-halide
perovskite structures, concretely the photoluminescence emission.

First, we characterized the photoluminescence emission of the starting materials as bulk
crystals and mechanically exfoliated flakes. From the experimental results obtained, we have
demonstrated the tuning of the photoluminescence emission of 2D metal halide perovskites
by changing the dimensionality, while there is no significant variation with the organic cation,
(BA) and (PEA), or the thickness.

Next, we carried out a deep analysis on the ambient and light stability of perovskite flakes.
Regarding to their atmosphere protection, we showed that the hBN encapsulation is a simple
and effective method to achieve long-term stability, independently of the composition of the
perovskites, and also well suited to device fabrication. However, this strategy is not valid for
light protection.

Finally, with the fabrication of vertical heterostructures using as building blocks perov-
skite flakes with different dimensionality, we were able to further modulate the photolumines-
cence emission color and most important enhance the PL emission of one of the components.
Moreover, placing a hBN flake between the perovskite flakes, we confirm that the mechanism
occurring is an energy transfer from the perovskite with larger bandgap to the one with
shorter bandgap. We also showed the effect of the thickness of the stacked flakes, and esta-
blished the proper layer ordering to enhance the PL emission of the perovskite with shorter
bandgap.
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