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Abstract

Perovskite solar cells are widely considered as a promising alternative for the next gen-
eration of photovoltaic devices. In recent years, they have attracted great interest from
research due to an exceptional increase in efficiency, from 3.9% to 23.7%, in less than ten
years. However, perovskites suffer from instability issues that severely hinder their life-
time and, as a result, several approaches have been proposed to overcome this limitation.
2D perovskites are currently being investigated as a possibility to increase stability and
preserve high efficiency. Their structure consists of inorganic sheets of lead iodide sand-
wiched between bulky organic spacers, such as phenethylammonium or butylammonium
iodide.

In Chapter 2, 2D perovskites are introduced in perovskite solar cells as an interlayer,
protecting a 3D perovskite body and improving the environmental stability of the device.
First, the formation of 2D perovskites as capping layer was investigated by developing
a thermal annealing procedure for two-step deposited 3D perovskites, which produces
excess PbI2 on the surface of the perovskite and makes the formation of 2D structures
possible. After that, solar cells were fabricated and characterized, to study the effect of
the interlayer on the photovoltaic parameters. A similar study was also performed on one-
step deposited perovskites. In conclusion, 2D/3D perovskites with a power conversion
efficiency of around 17% were produced, with only slight losses in short-circuit current.
In a preliminary study investigating the effect of 2D/3D perovskites on stability, it was
possible to link the presence of the interlayer with enhanced stability towards moisture.

To better understand how to optimize this system, it is necessary to investigate the use
of 2D perovskites as the only photo-absorber in the solar cell. In Chapter 3, the formation
of Ruddlesden-Popper perovskites is described, with emphasis on the effect of morphology
and crystal structure on photovoltaic performances. In this family of perovskites, it is
crucial to control the vertical orientation of the crystals, so that the charge transport is not
inhibited by the organic spacers. Several experimental conditions have been tried, such as
slow drying of the film or the hot-casting technique, and devices with a record efficiency
of 9% were produced after careful optimization.
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1
Introduction

Renewable energy is the centre of the transition to a more sustainable and less carbon-
intensive energy system, which has become necessary because of the negative environ-
mental effects (e.g. climate change) of the use of fossil fuels as the energy source. The
share of renewables is expected to reach 12.4% of the global energy demand by 2023. In
particular, the electricity sector is the most affected by renewable sources, which are ex-
pected to provide 30% of the global electricity demand by the same year [1]. Solar energy
is leading the growth of renewable energy, followed by wind, hydroelectric, and bioenergy.
In 2017, for instance, there has been the largest increase of renewable power generating
capacity ever recorded (+178 GW, worldwide) and more than half of this increase was
accounted by solar energy, as shown in Figure 1.1 [2].

Figure 1.1: Global renewable power capacity from 2007 to 2017 [2].

The direct conversion of solar energy into electricity is called photovoltaic (PV) effect,
discovered by Bequerel in 1839 [3], and it is achieved with solar cells. The first modern
silicon solar cell was made in 1954 and achieved a 6% efficiency; nowadays, an efficiency
of around 25% can be obtained with such devices [4]. Silicon solar cells represent the

1



2 CHAPTER 1. INTRODUCTION

first generation of the PV technology, with relatively high efficiencies and high production
costs, lowered only by mass-scale production. Thin film PV technology, instead, repre-
sents the second generation of solar cells: examples are amorphous Si, cadmium telluride
(CdTe), cadmium indium gallium selenide (CIGS), or gallium arsenide (GaAs). As the
name says, this technology is based on films with thickness of a few micrometers, whereas
silicon solar cells need to be thicker (200-500 µm) because of the indirect bandgap of the
semiconductor. High-efficiency devices of this generation, however, require toxic materi-
als and high production costs; hence, this family of solar cells is less developed than the
first generation. Finally, the third generation of solar cells is trying to combine both high
efficiency and low costs. In the last few years, perovskite solar cells (PSCs) have attracted
great attention from research and are promising candidates for a cheap and highly effi-
cient generation of PV devices. Before introducing perovskite solar cells, however, a brief
description of the operation and characterization of solar cells is needed.

1.1 Operation and characterization of solar cells

The photo-active layer of solar cells is made of a semiconductor material. Semiconduc-
tors possess a bandgap energy, which is the energy difference between the valence band
(VB) and the conduction band (CB). Upon absorption of photons with energy higher than
the bandgap, the electrons (e−) of the semiconductor are excited from the VB to the CB,
leaving a positive hole (h+) in the VB. This electron-hole pair is usually referred to as a
quasi-particle named exciton. In order to create power, the electrons need to be separated
and collected by an electrode into an external circuit. In this, the electrons will dissipate
their energy and then return to the solar cell, where they will recombine with the holes.

The characterization of the solar cell consists in measuring the current density-voltage
curve (J-V), which is obtained by measuring the current through the cell at a varied bias
voltage. In the dark, the solar cell acts as a diode, meaning that current passes through
the cell only in forward bias (V>Vbias), while it is not conducted in reverse bias (V<0).
Under illumination, instead, the solar cells produce a current flow; hence, the J-V curve is
shifted down the y-axis (Figure 1.2).

From the J-V curve, some important photovoltaic parameters of the cell are obtained.
The short-circuit current density (JSC) and open-circuit voltage (VOC) are the maximum
current density and voltage obtainable from the solar cell and are found at zero bias
voltage and zero current density, respectively. The product of current density and voltage
gives the power output of the device; the maximum power point (MPP) is the maximum
power output of the cell, and it is associated to a specific value of current density (JMPP)
and voltage (VMPP). From these parameters, the fill factor (FF) is defined as:

FF =
JMPP · VMPP

JSC · VOC
(1.1)

As depicted in Figure 1.2, the fill factor corresponds to the light-grey area, which is the
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Figure 1.2: Typical J-V curve in the dark and under illumination.

biggest rectangle that fits under the J-V curve. Finally, based on Equation 1.1, the power
conversion efficiency (PCE) can be calculated as:

PCE(%) =
PMPP

Pin
=
JSC · VOC · FF

Pin
(1.2)

where Pin is usually 100 mW cm−2.

The characterization of solar cells should be performed by simulating the AM1.5G solar
spectrum with an intensity of 100 mW cm−2, according to standardized tests. However,
the light spectrum of the JV set-up might differ from AM1.5G and, as a result, a spec-
trally resolved external quantum efficiency (EQE) measurement is commonly performed
to obtain a more accurate value of JSC and PCE. The EQE is defined as the ratio between
carriers collected in the external circuit and the incident photons (Equation 1.3):

EQE(λ) =
Iph(λ)

qψph,λ
(1.3)

where Iph is the measured photocurrent at wavelength λ, q is the elementary charge, and
ψph,λ is the spectral photon flow, which is calculated by measuring the spectral response
of a calibrated photodiode, for which the EQE is known. Performing such measurement at
zero voltage bias allows to calculate the short-circuit current (via Equation 1.4).
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JSC = −q
∫ λ2

λ1

EQE(λ)ψph,λdλ (1.4)

The spectrally resolved JSC is more accurate than the one measured with JV set-up,
since the EQE does not depend on the spectral shape of the light source.

1.2 Perovskite solar cells

Perovskite solar cells have attracted great interest from research community because
of an exceptionally rapid evolution in efficiency: from 3.9% in 2009 to 23.7% in 2018 [5].
As a result, they seem to be a promising candidate for the next generation of photovoltaic
devices. Perovskites are ABX3 structures, where A is a cation such as methylammonium
(MA+), or formamidinium (FA+), B is lead (Pb2+) or tin (Sn2+), and X is a halide anion,
such as chloride (Cl– ), bromide (Br– ), or iodide (I– ). An example of a MABX3 perovskite
structure is shown in Figure 1.3.

Figure 1.3: MABX3 perovskite structure

The formability of perovskite structures is predicted via a geometric tolerance factor
(Equation 1.5):

t =
rA + rX√
2(rB + rX)

(1.5)

where r are the ionic radii of A, B, and X. Empirically it has been found that perovskite
structures with 0.8 < t < 1 can maintain a photoactive phase; hence, the choice of cations
in perovskites for photovoltaic applications is restricted by the fact that most cations and
anions are too small, or too big, to fulfill this requirement [6].

An ideal, cubic structure is predicted for t=1 [7]; this consists of a 3D network of BX6

octahedra, with A+ cations to fill the cuboctahedral voids between them and to balance
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the charges [8]. With t<1, decreased symmetry and octahedral distortions are expected;
for instance, the tolerance factor for MAPbI3 is calculated as 0.83 and the crystal structure
has in fact a tetragonal symmetry. By changing the size of the ions, different structures are
obtained and optoelectronic properties can be tuned: in this work, the focus is on layered
2D structures that are obtained with large A cations, such as phenethylammonium (PEA+)
or butylammonium (BA+) [8].

The behaviour of the ions in the crystal structure is of great importance to under-
stand the excellent photovoltaic performances of perovskites. For example, the rotation
of asymmetrical A+ cations, such as MA+, results in rotating dipoles within the BX– lat-
tice; their dynamics has been described as a liquid-like molecular reorientation that can
effectively screen the Coulomb potential of the charge carriers and slow down the recom-
bination [6]. This results in extremely low charge carrier recombination, hence optimal
photovoltaic performances. The ion dynamics affects the PSCs performances also nega-
tively. For instance, ions can migrate through defects within the lattice, under the effect of
electric fields, and accumulate at the interface of the charge selective contacts [6]. Such
accumulation can screen the built-in electric field, limiting charge extraction efficiency
and, as a result, the device performance. Apart from the performances, this phenomenon
influences also the way a device should be characterized: for instance, ion migration is
linked to the hysteresis behaviour in JV measurements, meaning that the J-V curves are
different if measured from the negative voltage to positive (up) or vice-versa (down). In
addition, due to the mobile ions, the measured J-V curves can change with illumination
time, a phenomenon known as light soaking. As a result, a more correct characterization
of perovskite solar cells consists in a JV measurement at slow scan rates (<10 mV s−1),
in order to characterize the cell in a quasi-stationary state, together with a tracking of the
VOC and the maximum power point of the device (MPPT) for some minutes [6, 9].

One of the great advantages of perovskites is the low-temperature processability from
solution. Generally, thin perovskite films are fabricated via wet chemical depositions,
which can be divided into one-step and two-step protocols. In the one-step protocol, the
precursor salts are dissolved in a polar solvent (usually a mixture of DMF and DMSO) and
then spin coated. The crystallization of the film is induced by pouring an antisolvent (e.g.
toluene or chlorobenzene) on the spinning substrate, which does not dissolve the per-
ovskite, but is miscible with the solvents used in the precursor solution [10]. In this way,
an oversaturated perovskite wet film is formed during spin coating and the crystallization
is facilitated [8]. Film deposition with a two-step protocol, instead, consists in depositing
an inorganic layer of PbI2 and exposing it to organic ions, either in the solution or in the
vapour phase. The organic ions intercalate in the edge-sharing PbI6 octahedra and form
the perovskite structure. In both protocols, a thermal annealing process is required to
promote the crystallization of the perovskite phase. Figure 1.4 displays the experimental
procedure for both methods.

The composition of perovskites in operating devices usually consists of a mixture of
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Figure 1.4: Perovskite film deposition: (a) One-step protocol (b) Two-step protocol (se-
quential deposition)

ions. For example, FA is thermally more stable than MA, and it is usually used as the
majority cation in high-performance devices [6]. As halide anions, a mixture of Br and I
is commonly used. The addition of too much Br (around 50%), however, induces phase
segregation, and it is detrimental to the devices performances because the iodine-rich
phases can act as recombination centres [8]. Even if a simpler composition would be
preferred for simplicity, this is not easy to achieve because of an intrinsic instability of
single-cation perovskites towards temperature, humidity, and phase separation. FAPbI3,
for example, shows a photoactive black phase only at high temperatures; however, the
addition of MA cations induces the crystallization towards the black phase even at room
temperature [11]. By adding Cs to FA, the halide phase segregation can be suppressed,
whereas detrimental yellow phase impurities can be removed by adding Cs to FAMA mix-
tures (triple-cation perovskites)[12]. Finally, the replacement of toxic Pb with Sn is also
under investigation, although the chemical instability of tin towards oxidation makes the
task more complicated.

Despite the complexity of perovskite films fabrication, these films represent only the
active layer of the solar cell, which is an even more complex device consisting of several
layers, each with a different function. A typical device is made of a transparent oxide
(FTO or ITO) coated on glass, an n-type semiconductor acting as electron transport layer
(ETL), a perovskite absorber, a p-type semiconductor acting as hole transport layer (HTL),
and finally a back-contact (usually a metal, such as gold, silver or aluminium) [13]. A
configuration where the ETL is deposited on top of the ITO-coated glass, while the HTL
is on top of the perovskite absorber, is defined as n-i-p, whereas the inverted one is called
p-i-n (Figure 1.5). Typical ETLs are mesoporous-TiO2, SnO2 or PCBM, while typical HTLs
are Spiro-OMeTAD (in n-i-p devices), PTAA, NiOx or PEDOT-PSS. A great deal of research
focuses on the choice of ETL and HTL materials, or on the interface between each layer
of the device, although a detailed discussion of such topics goes beyond the scope of this
work.
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Figure 1.5: n-i-p or p-i-n configuration in perovskite solar cells. From ref. [13].

1.3 Stability of perovskite solar cells

Stability is one of the major issues regarding the commercialization of perovskite solar
cells. Manufacturers must be able to provide guarantees regarding the long-term stability
of perovskites, which should retain at least 80% of their efficiency after a lifetime of 20-
25 years [14]. As a result, it is crucial to control the interplay between high efficiency,
long-term stability, and low costs.

Firstly, perovskites are highly sensitive to moisture and oxygen, so that the film deposi-
tion is normally performed in gloveboxes filled with inert gas. MAPbI3 is susceptible to the
presence of water and tends to hydrolyze and form methylammonium iodide (CH3NH3I)
and lead iodide (PbI2), following the reaction:

CH3NH3PbI3(s)
H2O←−−→ PbI2(s) + CH3NH3I(aq) (1.6)

after which CH3NH3I can decompose into methylamine (CH3NH2) and hydrogen iodide
(HI), the latter following two possible routes in the degradation process: it can undergo
both a redox reaction with oxygen, giving I2 and H2O, or a photochemical reaction that
produces I2 and H2. The chemical reactions are described in Equation 1.7 to 1.9 [15].

CH3NH3I(aq)←−→ CH3NH2(aq) + HI(aq) (1.7)

4 HI(aq) + O2(g)←−→ I2(s) + 2 H2O(l) (1.8)

2 HI(aq)
hv←−→ H2(g) + I2(s) (1.9)

Apart from moisture, temperature might also be influential in the structural stability
of PSCs: with increasing temperature, in fact, the symmetry of crystal structure increases,
and so does the tolerance factor [15]. As a result, perovskites might undergo phase tran-
sitions that compromise the photovoltaic performances. For instance, MAPbI3 forms a
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tetragonal structure at room temperature (as expected by the tolerance factor equal to
0.83), but undergoes a transition to orthorhombic at -113◦C and to cubic at 54◦C. The lat-
ter temperature is within the operational window of solar cells and might be detrimental
for the photovoltaic performances; however, the phase transition is reported to be slow
and reversible [8].

Stability issues are also encountered at the device level, where both the electrodes
and transport materials might undergo degradation due to moisture, temperature, UV
light, etc. It is commonly reported that TiO2 used as the ETL can cause photocatalytic
degradation under UV illumination, whereas HTL such as Spiro-OMeTAD, PTAA, or P3HT
in their doped forms are not stable towards moisture or high temperatures [13]. Finally,
electrodes, such as Al, Ag, or Au, suffer from instability as well, especially from the ion mi-
gration from the perovskite layers, which can be responsible for the loss in performances.
Figure 1.6 provides a summary of the intrinsic and extrinsic degradation mechanisms that
lead to device failure at different timescales.

Figure 1.6: Summary of intrinsic and extrinsic degradation mechanisms affecting per-
ovskite solar cells. From ref. [16].

Having considered the abovementioned issues, research has been focusing on improv-
ing the efficiency and stability of perovskite solar cells with numerous approaches. As
a starting point, perovskite films might be protected by proper encapsulation, by using
interfacial resistant materials, or by switching to moisture-resistant charge transport ma-
terials. However, it is certainly important to also enhance the intrinsic stability of the
perovskite material itself. First of all, as already explained before, tuning the composition
of perovskites can lead to improved efficiency and stability. For example, with a mixed
cation engineering approach it is possible to introduce small cations, such as Cs or Rb, in
the perovskite structure, achieving high efficiency and high stability [17, 12]. Secondly,
stability has been widely reported to benefit from the use of low-dimensional perovskites,
which can be used both as the protective layer for a traditional 3D perovskite and the
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photoabsorber layer in devices [16]. The latter approach consists in the formation of
multidimensional perovskites (MDPs), which represents the main focus of this work.

1.4 2D Perovskites

Lower dimensional perovskites can be formed by introducing a large A+ cation that
does not fit into the voids between BX6 octahedra, thus breaking the 3D lattice into sheets
(2D), wires (1D), or dots (0D) [18]. Among these, 2D perovskites have attracted great in-
terest because of their high environmental stability and tunable optoelectronic properties
[19]. Ruddlesden-Popper (RP) perovskites are the most popular 2D structures and have
chemical formula (RNH3)2An – 1BnX3n+1 (n=1,2,3,4...), where the added component, com-
pared to a 3D perovskite, is RNH3, which is a large aliphatic or aromatic alkylammonium
spacer cation, such as phenethylammonium (PEA+) or butylammonium (BA+). The crys-
tal structure consists in n layers of inorganic octahedral sheets (BX6) sandwiched between
the organic spacers, as shown in Figure 1.7. According to the value of n, perovskites can
be classified as 2D (n=1), quasi-2D (n=2-5), quasi-3D (n=20,40,60...), and 3D (n=∞).

n=1 n=2 n=3 n=∞ (3D)

Figure 1.7: Evolution of the perovskite dimensionality: 2D (n=1), quasi-2D (n>1), 3D
(n=∞). The large cation is phenethylammonium (PEA+).

Because of the large difference in dielectric constant between the organic spacer and
the inorganic sheets, 2D perovskites are regarded as quantum well structures, where the
inorganic slabs act as wells, and the organic spacers as barriers [16, 19, 20]. The main
consequence of such structure is that excitons are confined in the inorganic sheets, leading
to an increase of Coulomb interactions between electrons and holes and, therefore, to very
large exciton binding energies (in the order of hundreds of meV). This is one of the main
reasons why 2D perovskites perform worse in PV devices compared to the 3D counterpart,
together with the fact that the insulating organic spacers inhibit charge transport and
cause high charge recombination losses. Quantum confinement is also responsible for
the increase in bandgap energy when reducing the dimensionality of the perovskite: for
example, 2D perovskites with PEA+ cation and n=1 and 2 give rise to large Egs of 2.57
and 2.32 eV, respectively, compared to 1.54 eV for MAPbI3 [21]. Generally, quantum
confinement (and hence, Eg) is a function of the well thickness, which corresponds to
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the value of n, and it is tunable by careful control of the precursors stoichiometry. By
increasing the n value, for instance, lower exciton binding energies and better performing
devices are achieved, although the benefits in terms of stability are lost.

Given the peculiar electronic structure of 2D perovskites, research has recently been
focused on understanding what the underlying mechanism of exciton dissociation is and
how this family of perovskites can be used to make efficient photovoltaic devices. Blan-
con et al. investigated the optoelectronic properties of n>2 perovskites and described
an intrinsic mechanism for the dissociation of the strongly bound excitons provided by
lower-energy states at the edges of 2D phases [22]. These edge states are filled via energy
transfer from the high-energy excitons and are able to dissociate them into free carriers
with lower energy and longer lifetimes. Such mechanism, which was not found for n=1,2
perovskites [23], explains how the exciton dissociation and charge collection is achieved
in (quasi-)2D perovskites, despite the large exciton binding energy. It is worth mentioning
here that the analysis of edge states mostly derives from the study of exfoliated crystals,
which consist of a phase pure 2D perovskite with a specific n value. However, it has been
widely reported in the literature that 2D perovskite thin films are composed of multiple
2D phases, with different n values, that are naturally aligned in order of n along the di-
rection perpendicular to the substrate [24, 25]. Liu et al. found that a more complicated
charge carrier transportation occurs in 2D films, compared to the 3D counterpart, with
an ultrafast (∼hundreds of picoseconds) electron transfer from small-n to large-n phases
(or viceversa for holes), driven by the built-in band alignment between the different per-
ovskite phases (Figure 1.8) [24]. Again, this p-n junction-like property of 2D perovskite
films makes them suitable for photovoltaic devices.

Energy n=2 n=3 n=4 n=∞

CB

VB

e

h

Su
bs
tr
at
e

Figure 1.8: Schematic bandgap energy alignment in a 2D perovskite film and carriers
transfer mechanism. Reproduced from ref. [24].
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Apart from their interesting optoelectronic properties, 2D perovskites are promising
candidates to enhance the stability of PSCs, although their performances still lag behind
their 3D counterpart. First of all, 2D or quasi-2D perovskites possess increased resistivity to
humidity, probably due to the hydrophobicity of the organic spacers, with small-n phases
showing higher stability compared to the large-n phases. Secondly, the low volatility of
the spacers leads also to higher thermal stability. Quan et al. performed DFT simulations
and calculated that the energy to remove PEA+ cations from the surface is 0.36 eV higher
compared to MA+; as a result, the desorption rate is reduced by six orders of magnitude,
while the decomposition is slowed down by a factor of one thousand [26]. Finally, it has
been reported that vacancy defects are more difficult to form in 2D perovskites; thus ion
migration is suppressed and device performances are supposedly more stable [27, 28].

1.5 Multidimensional perovskites

The introduction of 2D perovskites in solar cells is also referred as MDP approach,
where MDP stands for multidimensional perovskites. As it was described before, the for-
mation of Ruddlesden-Popper perovskites with n=2-5 results in multiple phases having
from small-n to n ≈ ∞, thus it can be regarded as a hybrid perovskite with 2D/3D
mixtures. Similarly, 2D perovskites are also commonly used in combination with a 3D
perovskite, for example as a protective layer. The latter approach seems to be incredibly
promising, because it maintains the high efficiency of 3D perovskites, while enhancing
their stability. Gao et al. recently reviewed the MDP approach and divided the most com-
mon strategies to use lower-dimensional perovskites in two classes: Class I consists in the
formation of RP perovskites with stoichiometrically fixed n value, while Class II includes
3D/2D heterostructures where the 2D part is used as capping layer or does not have a
well-defined n value [16]. In the next sections, these two strategies will be discussed in
more detail to unveil the key challenges that still need to be tackled.

1.5.1 Class I MDPs: Ruddlesden-Popper perovskites

Smith et al. were the first to report the use of a quasi-2D perovskite in a solar cell in
2014 [29]. They deposited (PEA)2MA2Pb3I10 through a one-step procedure and fabricated
an n-i-p device with PCE equal to 4.73%, which is stable towards 52% relative humidity
(RH) for at least 40 days. In comparison, the traditional MAPbI3 perovskite completely
degraded in the same conditions. A few years later, Quan et al. investigated the efficiency
and stability of (PEA)2MAn – 1PbnI3n+1 with n value going from 6 to 60 [26]. They reported
an hysteresis-free PCE of 15.3% for the quasi-3D perovskite with n=60, compared to just
8% for n=6. However, stability tests indicated that such a large n value does not provide
extra stability, with the PCE dropped to 11% after 60 days in a low humidity environment.

The limiting factor of these devices is indeed the low short-circuit current density,
which highlights the hampered charge extraction in quasi-2D perovskites due to the pres-
ence of insulating organic spacers. More specifically, the (00l) and (0k0) planes of (quasi-
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)2D perovskites tend to grow parallel to the substrate, meaning that the charge transport
in the out-of-plane direction is inhibited by the presence of the spacers [16]. A schematic
representation of the parallel alignment of an n=5 quasi-2D perovskite is displayed in
Figure 1.9. Therefore, tuning the vertical orientation of perovskite crystals is of crucial
importance to enhance the device performances.

Parallel alignment
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Figure 1.9: Schematic representation of parallel alignment of quasi-2D perovskite crystals
(n=5).

Tsai et al. were the first to possibly find a solution for such issue, proposing a hot-
casting method that consists of spin coating the perovskite solution on a hot substrate
[30]. This method was proved to be effective in inducing vertical orientation of the per-
ovskite crystals, with inorganic sheets perpendicular to the substrate that lead to optimal
charge transport. The authors fabricated a p-i-n device using (BA)2MA3Pb4I13 and ob-
tained a PCE of 12.7%, with a current exceeding 16 mA cm−2, which is also more stable
to humidity compared to the 3D counterpart. Interestingly, the precursor solution used
for spin coating was not made by simply mixing the precursor in the proper stoichiomet-
ric ratio, but instead was obtained by dissolving a previously synthesized single crystal
in N,N-dimethylformamide (DMF). Currently, many research groups use this technique to
produce high-quality, uniform, and crystalline 2D perovskite films, although it requires
some expertise from an experimental point of view to make it reproducible.

Figure 1.10: Schematic illustration of a perfectly oriented quasi-2D perovskite film struc-
ture. From ref. [31].

Using hot-casting, Yang et al. fabricated p-i-n devices with a quasi-2D perovskite film
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including 3-bromobenzylammonium as bulky cation [31]. A record efficiency of 18.2%
was achieved by carefully tuning the stoichiometry of the films so that the n value was
between 3 and 4. The authors investigated the crystal structure of the perovskite, finding
n=2 phases on the bottom and large-n phases on the top, as already reported in the liter-
ature. Moreover, grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements
showed that even the small-n phase on the bottom was vertically oriented, so that charge
transport was perfectly tuned (Figure 1.10) to obtain a high performing device. A remark-
able property of this device is the resistivity to water soaking tests, after which the solar
cells retained 100% of the initial efficiency.

Much effort is also being done to understand how vertically oriented perovskites can
form from solution through a spin-coating-annealing process. Very recently, Chen et al.
showed that nucleation starts at the liquid-air interface and forms a top-crust with ver-
tically oriented crystals, which acts as a template for further crystal growth [32]. In a
successive paper, the same authors claimed that the key to achieving high degree of ver-
tical orientation is to suppress additional nucleation after the formation of the top-crust
[33]. This condition was obtained with a slow solvent removal rate, which induces a low
supersaturation environment and promotes crystal growth without additional nucleation
(Figure 1.11). With this method, the authors fabricated n-i-p devices with PCE 11% using
(iso – BA)2MA3Pb4I13.

Figure 1.11: Slow solvent removal promotes crystal growth from the vertically oriented
top-crust, suppressing additional nucleation. From ref. [33].

The choice of solvent is also relevant for crystal orientation and film morphology. In a
study investigating the effect of DMSO used as co-solvent with DMF, Soe et al. reported
a better crystallinity and higher degree of preferential orientation for n=5 quasi-2D per-
ovskites when the solvent composition was DMF/DMSO 3:1 [34]. DMSO forms a Lewis
acid-base adduct with Pb2

+ ions [35], thus small amounts are beneficial in tuning the
proper crystallization rate. Nonetheless, it seems that for different n values (n<5) the
addition of DMSO deteriorates the crystallinity of the quasi-2D perovskite, indicating that
the exact role of this co-solvent is still unknown and needs to be investigated. Apart from
solvent engineering, the use of additives was also proved to be effective in improving
the crystallinity and orientation of quasi-2D perovskites. Fu et al. fabricated a 14% p-i-n
device, using (PEA)2MA4Pb5I16 as the light-absorber with the addition of NH4SCN and
NH4Cl [36]. Once more, better crystallinity and orientation were recognized as the cru-



14 CHAPTER 1. INTRODUCTION

cial points to better device performances, and the use of such additives was indicated to
be valuable to improve these aspects [36, 37].

1.5.2 Class II MDPs: low-dimensional perovskites as protective layer

According to the classification from Gao et al., Class II MDPs have an ambiguous solid
structure without a defined n value, which usually consists of perovskites where the mi-
nority bulky cations are expelled to grain boundaries or to the surface of the crystals [16].
A common strategy to introduce Class II MDPs is to fabricate 2D/3D heterostructures with
2D perovskites to cover the 3D counterpart. In a study published in 2016, Hu et al. inves-
tigated the formation of a 2D/3D heterojunction by spin coating a solution of PEAI/MAI
on top of a MAPbI3 3D-perovskite body [38]. Their work represents one of the few exam-
ples in which a thorough characterization via GIWAXS measurements let them estimate
a low-dimensional perovskite layer thickness of around 20 nm. Even though only about
7% of the 3D body was converted to the 2D perovskite, a decrease in JSC was observed,
which can be attributed (again) to the inhibited charge transport caused by the organic
spacers. Despite this, the VOC was improved, possibly because of the suppressed charge
recombination at the interface with the HTL. As shown in Figure 1.12, the XPS analysis
demonstrated a better energy alignment, which contributes to the increased open-circuit
voltage.

Figure 1.12: Schematic energy level diagram of the MAPbI3/PEAMAPI heterojunction
solar cell. From ref. [38].

Introducing a 2D perovskite as the capping layer is a promising way to overcome the
low efficiencies reported for Ruddlesden-Popper perovskites and to enhance the intrinsic
stability of the perovskite films. Bai et al. fabricated a p-i-n device with a PCE of 19.89% by
creating a graded 3D-2D structure near the ETL interface [39]. Experimentally, they used
a simple and efficient one-step protocol, where the antisolvent consisted of a solution of
PEAI in toluene. In a recent work, Cho et al. achieved a PCE of 20.7%, where (PEA)2PbI4

was used as the capping layer [40]. Remarkably, 90% of the efficiency was retained after
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900 hours of MPPT at 50◦C and under illumination (in an argon atmosphere).

Perhaps one of the most impressive works regarding the enhanced stability of per-
ovskite solar cells was published by Grancini et al. [41]. The authors produced a 2D/3D
perovskite film by adding 5-aminovaleric acid iodide (5-AVAI) in a non-stoichiometrical
ratio to MAI and PbI2; as a result, they obtained a 14.6% efficient device with higher
stability than the traditional MAPbI3. However, their device used Spiro-OMeTAD as hole
transport material, which is - as mentioned in the previous sections - quite sensitive to
humidity and thermal stress. Consequently, they also produced an HTL-free large-area so-
lar module with a carbon electrode, which retained 100% efficiency for a period of more
than one year. It is noteworthy that their stability measurement was performed under
the AM 1.5G solar illumination, in ambient conditions, and with the cycling of tempera-
ture up to 90◦C, which is considered as a standard condition for stability tests. Most of
the previously mentioned works, on the contrary, performed stability tests under arbitrary
conditions, making it complicated to compare different research outcomes.

Figure 1.13: The model proposed by Schlipf et al. for the enhanced stability of the 2D/3D
heterostructures towards H2O. From ref. [42].

Apart from fabricating efficient and highly stable devices, research is also focusing
on understanding the mechanism behind the enhanced stability. As mentioned before, it
is suggested that hydrophobic organic spacers repel H2O molecules, thus increasing the
resistivity of hybrid perovskites towards moisture. However, in a recent study, Schlipf
et al. produced a 3D perovskite film with an n=5 capping layer and found that there
is a strong water uptake into the 2D/3D perovskite structure, despite the presence of
hydrophobic cations. The negatively charged oxygen atom in H2O interacts with the posi-
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tively charged end of the ligand PEA+ and causes the separation of the perovskite sheets,
producing smaller-n phases that are thermodynamically more stable [42]. According to
the authors, the enhanced stability is not due to the hydrophobic organic spacers, but in-
stead to the suppressed ion migration of MA+ and I– to the crystal surface, promoted by
small-n phases. A schematic description of this mechanism is illustrated in Figure 1.13.
Of even more interest is that the hydration of 2D/3D perovskite structures is reversible,
after which it can return to the original state through a dehydration step, when exposing
the film at low pressure. In contrast, a traditional 3D perovskite leads to irreversible PbI2

formation after moisture exposure.

1.6 Outline

Both Ruddlesden-Popper perovskites and 2D perovskites used as a protective layer are
promising strategies to find an optimal balance between the stability and efficiency in
perovskite solar cells, although several issues still need to be tackled to make the PCEs of
lower-dimensional perovskites comparable to the 3D counterpart.

The main purpose of this work is to investigate the formation of multidimensional
perovskites and their use in photovoltaic devices. The starting point of this report is the
investigation of 2D perovskites used as a capping layer, and their characterization in terms
of morphology, crystal structure, optoelectronic properties, device efficiency, and stability
towards moisture. In the second part of this work, the focus is shifted on the formation
of Ruddlesden-Popper perovskites with n=5. Several deposition methods, such as film
formation via hot casting or slow drying, are used to optimize the film morphology, phase
distribution, crystal orientation, and device performance.
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2
Low dimensional perovskites as the

interlayer in n-i-p devices

2.1 Introduction

Before bringing perovskite solar cells to commercialization, the major issue of stability
needs to be addressed. 3D perovskites suffer from humidity, heat, and light exposure
instability. The sensitivity towards humidity derives from the weak electrostatic interaction
between cations and anions, which can easily accommodate water molecules. Generally,
depending on the humidity level and temperature, perovskites can produce gases even
at low temperatures (i.e. MA ions dissipates as vapor, leaving PbI2 behind), leading to
thermal decomposition and layer deformation [1, 2].

As discussed before, several strategies have been adopted to improve the intrinsic sta-
bility of perovskites. Two examples among them are the formation of low-dimensional
polymorphs as a protective layer on 3D perovskites (Class II MDPs), and the formation of
Ruddlesden-Popper type perovskites (Class I MDPs). In Class II MDPs, the 3D perovskite
body is covered by a low-dimensional perovskite, which improves the perovskite layer
stability, possibly without negatively affecting the photovoltaic performances [3].

In this chapter, research is focused on the introduction of (quasi-)2D perovskites as the
interlayer in n-i-p devices. An investigation of morphology, optoelectronical properties,
and device performances is made, with a focus on the use of phenethylammonium iodide
(PEAI) as the capping layer. Perovskite films were deposited both with one-step and two-
step protocols.

2.2 Introduction of excess PbI2 in two-step deposited perovskite

film

Deposition of perovskite films can be achieved via wet chemical deposition, which can
be divided into one-step or two-step protocols. In two-step protocols, an inorganic PbI2

21
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layer is firstly deposited and followed by the spin-coating of an organic solution, during
which the intercalation of organic cations between PbI6 octahedra leads to the formation
of photo-active perovskite layer. In one-step protocols, instead, all the precursors are
dissolved in a single solution and are spin coated on the substrate. During the deposition
process, an antisolvent (i.e. chlorobenzene or toluene) is commonly used, which improves
the morphology of the perovskite layer [2]. Afterwards, a thermal annealing process is
needed to further promote the crystallization of perovskite phases.

To fabricate the 2D perovskite interlayer, the introduction of excess PbI2 on the surface
of the pristine 3D perovskite film would be desired, because it can act as a template to con-
vert the bulkier organic cations into a lower-dimensional perovskite phase. However, in
the two-step protocol, the introduction of excess PbI2 is not straightforward. For instance,
increasing the PbI2 concentration in the solution would simply result in a thicker PbI2

precursor layer that cannot be completely converted into perovskite film during the sec-
ond step. As a result, the remaining PbI2 will be retained at the bottom of the perovskite
film, which hampers the charge transfer at the interface. On the other hand, perovskite
films can decompose into PbI2 under thermal stress; thus, a possible solution might be to
evaporate MA ions under thermal annealing and use the remaining excess PbI2 to form a
2D perovskite. This method was used to produce excess PbI2 on the two-step deposited
perovskite FA0.67MA0.33Pb(I2.87Br0.13) (FAMA; more details in Experimental section 2.10).
To study the effect of temperature on the formation of excess PbI2, FAMA perovskite films
were annealed at different temperatures (from 130◦C to 200◦C) for 30 minutes and were
characterized by X-Ray Diffraction (XRD).

As shown in Figure 2.1, distinct PbI2 (12.7◦) is obtained after annealing at 160◦C or
higher temperatures. The typical diffraction peaks for the perovskite phase at 14 and 28◦

are also observed, which correspond to the (110) and (220) lattice planes of the crystal.
The ratio between the perovskite peak at 14◦ and the PbI2 peak was found to be 51,
32, 8, 3, and 2 when annealing at 130, 150, 160, 180, and 200◦C, respectively, which
demonstrates that more PbI2 can be formed with the increasing annealing temperatures.
XRD alone does not give any information on whether the excess PbI2 is located in the bulk
or only on the surface of the film. To have a better idea of both the morphology and the
presence of PbI2 on the surface, Scanning Electron Microscope (SEM) images were taken.

Figure 2.2 shows SEM images of the perovskite films annealed at 150 and 160◦C,
respectively. The white features in the images correspond to PbI2 phase, consistent with
results found in the literature [4]. It is clear that the amount of PbI2 is significantly
increased by annealing at 160◦C, while at lower temperatures only a few white features
are observed, consistent with the XRD measurements. Apart from the presence of PbI2,
the SEM images also display a change in the morphology with annealing temperature. It is
found that the perovskite grains become larger by increasing the annealing temperature,
as shown in Figure 2.2 and S1, with the films annealed at 160, 180, and 200◦C showing
grains in the order of micrometers.
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Figure 2.1: XRD patterns of FA0.67MA0.33Pb(I2.87Br0.13) on glass annealed at 130, 150,
160, 180, and 200◦C. Peaks marked with * correspond to PbI2.

Figure 2.2: Top-view SEM images of FA0.67MA0.33Pb(I2.87Br0.13) on glass annealed at
150◦C (left) and 160◦C (right).

To avoid the degradation of the perovskite film, unless specified, for further study the
annealing temperature was restricted to 160◦C.

2.3 Formation of interlayers with excess PbI2

Once produced an excess PbI2 on the surface of the perovskite, it is necessary to inves-
tigate whether it can be further converted to perovskite films. In our preliminary exper-
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iments, a wider bandgap perovskite, namely FAPbI3 – xBrx, was introduced on the top of
the FAMA perovskite. To do so, a solution of formamidinium bromide (FABr) dissolved in
isopropanol (IPA) was spin coated on top of FAMA, followed by annealing at 100◦C for 10
minutes. This results in a perovskite capping layer with high bromine content, which has
a wider bandgap than the perovskite underneath [5].
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Figure 2.3: XRD patterns of FAMA annealed at 160◦C with and without the addition of
FABr, respectively.

XRD measurements shown in Figure 2.3 exhibit a distinct PbI2 peak at 12.7◦ for both
substrates, with and without FABr. However, the ratio between the peak at 14◦, associated
to (110) plane perovskite crystal, and the one at 12.7◦ goes from 0.33 to 0.46, indicating
that the PbI2 phase is somewhat less dominant after the addition of FABr. We estimate that
excess PbI2 is retained in the bulk of the film, hence the peak at 12.7◦ does not disappear
entirely after depositing the FABr layer.

Figure 2.4 shows SEM images of the two-step deposited FAMA films before and after
spin coating of the additional FABr layer. The absence of white features indicates that the
surface PbI2 has been converted into a new perovskite phase. Moreover, compared to the
pristine perovskite film, the as-formed perovskite layer displays significantly reduced grain
sizes.

The optical properties of the perovskite film with FABr capping layer were also inves-
tigated. FABr at different concentrations in IPA (from 1 to 11 mg mL−1) was spin coated
on top of FAMA, but no differences were observed in the UV-vis absorption spectra (Fig-
ure S2). Furthermore, the bandgap energy (Eg) of the perovskite does not change upon
addition of FABr.
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Figure 2.4: Top-view SEM images of FAMA annealed at 160◦C before (left) and after
(right) spin coating of FABr (5 mg mL−1 in IPA).

2.4 n-i-p devices with FABr interlayer

Apart from proving the reaction with surface PbI2, a FABr layer might be beneficial
for solar cell performances. By spin coating FABr on FAMA, a perovskite phase with
a wider bandgap, such as FAPbI3 – xBrx, is formed. This layer might improve the per-
ovskite/HTL interface, because the favoured energy alignment (Figure 2.5a) blocks elec-
tron transfer from the conduction band of the perovskite to the HTL [5]. Besides, charge
carrier recombination happens mostly on the surface, where traps and defects are lo-
cated, and the use of an interlayer might passivate such defects and reduce recombina-
tion. Based on this, n-i-p perovskite solar cells were fabricated with the architecture:
ITO/SnO2/PCBM/FAMA/FABr/Spiro-OMeTAD/MoO3/Au. A schematic of the device ar-
chitecture is shown in Figure 2.5b.

Device performances are summarized in Table 2.1. The concentration of FABr was
optimized to obtain the best performing devices and the optimum was found at around 5
mg mL−1. Even if the PCE is not higher after the addition of FABr, a higher VOC is obtained
with FABr 5 mg mL−1, which suggests less nonradiative recombination, although the short-
circuit current is lower when a FABr interlayer is present. Generally, the presence of FABr
interlayer does not affect negatively the performances of the device, if the concentration
is optimized.

Table 2.1: Photovoltaic parameters of FAMA perovskite solar cells with FABr interlayer.

JSC (mA cm−2) VOC (V) FF (%) PCE (%)

FAMA 23.22 1.06 64 15.6
+ FABr 5 mg mL−1 22.63 1.07 64 15.5
+ FABr 7 mg mL−1 22.34 1.06 61 14.5

Figure 2.6 shows J-V curves and EQE spectra for the best performing devices. A slightly
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Figure 2.5: (a) Schematic energy alignment of the perovskite solar cells with FABr inter-
layer. FAMA and FABr refer to FA0.67MA0.33Pb(I2.87Br0.13) and FAPbI3 – xBrx, respectively.
(b) n-i-p device architecture

higher short-circuit current JSC is observed for the device with FABr interlayer; however,
after EQE correction the result is opposite and higher current is measured for the refer-
ence device. In addition, a slightly larger hysteresis (difference in the J-V curve between
forward and reverse scan) is observed in the device with FABr.

Figure 2.6: J-V curve and EQE spectra for FAMA with and without FABr capping layer

2.5 Formation of 2D perovskites

Three different reactants were used to form 2D perovskites as capping layer on top
of 3D-FAMA (two-step deposited): phenethylammonium iodide (PEAI), butylammonium
iodide (BAI), and 5-aminovaleric acid iodide (5-AVAI). The chemical structures are shown
in Figure 2.7. Solutions of these reactants in isopropanol were spin coated on top of the
previously deposited 3D perovskite, followed by annealing at 100◦C for 10 minutes.
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Figure 2.7: Chemical structures of phenethylammonium iodide (PEAI), butylammonium
iodide (BAI), and 5-aminovaleric acid iodide (5-AVAI).

Photoluminescence (PL) spectroscopy is a common technique used in the literature to
characterize 2D structures, because they display high photoluminescence at room temper-
ature [6]. This method was used to characterize the 2D structures as a capping layer. Fig-
ure 2.8 shows the PL spectrum of FAMA + PEAI as capping layer. An excitation wavelength
of 405 nm was used and illumination was provided from both the top (2D perovskite side)
and the bottom (glass side). The penetration depth at this wavelength in the perovskite
film is around 20 nm, meaning that only the surface of the film is probed.
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Figure 2.8: PL spectra of FAMA with PEA as capping layer

Firstly, PL spectra confirm the presence of 2D structures on top of the 3D perovskite
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FAMA. Several peaks at shorter wavelengths are observed, which indicates that the struc-
tures with different n values (octahedral PbI2 sheets between organic spacers) with for-
mula (PEA)2(FA0.67MA0.33)n – 1Pbn(I0.96Br0.04)3n+1 are found. These peaks are only ob-
served when the excitation comes from the perovskite side, meaning that the 2D structures
are mostly formed on top. Peng et al. report a bandgap decrement from 2.4 eV to 2 eV
when increasing the n value from 1 to 3 [7]. These values are consistent with the peaks
at 521, 563, and 626 nm shown in Figure 2.8, which correspond to gradually increasing
n values: n=1, 2, and 3, respectively. Secondly, the main 3D perovskite peak is found at
780 nm, and it is the same for both the FAMA reference (without capping layer) and the
sample with PEA illuminated from the glass side. This peak is blue-shifted in the case of
FAMA+PEA illuminated from the perovskite side and shows a large band width, meaning
that the PL emission is given by structures with large n values (n ≈ ∞).
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Figure 2.9: PL spectra of FAMA with BA as a capping layer

Figure 2.9 shows the PL spectra for FAMA perovskite capped with BAI . Similarly, a
drastic difference from the top and the bottom illumination is observed, consistent with
the presence of 2D structures on top of a 3D perovskite. The peaks at 575 and 620 nm can
be associated with n=2 and 3, respectively, while the n=1 phase is slightly visible at 520
nm [8]. Contrarily on what is observed for PEAI, after illumination from the perovskite
side, the PL emission is dominated by the (quasi-)3D perovskite at 750 nm. This can
be explained by an ultrafast exciton transport (on picoseconds time scale) from small-
n regions to large-n regions, which leads to radiative recombination solely from large-n
phases [9, 10]. The reasons why this is not observed with PEAI films are still not clear. The
peak at 750 nm also shows an enlarged band width, probably associated to the emission
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of structures with large n values (quasi-3D).

From these PL measurements it is proposed that there is a gradient from 2D to 3D
structures, probing from the top of the perovskite layer to the bottom, as shown in Figure
2.10.

n ≈ ∞

3D

2D (n=1,2,3..)

top

Figure 2.10: 2D-3D gradient in perovskite films.

The PL spectra measured for FAMA + 5-AVAI (Figure S3) as capping layer, on the con-
trary, do not show any features at short wavelengths, meaning that no 2D structures are
formed. In addition, no blue-shift of the main PL emission peak is observed. Probably,
the spin coating and annealing procedure adopted for PEAI and BAI are not suitable for
the formation of 2D structures with 5-AVAI. The reasons behind this still need to be in-
vestigated: an analysis of the annealing temperature and time would possibly be a good
starting point to analyze the formation of 2D structures with this reactant.
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Figure 2.11: UV-vis absorption spectra of FAMA + PEA, BA, AVAI, respectively.
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UV-vis absorption (Figure 2.11) was also used to investigate the optical properties of
the FAMA perovskite with PEAI, BAI, and 5-AVAI capping layer. No significant differences
can be observed in the spectra, apart from a small absorption peak for BAI found at 563
nm and associated with an n=2 structure. The bandgap energy was calculated via Tauc
plots (Figure S4), derived from UV-vis absorption data, and was found to be 1.55 eV for
all the samples.

SEM images in Figure 2.12 show a comparison between FAMA annealed at 160◦C
before and after addition of PEAI. Similar to the previous results shown in Figure 2.4, the
surface PbI2 phase is completely converted into 2D perovskites, displayed as pillar-like
crystals in the image on the right. In addition, the grain boundaries appear less well-
defined, which might be the consequence of 2D perovskite structures growing at such
boundaries.

Figure 2.12: Top-view SEM images of FAMA annealed at 160◦C before (left) and after
(right) the addition of PEAI layer.

Finally, to conclude the characterization of the films with a 2D capping layer, the thick-
ness and roughness of the films were measured with a profilometer and are summarized in
Table 2.2. No drastic changes are reported after the growth of 2D perovskites. Compared
to the pristine FAMA perovskite layer, the thickness of the films is increased, due to the
formation of an additional perovskite layer. Moreover, the arithmetic average roughness
(Ra), slightly increases, but remains in the range of acceptable values for device fabrica-
tion.

2.6 n-i-p devices with PEAI interlayer

To study the impact of 2D capping layer on the photovoltaic performance, n-i-p per-
ovskite solar cells were fabricated with the device structure of ITO/SnO2/PCBM/FAMA/
PEAI/Spiro-OMeTAD/MoO3/Au. The perovskite layer was prepared via a similar proce-
dure as mentioned above. A PEAI solution with varied concentrations was spin coated
on top of the 3D perovskite to fabricate a 2D perovskite capping layer. More details can
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Table 2.2: Summary of the thickness and roughness data of the FAMA + 2D capping
layers.

Thickness (nm) Ra (nm)

FAMA 437 3.04
FAMA + PEAI 441 4.24
FAMA + BAI 452 3.98
FAMA + 5-AVAI 476 3.84

be found in the Experimental section 2.10. The presence of bulky phenethylammonium
cations is expected to increase the stability of the device towards moisture and yet with a
retained high power conversion efficiency. In addition, the hole extraction is expected to
be facilitated by the presence of a 2D/3D heterostructure, because the 2D perovskite has a
wider bandgap than the 3D counterpart. Therefore, a more favourable energy alignment
can be achieved at the perovskite/HTL interface [11].

Firstly, the characterization of the heterostructures FAMA + PEAI was performed. Fig-
ure 2.13 shows the XRD patterns of the films, where no distinct differences are reported
after addition of PEAI. However, from the zoom-in figure on the right, it is clear that the
PbI2 peak at 12.7◦ decreases when increasing the concentration of PEAI, which corre-
sponds to the formation of a 2D perovskite phase. According to the UV-vis spectra, the
bandgap remained constant after adding PEAI. On the other hand, the PL measurements
for FAMA + PEAI 0.5 mg mL−1 (Figure S5) display a dominant 3D perovskite emission
peak at 780 nm with tiny features correspondent to the 2D structures. This is expected,
given the very low concentration of PEAI in the spin coated solution.

Figure 2.13: XRD patterns of FAMA with and without PEAI as capping layer (left) and
focus on the PbI2 peak at 12.7◦ (right)

Table 2.3 reports the performances of the abovementioned devices: as can be seen,
once the concentration of PEAI is optimized, the performances are comparable to the
reference. For instance, in the case of addition of PEAI 1 mg mL−1, a slightly lower VOC

and JSC is reported, together with a slight increase in fill factor, but overall the PCE does
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Table 2.3: Photovoltaic parameters of FAMA perovskite solar cells with PEAI interlayer.
The symbol * indicates that performances were evaluated without slow sweep and EQE
correction for JSC, see Experimental section 2.10.

JSC (mA cm−2) VOC (V) FF (%) PCE (%)

FAMA 22.76 1.09 68 17.74
FAMA + PEAI 0.5 mg mL−1 22.27 1.07 68 16.16
FAMA + PEAI 1 mg mL−1 22.67 1.08 69 16.87
FAMA + PEAI 3 mg mL−1* 20.70 1.09 52 12.40

Figure 2.14: J-V curves and EQE spectra for FAMA with and without PEAI capping layer.

not differ much. While a lower concentration of 0.5 mg mL−1 does not result in devices
with excessively worse performances, upon increasing the concentration to 3 mg mL−1

a drop in efficiency is observed. Both the JSC and FF decrease drastically, while the VOC

remains the same as the reference, and increases if compared to other devices with PEAI
capping layer.

Figure 2.14 shows the corresponding J-V curves of these devices. As explained be-
fore, only with too high PEAI concentration there is a clear drop in performances, while
for the other devices comparable performances are observed, together with a similar EQE
spectrum. Apart from J-V measurements, the VOC and MPP tracking were performed for
the best devices for 300 seconds. The maximum power point is tracked by operating the
device at the voltage of maximum power point obtained from the slow sweep under con-
tinuous illumination. The results are reported in Figure 2.15. As can be seen, both values
remain constant under illumination over at least 300 seconds. Interestingly, the MPP for
FAMA + PEAI 1 mg mL−1 is higher than the reference, although the PCE (calculated with
EQE-corrected JSC) is lower.



CHAPTER 2. LOW DIMENSIONAL PEROVSKITES AS THE INTERLAYER IN N-I-P DEVICES 33

� �� ��� ��� ��� ��� ���
�

�

�

�

	

��

��

��

��

�	

��

�
��

��

�
�	



� �

��������

��	�	
��
	����������
��
	��������

���

���

���

���

���

� �
���
��

Figure 2.15: Maximum power point tracking (MPPT) and VOC tracking over 300 seconds
for FAMA with and without PEAI capping layer.

2.7 n-i-p devices with one-step deposited CsFAMA and PEAI in-

terlayer

Excess PbI2 is necessary to produce an interlayer on top of the 3D perovskite. In the
previous sections, such excess was created by annealing the two-step deposited FAMA per-
ovskite at 160◦C for 30 minutes. With a one-step protocol, where all the precursors are in
the same solution, it is easier to introduce more PbI2 by simply increasing the molar con-
centration of PbI2 in the solution. Considering this, perovskite films were also produced
with a one-step protocol. The precursor solution was composed of PbI2, PbBr2, FAI, and
MABr dissolved in DMF/DMSO (9:1 vol/vol). A CsI solution in DMSO was also added to
this solution. The resulting perovskite has the formula Cs0.05FA0.79MA0.16Pb(I2.65Br0.35)
and will be named CsFAMA for simplicity.

On top of this perovskite layer, a solution of PEAI in IPA was spin-coated to obtain
a 2D perovskite capping layer. First, the resulting films were characterized with XRD to
have insights into the crystal structure. Figure 2.16 shows the XRD spectra of CsFAMA
without and with PEAI at different concentrations. First of all, the presence of excess PbI2

is confirmed by the peak at 12.7◦; however, this peak does not follow the expected trend.
In fact, the intensity of the peak is enhanced by increasing the concentration of PEAI,
which is counterintuitive because PbI2 should theoretically react more in such conditions.
Apart from this, however, there are additional peaks in the XRD spectrum of CsFAMA +
PEA 10 mg mL−1 at 5.3◦, 10.8◦, 16.2◦, 21.6◦, 27.1◦, indicated in the plot with a triangle.
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These peaks correspond to the two-dimensional perovskite structure (PEA)2PbI4 with n=1
and are consistent with results found in the literature that associate them with the planes
(002), (004), (006), (008), and (0010), respectively [12, 13]. Furthermore, the addition
of PEAI seems to be beneficial for the crystallinity of the 3D perovskite: the peaks at
14◦, correspondent to the (110) plane of the 3D perovskite, were fitted with a Gaussian
function and the full width at half maximum (FWHM) was found to shift from 0.130 to
0.126 and 0.119◦, with increasing the concentration of PEAI, indicating an enhancement
in crystallinity.
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Figure 2.16: XRD spectra of CsFAMA with and without PEAI capping layer. The peaks
corresponding to PEA2PbI4 are marked with a triangle.

Optical characterization was performed with UV-vis measurements, from which the
bandgap was found to be 1.59 eV (refer to Figure 2.11), and with PL spectroscopy, shown
in Figure 2.17. The PL spectra show that when using 3 mg mL−1 PEAI, there are small
signals that can be attributed to the 2D perovskite structures, which increase significantly
for higher concentration of PEAI. However, compared to Figure 2.8, it can be seen that the
3D perovskite emission peak is always dominant, even with a concentration higher than
5 mg mL−1. This is a result of the fact that with the one-step protocol a larger excess of
PbI2 can be obtained by changing the stoichiometry ratios of the precursor solution, and
hence more PEAI is needed to make it the dominant phase in the perovskite film.

A higher concentration of PEAI is found to be optimal for device fabrication with
CsFAMA, compared to the previous batch. Table 2.4 summarizes the device performances
of CsFAMA with PEAI capping layer. Once again, the devices with PEAI as capping layer do
not show improvements in terms of PCE. However, similar performances are obtained be-
tween the reference CsFAMA and the device with PEAI 3 mg mL−1. It is also interesting to
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Figure 2.17: PL spectra of CsFAMA + PEA from perovskite side (top).

note that the VOC increases with the increasing PEAI solution concentration, although the
other parameters decrease after the optimum value. The increase in VOC can be ascribed
to reduced nonradiative recombination in the perovskite film with PEAI capping layer.
These trends can also be observed in Figure 2.18, which shows the J-V curves and EQE
spectra for the CsFAMA devices with and without PEAI capping layer. The EQE spectra
shows a lower quantum efficiency at long wavelengths for the 2D/3D perovskite, which is
responsible for the lower JSC reported above.

Table 2.4: Photovoltaic performances for CsFAMA perovskite solar cells with PEAI inter-
layer.

JSC (mA cm−2) VOC (V) FF (%) PCE (%)

CsFAMA 22.61 1.13 69 17.79
CsFAMA + PEAI 1 mg mL−1 20.30 1.14 62 15
CsFAMA + PEAI 3 mg mL−1 21.83 1.14 68 16.89
CsFAMA + PEAI 5 mg mL−1 20.25 1.15 63 14.77
CsFAMA + PEAI 8 mg mL−1 19.80 1.16 51 12.20

To further investigate the nonradiative recombination behaviour of the 2D/3D per-
ovskite, time-resolved photoluminescence (TRPL) was used to investigate the lifetime of
charge carriers. Figure 2.19 shows the PL emission decay at 780 nm of the perovskite
films deposited on glass substrates with and without PEAI capping layer. It is important to
notice that no HTL and ETL are present in such configuration, so that no charge extraction
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Figure 2.18: J-V curves (left) and EQE spectra (right) for CsFAMA with and without PEAI
capping layer.
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Figure 2.19: TRPL decay curves for CsFAMA perovskite with PEAI interlayer.

can take place.

The decay curves were fitted with a bi-exponential function (Equation 2.1):

y(t) = y0 +A1exp
( t
τ1

)
+A2exp

( t
τ2

)
(2.1)

where τ1 and τ2 are time components related to a fast and slow decay, which are often re-
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ferred in the literature as correspondent to surface recombination or bulk recombination,
respectively [11]. The average lifetime (τavg) was calculated as:

τavg =
A1τ

2
1 +A2τ

2
2

A1τ1 +A2τ2
(2.2)

Table 2.5 summarizes the results obtained from the TRPL measurements. CsFAMA
with PEAI interlayer shows a slower surface recombination, which means that the 2D
interlayer is effective in reducing the surface traps, but a faster bulk recombination. The
average lifetime is prolonged from 87 ns to 238 ns after PEAI addition, which confirms the
reduction of nonradiative recombination after addition of a 2D perovskite capping layer.

Table 2.5: Fitting parameters and average lifetime from TRPL measurements for CsFAMA
with PEAI interlayer.

τ1 (ns) τ2 (ns) τavg (ns)

CsFAMA 87.91 (± 4.11) 569.80 (± 3.15) 87
CsFAMA + PEAI 3 mg mL−1 1210.98 (± 20.26) 238.50 (± 4.85) 238

2.8 Stability of CsFAMA with PEAI interlayer

Although the PCE of 2D/3D devices is not improved compared to the 3D counterpart,
the formation of such heterostructures is thought to provide a better balance between
stability and optoelectronic performances [3]; thus, the next logical step after device fab-
rication is to investigate whether these 2D/3D devices possess higher stability towards
humidity exposure. To evaluate the effects of humidity on the perovskite films and de-
vices, they were stored into a closed box with a beaker containing a saturated solution of
KCl. This ensured a constant relative humidity (RH) in the box equal to 94%.

Perovskite films (CsFAMA without and with PEA at 3 and 10 mg mL−1) deposited on
glass substrates were stored in the humidity box for more than 600 hours. XRD measure-
ments were performed before and after 27 days of storage on both CsFAMA without and
with PEAI capping layer. The decomposition of the perovskite film can be estimated by
evaluating the intensity of the PbI2 peak; in fact, water absorbed from air can hydrolyze
the perovskite and form CH3NH2, which escapes slowly from the surface of the perovskite
film [3], leaving PbI2 behind. As can be seen from Figure 2.20a, after 27 days of exposure
at RH 94% the 3D perovskite film undergoes a drastic change in crystalline structure, with
the PbI2 dominating the whole diffraction pattern with a 64-fold increase compared to
the pristine film. The formation of the PbI2 becomes less pronounced when increasing the
PEAI concentration, as shown in Figure 2.20b and c, increasing by a factor of 6 and 3 with
PEAI 3 and 10 mg mL−1, respectively. Although an increase in the peak at 12.7◦ is always
observed, the presence of an additional 2D perovskite layers slows down the degradation
of the perovskite.

Furthermore, additional peaks are displayed in the XRD patterns; for instance, the
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perovskite films with 2D capping layer (Figure 2.20b,c) exhibit new peaks at 7.8, 11.8,
15.8, 23.8, and 27.8◦, which correspond to the (040), (060), (080), (0100), and (0140)
planes of 2D perovskites with n=2 phases. Remarkably, the peaks associated to n=1
structures disappear, which suggests that the capping layer was converted from n=1 to
n=2 after exposure to moisture. The water uptake probably breaks the 2D perovskite
structure and leads to the formation of phases with different n, as also described by Schlipf
et al. [14]. On the other hand, some peaks are common for all films, such as the peak
at 11.2◦, associated to δ-FAPbI3 (yellow phase) [11], or at 38.7◦, which is assigned to the
(201) plane of orthorhombic I2, a product of the perovskite degradation [15]. Finally,
only for CsFAMA without capping layer it is possible to observe a peak at 11.4◦ that might
represent the dihydrate MA4PbI6 ·2 H2O [15].

Figure 2.20d shows the UV-vis spectra for the corresponding perovskite films exposed
at RH 94% for 31 days: only for the 3D perovskite a peak at 510 nm, which is correspon-
dent to the PbI2 absorption, can be observed.

θ

θ

θ

a) b)

d)c)

Figure 2.20: XRD diffraction patterns (a,b,c) and UV-vis (d) spectra for CsFAMA without
and with PEAI capping layer after 27 or 31 days of storage in relative humidity 94%. � =
δ-FAPbI3 (yellow phase), H = MA4PbI6 ·2 H2O, N = I2, * = (PEA)2MAPb2I7 (n=2). Note
that the intensity scale of a, b, and c is not the same.

Apart from perovskite films, the best performing devices from the previous batch
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(CsFAMA and CsFAMA + PEAI 3 mg mL−1) were also stored at RH 94%. However, in
this case it is not easy to evaluate the stability of perovskite devices because of the con-
figuration of the solar cells. Humidity can affect other parts of the device, making it
complicated to establish the root cause of degradation. For instance, the hole transport
material Spiro-OMeTAD is doped with hydrophilic salts, which can negatively influence
the performances of the device upon water exposure. Apart from this, even the storage of
solar cells in a N2-filled glovebox has a negative effect on devices. In fact, after two weeks
storage in glove box the MPP of CsFAMA and CsFAMA + PEAI 3 mg mL−1 decreased
from 16.9 and 16.1 to 14.5 and 14.1 mW cm−2, respectively, probably due to de-doping
of Spiro-OMeTAD.

Figure 2.21 shows the relative loss in MPP over time for the 3D and 2D/3D devices.
Both devices undergo a significant loss in MPP over humidity exposure, although it can be
seen that this effect is less significant for the 2D/3D perovskite solar cell. After 15 days
of storage in the glovebox and 48 days at RH 94%, the 2D/3D perovskite retains around
60% of its original efficiency, while this figure is around 50% for the 3D counterpart.
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Figure 2.21: Loss in PMPP during exposure to humidity for CsFAMA and CsFAMA + PEAI
3 mg mL−1 perovskite solar cells

Table 2.6 summarizes the device performances after storage in the glovebox and at a
relative humidity of 94%. Generally, it can be seen that both devices are far from being
stable in harsh environmental conditions, thus more research needs to be done in order
to improve this aspect. To conclude, even if the device with 2D capping layer seems to be
slightly more stable towards water exposure, it is important to emphasize once more that
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other components of the solar cell might play an important role, and more investigations
are needed to clarify what is the role of the perovskite layer in such stability tests.

Table 2.6: Photovoltaic parameters of CsFAMA and CsFAMA + PEAI 3 mg mL−1 perovskite
solar cells after storage in the glovebox and at relative humidity 94%, respectively.
Device Time JSC (mA cm−2) VOC (V) FF (%) PMPP (mW cm−2)

CsFAMA

0d 22.61 1.13 69 16.96
15d GB 20.90 1.13 55 14.50
15d GB + 27d RH94% 19.70 1.06 57 11.8
15d GB + 48d RH94% 14.50 1.09 56 8.80

PEAI 3 mg mL−1

0d 21.83 1.14 68 16.13
15d GB 20.40 1.15 57 14.10
15d GB + 27d RH94% 19.20 1.11 54 11.50
15d GB + 48d RH94% 16.40 1.11 54 9.90

2.9 Conclusions

A 2D perovskite capping layer was deposited on top of a 3D perovskite, using both the
two-step and one-step protocol. The excess PbI2 needed to form a lower-dimensional per-
ovskite interlayer is more controllable in a one-step protocol, where the molarity of PbI2 in
the precursor solution can simply be increased to introduce more of this component in the
perovskite film. In both cases, however, the PEA capping layer did not negatively influence
the device performances, with PCEs of ∼17% achieved. The 2D/3D heterostructure was
proved to improve the stability towards humidity of the perovskite film and also reduce
the degradation of perovskite films in the humid environment (RH 94%). As mentioned
before, however, more work needs to be done to benefit from this enhanced stability in the
complete devices, where other layers might also be affected negatively by the presence of
water.

Future work, in the opinion of the writer, should focus on the optimization of excess
PbI2 in CsFAMA, deposited with a one-step protocol. In the XRD spectra (Figure 2.16),
in fact, the PbI2 peak was the dominant peak, which might indicate that too much excess
was introduced by increasing the PbI2 molarity in solution. Tuning the molarity would
be a good starting point to obtain a film with the controlled presence of PbI2 and dom-
inant perovskite phase. Apart from this, more insights into the stability of these 2D/3D
heterostructures are needed. Firstly, the influence of the degradation of Spiro-OMeTAD
should be investigated, for example by comparing the degradation of complete devices
(with Spiro-OMeTAD and electrical contacts) and devices on which the hole transport
material and the contacts are deposited just before measuring the J-V curves. With this
approach, a clearer idea of what is the influence of other layers can be obtained. Sec-
ondly, the fabrication of devices with more stable HTLs might be considered. Finally, the
stability of perovskite solar cells, as proposed by Gao et al., should be investigated fol-
lowing standard damp heat conditions (85◦C at 85% relative humidity for 1000 h under
100 mW cm−2 AM 1.5G illumination), while in literature it is often found that customized
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conditions are used to investigate stability [3]. Naturally, well-defined testing conditions
might help to compare devices and find which recipes have the most potential. Such
measurements were not performed in this work because of the lack of suitable equipment.
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2.10 Experimental

Materials and reactants

Unless stated otherwise, all the raw materials and solvents were purchased from commer-
cial suppliers and used without purification. To avoid the uncertain side effect of humidity,
all reactants and solvents were stored in an N2 filled glovebox.

Device fabrication

Patterned glass/ITO substrates were sonicated 15 min in acetone, hand-washed with wa-
ter/soap (dodecyl sulfate sodium salt), sonicated 15 min in water/soap, rinsed with deion-
ized water for 15 min to remove the remnant soap, and finally sonicated for 15 min in
isopropanol. After that, they were dried with N2. Before film deposition, a 30 min UV-
ozone treatment was performed.

SnO2 spin coating procedure: 150 µL of SnO2 nanoparticles in H2O (15% wt.) was spin
coated for 60 s at 2800 rpm, followed by annealing at 150◦C for 30 min.

PCBM spin coating procedure: 100 µL of PCBM (1 mg mL−1 in chlorobenzene) was spin
coated for 30 s at 2000 rpm, followed by annealing at 100◦C for 20 min, in an N2-filled
glovebox.

Two-step deposition for perovskite film fabrication: spin coating was performed at 3000 rpm
for 60 s. 80 µL of PbI2 (553 mg in 0.876 mL DMF and 0.0864 mL DMSO) was deposited
before starting rotation, then 80 µL of the perovskite precursors (FAI: 53.97 mg, MAI:
14,27 mg, MABr: 7.57 mg in 1 mL isopropanol) was deposited after 30 s on the spinning
substrate. After that, the films were annealed at 160◦C for 30 min.

One-step deposition for perovskite film fabrication: The precursor solution, with compo-
sition 1.35 M PbI2, 0.1 M PbBr2, 1 M FAI, 0.2 MABr in DMF/DMSO 9:1, was stirred
overnight at room temperature. A CsI 1.5 M in DMSO solution (also stirred overnight at
room temperature) was added to the perovskite solution (4% vol/vol). 100 µL of pre-
cursor solution (also containing Cs) was dropped onto a substrate, and spin coating was
performed in two steps: first, 1000 rpm for 10 s, then 5000 rpm for 20 s. 10 s before the
end of the program, 300 µL of chlorobenzene (antisolvent) was dropped on the spinning
substrate to induce crystallization. After spin coating, films were annealed at 100◦C for
10 min.

2D perovskite as interlayer spin coating procedure: 100 µL of precursor solution (PEAI, BAI,
or 5-AVAI in isopropanol) was spin coated at 5000 rpm for 30 s, followed by annealing at
100◦C for 10 min.

Spiro-OMeTAD spin coating procedure: 40 µL of Spiro-OMeTAD (40 mg in 0.5 mL chloroben-
zene) was spin coated at 2000 rpm for 50 s. The solution was doped with 14.3 µL 4-tert-
butylpyridine, 8.8 µL Li-TFSI salt (500 mg mL−1 in acetonitrile), and 10 µL Co(III)-TFSI3
salt (500 mg mL−1 in acetonitrile). Co(III)-TFSI3 was added around 1 h before spin coat-
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ing, while the other dopants were added during the solution preparation.

MoO3 and Au deposition: 10 nm of MoO3 was evaporated using a metal evaporator at 5
Å s−1. 100 nm of Au was deposited at 1 Å s−1 using the same equipment (under high
vacuum).

Characterization

J-V measurement: In N2-filled glovebox, the J-V curves of the devices were measured under
simulated sunlight by using a tungsten-halogen lamp (100 mW cm−2, regularly calibrated
by a silicon diode) filtered by a Hoya LB100 daylight filter with a Keithley 2400 source
meter. To ensure a more defined device absorbing area, during the measurements a black
mask with two different aperture sizes of 0.0676 and 0.1296 cm2 was placed in front of the
substrates. For the external quantum efficiency (EQE) measurement, simulated AM 1.5G
irradiation was generated by using a 50 W tungsten-halogen lamp (Osram 64610) and a
bias green light (530 nm), combining with a mechanical chopper (Stanford Research, SR
540) and a monochromator (Oriel, Cornerstone 130). The response was recorded as the
voltage over a 50 Ω resistance, using a lock-in amplifier (Stanford Research Systems, SR
830). The accurate short-circuit current density JSC was determined by integrating the
EQE spectra.

Slow-sweep and maximum power point tracking (MPPT): Firstly, the VOC is tracked for 5
minutes with devices kept under illumination. After stabilization, the voltage is increased
by two step sizes (0.02 V)above VOC and the current flow is recorded for a predetermined
amount of time. Current is recorded until the voltage has reached one step size below 0 V.
From this time-dependent current density measurement, the last value of current density
for each voltage step is plotted versus the voltage, to obtain a stabilized J-V curve.

Scanning Electron Microscopy (SEM): Images were taken with a focused-ion-beam scanning
electron microscope (FIB-SEM, 5 kV, FEI company).

X-Ray Diffraction: Measurements were performed on a Bruker 2D Phaser using Cu Kα
radiation with a wavelength of 0.15406 nm.

UV-vis absorption: Spectra were measured with a Perkin Elmer UV/Vis/NIR Lambda 900
spectrophotometer.

Photoluminescence (PL) spectroscopy: Emission spectra were recorded on an Edinburgh
Instruments FLSP920 double-monochromator spectrophotometer.

Time-resolved photoluminescence (TRPL) spectroscopy: Measurements were performed on
an Edinburgh Instruments LifeSpec-PS spectrophotometer with excitation at 400 nm.

Thickness and roughness measurements: A Veeco Dektak150 profilometer was used to mea-
sure thickness and roughness of the perovskite films.
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3
2D Ruddlesden-Popper Perovskites

3.1 Introduction

Apart from introducing a (quasi-)2D perovskite capping layer, as explained in the pre-
vious chapter, Ruddlesden-Popper 2D perovskites are now being widely investigated to
produce efficient light absorbers with higher stability compared to the 3D counterpart.
This class of perovskites (also referred as Class I MDPs by Gao et al. [1]) have a layered
crystal structure with chemical formula R2An – 1MnX3n+1, where R is a bulky organic cation
(such as PEA+ or BA+), A is an organic cation (MA+ or FA+), M is a metal (usually Pb2+),
and X is a halide (Br– or I– ).

As widely explained in Chapter 1, several issues need to be solved before Class I MDPs
can be considered as an alternative to 3D perovskites. Most importantly, in order to obtain
a good charge transport in devices with a 2D perovskite absorber, vertical orientation of
the crystals must be achieved. Thus, it is of crucial importance to understand the right
conditions for the film deposition in terms of spin coating, annealing conditions, and
thickness.

In this chapter, research is focused on the deposition of 2D perovskites with n=5,
namely (PEA)2(Cs0.05FA0.79MA0.16)4Pb5(I0.9Br0.1)16 (PEACsFAMA) and (PEA)2MA4Pb5I16

(PEAMA). Several crystallization conditions are analyzed, together with the use of tech-
niques such as hot-casting or the use of the additive NH4SCN. An analysis in terms of film
morphology, crystal structure, and device performances is performed and guidelines on
how to improve such devices are given.

3.2 Tuning the crystallization rate

As a starting point, several crystallization conditions were explored for the quasi-2D
perovskite PEACsFAMA with n=5. Table 3.1 summarizes the experimental conditions that
were analyzed. The first method consists in using an antisolvent to induce a fast crystal-
lization of the perovskite film. This technique has been already mentioned before since
it is the most common way to produce 3D perovskite films in one-step protocols; how-

47
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Table 3.1: Experimental conditions used to deposit quasi-2D perovskite films (PEACsFAMA
n=5) with different crystallization rate.

Experimental method Crystallization rate

Antisolvent (DMF/DMSO 9:1) Fast

Slow drying of solvent DMF/DMSO 9:1 Slow (∼ 2 minutes)

Slow drying of solvent DMF/DMSO 4:1 Very slow (∼ 4 minutes)

NH4SCN as additive (DMF/DMSO 9:1) Slow

ever, given the fast crystallization rate, it is probably not possible to control the crystal
orientation in quasi-2D films. Secondly, a slow crystallization method was used, achieved
by natural drying of the wet precursor film. Experimentally, after an initial spin coating
step, terminated before the beginning of the crystallization, the films were left to dry at
room temperature for a few minutes, then followed by thermal annealing at 100◦C for
10 minutes. This method was selected based on the fact that vertical orientation in 2D
perovskites originates from the nucleation of a vertically-oriented crust at the liquid-air
interface [2, 3]. To induce a continuous vertical growth from the liquid-air interface, ad-
ditional homogeneous nucleation from the bulk, which leads to random oriented crystals,
must be suppressed. According to crystallization theory, a low supersaturation environ-
ment that approaches a meta-stable zone is needed, so that the crystal growth is enhanced
and additional nucleation is suppressed [3]. In addition, to slow down the crystallization
rate, two ratios of DMF/DMSO (9:1 and 4:1) in the precursor solution were investigated,
since DMSO has been shown to form a solvated phase with the metal halide that retards
the crystallization [4]. Finally, NH4SCN was used as an additive in the precursor solution
to improve the crystallinity and vertical orientation, as already reported in the literature
[5, 6, 7].

a) b)

Figure 3.1: AFM pictures of PEACsFAMA n=5, produced with (a) the antisolvent method
and (b) the slow drying of solvent (DMF/DMSO 9:1).

Perovskite films produced with the abovementioned experimental conditions were first
characterized with Atomic Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM) to investigate their morphology. Figure 3.1 shows the AFM 3D images of perovskite
films with n=5 produced with the antisolvent method and with the slow drying of solvent



CHAPTER 3. 2D RUDDLESDEN-POPPER PEROVSKITES 49

(DMF/DMSO 9:1), respectively. As can be seen, the roughness of the film drastically
decreases with a slow crystallization rate, going from a very rough film, with peaks of
around 250 nm, to a smoother and more uniform film, with peaks of 120 nm. Images
similar to Figure 3.1b are observed when using a larger amount of DMSO (DMF/DMSO
4:1) or the NH4SCN additive. The root-mean-square roughness (RRMS) of the films was
also calculated and summarized in Table 3.2. As predicted from the AFM images, the
RRMS reduces with decreasing the crystallization rate, reaching a minimum of 6.5 nm for
the film with NH4SCN additive.

Table 3.2: RRMS values calculated from AFM measurement for PEACsFAMA n=5.
Experimental method RRMS (nm)

Antisolvent (DMF/DMSO 9:1) 45.8
Slow drying of solvent DMF/DMSO 9:1 10.5
Slow drying of solvent DMF/DMSO 4:1 11.4
NH4SCN as additive (DMF/DMSO 9:1) 6.5

Figure 3.2: Top-view SEM images of PEACsFAMA n=5, produced with the antisolvent
method (a,b) and the slow drying of solvent (DMF/DMSO 9:1) (c,d).
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It is worthwhile to mention here that the AFM measurements were performed on a 5x5
µm2 area and this might not be representative of the entire film, especially if the crystal
grains are larger than the probed area and if the films are not uniform, but contain for
instance pinholes.

SEM images, shown in Figure 3.2 were also taken to characterize the surface on a
larger scale. In Figure 3.2a,b, the surface of the perovskite film produced with antisolvent
method is displayed. Here, ripples throughout the surface can be seen, which explain the
high roughness of the film, while at higher magnification there is no sign of crystal grains,
but only of some flakes and needle-shaped crystals that might be associated with excess
PbI2 or 2D perovskite small crystals. From Figure 3.2d, it is found that a relatively smooth
surface is obtained for the slowly dried films, which is consistent with the AFM result;
however, from a lower magnification (Figure 3.2c) the film looks far from being smooth
and uniform. These flat, circular areas might represent the nucleation sites that start the
crystallization of perovskite phases at the liquid-air interface. Based on these results, it
is clear that controlling the morphology of such films is of crucial importance and more
investigation is needed on how to produce layers of better quality in terms of uniformity
and roughness. Images similar to Figure 3.2c,d were taken for the films produced with
slow drying DMF/DMSO 4:1 and with NH4SCN (Figure S7).

The crystal structure of the quasi-2D perovskite PEACsFAMA with n=5 was investi-
gated with X-Ray Diffraction (XRD) (Figure 3.3).
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Figure 3.3: XRD patterns of PEACsFAMA n=5, produced with the antisolvent, slow drying
of solvent (DMF/DMSO 9:1 and 4:1), and NH4SCN methods, respectively.
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First of all, the film produced with antisolvent shows very poor crystallinity compared
to the others; the peaks are not well-defined and their intensity was multiplied by a factor
of 100 to be able to provide a comparison with other diffraction patterns. On the contrary,
the films produced with slow drying of solvent and with NH4SCN additive appear to be
more crystallized, as confirmed by the measurement of the full width at half maximum
(FWHM). The peaks at 14◦ were fitted with a Gaussian function and the FWHM were
found to shift from 0.319 to 0.146, 0.119, and 0.102, for the films produced with antisol-
vent, slow drying DMF/DMSO 4:1 and 9:1, and with additive, respectively, suggesting the
enhanced crystallinity. The peaks at 3.99 and 5.3◦ are associated with (020) and (002)
planes for the n=2 and n=1 (quasi-)2D perovskite, consistent with the results found in
the literature [8]. To confirm this, the interplanar spacing (d) values correspondent to
these two peaks were calculated via Bragg’s law, and the difference between the d values
was found to be around 0.6 nm, which is the height of one PbI6 octahedron. This confirms
that such peaks correspond to 2D structures with different n values. Interestingly, the 2D
perovskite film produced with NH4SCN additive does not show any peak related to the
n=1 structure, but instead the peaks related to n=2 are enhanced, i.e. (020), (040), and
(060) planes.

Figure 3.4: Representation of the (020) and (111) planes for a quasi-2D perovskite with
n=2.

The XRD measurements suggest that the spin coated films are composed of a mixture
of polymorphs with different n numbers, as widely reported in the literature [1], meaning
that the indication n=5 only represents the stoichiometry composition of the precursor
solution but not necessarily the film composition. This discrepancy between stoichiom-
etry of the precursor solution and film composition affects the crystal structure of the
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perovskite, especially in terms of orientation. In fact, films with n=1, 2 tend to grow par-
allel to the substrate, by showing (00l) and (0k0) reflections in the XRD patterns, where
the (0k0) planes for n>1 correspond to (00l) for n=1, and eventually limit the charge
transport. With higher n values, a competition arises between PEA and MA cations and
vertical growth is also observed, as indicated by the peaks at 14 and 28◦ [9, 10]. These
peaks are often referred in the literature to the (111) and (202) planes of 2D perovskites
[5, 7, 9, 11], but also correspond to (110) and (220) planes of 3D perovskites [12]. There-
fore, for the PEACsFAMA films, the peaks at 14 and 28◦ could not be solely ascribed to 3D
or 2D perovskites, but indicate a coexistence of layered 2D and 3D perovskite in the film,
as is confirmed by optoelectronic properties described later. To clarify, (002) and (111)
planes for an n=2 quasi-2D perovskite are shown in Figure 3.4. Based on the figure, par-
allel growth means that the lead iodide slabs are oriented parallel to the substrate, and
are separated by PEA cation, while perpendicular growth means that the lead iodide slabs
are perpendicular to the substrate.

Figure 3.5: GIWAXS patterns: (a) antisolvent, (b) slow drying of solvent DMF/DMSO 9:1,
(c) slow drying of solvent DMF/DMSO 4:1, (d) with NH4SCN.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were used to
further investigate the crystal orientation of the quasi-2D PEACsFAMA perovskite films
(Figure 3.5). The film fabricated with antisolvent (Figure 3.5a) displays Debye-Scherrer
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rings with an isotropic intensity distribution, which indicates that the crystals are ran-
domly oriented. Discrete Bragg spots are shown for all the other films, produced with slow
drying of solvent or with additive NH4SCN, which are representative of crystal grains with
preferential orientation. All the Bragg peak positions agree with the XRD data, linked with
each other by Bragg’s condition (Equation 3.1).

q =
2π

dhkl
(3.1)

where q is the scattering vector and dhkl is the interplanar lattice spacing of the (hkl) plane
[13].

At low q values (q<1 Å−1) scattering signals from the 2D perovskite structures can be
identified: for instance, the n=2 (020) and n=1 (002) planes are found at q=0.28 and
0.38 Å−1, respectively. Bragg spots for such planes are in the out-of-plane direction (qz),
as shown in Figure 3.5b,c,d, indicating the preferential orientation of the crystals as paral-
lel to the substrate. This kind of orientation inhibits charge transport and limits the device
performances because of the insulating nature of the organic spacers and it is hence unde-
sired in quasi-2D perovskite films. The GIWAXS pattern for films produced with NH4SCN
additive, displayed in Figure 3.5d, shows no spots at 0.38 Å−1, related to n=1 phase, and
an enhanced intensity at around 0.6 Å−1, which correlates to (060) plane observed in the
XRD pattern. Based on these results, it seems that the use of NH4SCN somewhat limits the
formation of n=1 2D perovskite, although for all films a vertical orientation of the small-n
perovskite crystals is not achieved and more investigation is needed to tune the crystal
growth in a quadruple cation perovskite. On the contrary, the Bragg spots displayed at
q=1 and 2 Å−1, associated with 2D or 3D perovskite lattice planes, exhibit higher inten-
sity on the qz plane, compared to the qxy, indicating a preferential vertical growth of the
crystals with the (111) and (202) lattice planes parallel to the substrate. However, some
intensity can still be observed at other azimuthal angles, which suggests that a fraction of
the crystals is still randomly or perpendicularly oriented.

To conclude the characterization, the optical properties of PEACsFAMA n=5 were an-
alyzed with UV-vis and PL spectroscopy. Figure 3.6 shows the UV-vis spectra of the per-
ovskite films deposited with different experimental conditions. All the perovskite films
display an absorption onset at around 790 nm; from the Tauc’s plot the bandgap was esti-
mated to be 1.53 eV, consistent with the already mentioned idea that in these films there
is coexistence between 3D and 2D perovskites. In addition to the onset, two additional
excitonic absorption peaks at around 500 and 560 nm are observed, associated with n=1
and 2 structures. The former is not found in the absorption spectrum of the perovskite
film with NH4SCN, confirming that no n=1 phase is formed.

PL spectroscopy (Figure 3.7) measurements were performed from both the perovskite
side (top) and glass side (bottom), since the excitation wavelength used (405 nm) probes
only the surface of the film, as already explained in the previous chapter. PL spectra from
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Figure 3.6: UV-vis spectra of PEACsFAMA deposited with different experimental conditions

Figure 3.7: PL spectra of PEACsFAMA deposited with different experimental conditions:
illumination from perovskite side (left) and glass side (right)

the perovskite side display small signals at short wavelength, associated with 2D per-
ovskites, and a dominant peak between 770-790 nm relative to the (quasi-)3D perovskite.
On the contrary, when probed from the glass side, peaks at 516 (n=1) and 560 nm (n=2)
indicate that the dominant phase is made of 2D perovskites with different n values. The
only exception is found for the film produced with antisolvent: in such case, no 2D struc-
tures are detected, meaning that a very fast crystallization probably does not allow the
formation of 2D perovskites. Regarding the film produced with NH4SCN additive, no peak
for the n=1 phase is found, consistent with XRD, GIWAXS, and UV-vis data.
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The general picture from PL spectroscopy is that structures with small n values are
retained at the bottom, while the 3D or large-n structures prefer to stay on top of the film.
Since the perovskite crystallization is likely to start from the liquid-air interface, because
of the fast evaporation of the solvent, it is possible that 3D perovskites form faster than
layered ones. As a consequence, this process pushes PEA+ cations to the bottom, where
eventually the layered perovskites will form [12]. It is safe to assume that in the leftover
solution, at the bottom of the film, there will be a higher ratio between PEA and the other
cations, hence the formation of small-n perovskites, such as n=1 or 2.

Future research should certainly focus on understanding the formation mechanism of
layered perovskites and the phase distribution of perovskites with different n values. Not
only this might give insights into the crystallization mechanism, but also on how to tune
the distribution towards a phase-pure vertically oriented quasi-2D perovskite.

3.3 PEACsFAMA (n=5) in n-i-p devices

After characterizing the quadruple cation quasi-2D perovskite film, PEACsFAMA (n=5)
was spin coated following the previously mentioned experimental conditions (Table 3.1)
in n-i-p devices with the following structure: ITO/SnO2/PCBM/PEACsFAMA (n=5)/Spiro-
OMeTAD/MoO3/Au. The performances of such devices are summarized in Table 3.3.

Table 3.3: Photovoltaic parameters of PEACsFAMA (n=5) in n-i-p devices. *=from slow-
sweep.
PEACsFAMA JSC (mA cm−2) VOC (V) FF (%) PMPP (mW/cm2)

Antisolvent* 4.13 1.12 43 2.14
Slow drying of solvent DMF/DMSO 9:1* 9.44 0.99 41 4.05
Slow drying of solvent DMF/DMSO 4:1 7.89 1.09 55 3.18
+ NH4SCN additive 5.87 0.67 35 1.38

Compared to the film produced with antisolvent, the current density of the device
based on slow drying of solvent (DMF/DMSO 9:1) is more than doubled. The better crys-
tallinity and crystal orientation of the films, as shown in the XRD and GIWAXS measure-
ments, are effective in improving the charge transport properties of the devices. However,
the performances are still not comparable to the 3D perovskite counterpart, with all the
solar cell parameters being inferior. From Table 3.3, a lower VOC is reported for the film
produced with slow drying of solvent (DMF/DMSO 9:1). In this case, it must be men-
tioned that the value of 0.99 V is measured only after slow-sweep measurement and VOC

tracking for 5 minutes. The devices suffer from instability under light exposure; thus, the
comparison is not completely fair, considering that VOC tracking was performed only some
devices.

Figure 3.8 shows the J-V curves for all devices. As can be seen, a higher current
density is measured for the device based on DMF/DMSO 9:1 slow drying, although the fill
factor is lower compared to the DMF/DMSO 4:1 device. The lowest-performing devices
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Figure 3.8: J-V curves for PEACsFAMA n=5 in n-i-p devices

are obtained when using the antisolvent or NH4SCN additive, with the latter showing a
strongly S-shaped J-V curve and very low fill factor and VOC.

Generally, the limiting factor for device performances is certainly the morphology of
the films, which are not uniform and smooth, and might contain pinholes. Moreover,
vertical orientation is not completely achieved, as shown by the GIWAXS measurements in
the previous section; hence, better performances might be obtained by tuning the degree
of preferential orientation.

3.4 (PEA)2MA4Pb5I16 in p-i-n devices

The quadruple cation quasi-2D perovskite studied in the previous sections has a com-
plicated composition and very little is known about the effect of other cations, namely FA+

or Cs+, on the crystal structure. In a study investigating the effect of FA cations in quasi-2D
perovskites, Zhou et al. reported that when FA+/MA+ ratio is over than 40%, MA cations
cannot be stoichiometrically replaced by FA [14]. This is probably due to a different crys-
tal growth kinetics that is responsible for a drastic change in crystal structure when the
amount of FA is too much. For example, the authors produced a (BA)2(FA, MA)3Pb4I13

quasi-2D perovskite and reported a poorer film morphology when the FA/MA ratio was
higher than 40%. Having considered this, we decided to use a simpler composition for
the next experiments and leave an investigation on the effects of other cations for a later
research. The quasi-2D perovskite that we used consists of a mixture of PEAI, MAI, and
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PbI2, which are mixed in the stoichiometric ratio 2:4:5 to obtain a perovskite with chemi-
cal formula (PEA)2MA4Pb5I16. Furthermore, as described above, the quasi-2D perovskite
film consists of small-n phases at the bottom and large-n phases at the top, structure that
promotes an electron transfer mechanism from small- to large-n phases. As a result, the
electrons are mostly transferred towards the perovskite/HTL interface in an n-i-p config-
uration, where the HTL is on top of the perovskite layer. This is probably not beneficial
for charge transport and device performances and, consequently, we decided to switch to
a p-i-n configuration, with an ETL coated on top of the quasi-2D perovskite.

The devices with p-i-n configuration have the following structure: ITO/PTAA/PEAMA
(n=5)/PCBM/LiF/Al. The quasi-2D perovskite film was obtained by slow drying of the
solvent with DMF/DMSO ratio equal to 9:1 and, additionally, with the use of NH4SCN as
an additive to promote vertical alignment of the crystals. Table 3.4 summarizes the photo-
voltaic performances of the perovskite solar cells, while Figure 3.9 displays the stabilized
J-V curves resulting from slow sweep measurements.

Table 3.4: Photovoltaic parameters of (PEA)2MA4Pb5I16 produced with slow drying of
solvent (DMF/DMSO 9:1) and with NH4SCN as an additive in p-i-n devices.

JSC (mA cm−2) VOC (V) FF (%) PCE (%)

Slow drying of solvent DMF/DMSO 9:1 11.7 0.88 47 4.91
+ NH4SCN additive 8.89 0.66 37 2.19
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Figure 3.9: Stabilized J-V curves of (PEA)2MA4Pb5I16 in p-i-n devices.
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A higher PCE is reached with the perovskite solar cell produced with slow drying of
solvent (DMF/DMSO 9:1), which shows better photovoltaic parameters compared to the
device that includes NH4SCN as additive. Generally, the use of additive induces a poorer
morphology in the perovskite film that contributes to a lower fill factor. The appearance
of such films is not translucent and mirror-like, as a perovskite film should be, but hazy.
On the contrary, a slow crystallization rate ensures better-looking films, which naturally
promotes better performances. However, both devices are far from being comparable to
3D perovskites and even though an improvement is reported, compared to the previous
batch, all the photovoltaic parameters need to be improved.

The characterization of the PEAMA perovskite films in terms of optoelectronic prop-
erties (Figure S6) did not bring any different result, compared to the PEACsFAMA films,
showing similar features as Figure 3.6 for UV-vis. On the other hand, the crystal struc-
ture of the quasi-2D perovskite film slowly crystallized showed interesting differences, as
shown from the XRD diffraction patterns in Figure 3.10.
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Figure 3.10: XRD patterns of (PEA)2MA4Pb5I16 produced with slow drying of solvent
(DMF/DMSO 9:1)

As can be seen, only the peaks at 14 and 28◦ are displayed in the XRD patterns, which
are associated with (110) and (220) planes of 3D perovskites or (111) and (202) planes
of 2D perovskites. This suggests a vertical growth of the perovskite compounds and the
absence of small-n phases, which tend to grow parallel to the substrate. Based on this, it
seems that (PEA)2MA4Pb5I16 films produced with these experimental conditions possess
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more phase purity, compared to (PEA)2(CsFAMA)4Pb5I16, for which the XRD patterns are
shown in Figure 3.3.

3.5 (PEA)2MA4Pb5I16 deposition via hot – casting

The hot-casting technique has been firstly introduced by Tsai et al. to produce the RP
perovskite (BA)2MA2Pb3I10 with a high degree of vertical orientation [11]. As explained in
Chapter 1, this method consists in spin-coating the precursor solution onto a hot substrate
and has been used by many research groups to deposit crystalline films with vertically
oriented quasi-2D perovskite crystals. Currently, it is not clear how vertical orientation
is promoted by such a rapid solvent evaporation rate, which partially contradicts what
reported by Chen et al. about the fact that slow evaporation of the solvent promotes the
growth of the vertically-oriented top crust and suppresses additional nucleation [3]. Nev-
ertheless, given the non-optimal results in terms of photovoltaic performances obtained
with the previously described devices, the hot-casting technique was also used to produce
(PEA)2MA4Pb5I16 films in p-i-n devices.

First of all, as a starting point hot-casting was performed by spin coating on a hot
substrate using a solution of PEAI, MAI and PbI2 mixed in the stoichiometrical ratio 2:4:5
with concentration 1 M based on PbI2. However, the as-formed films displayed very poor
morphology, with Ra equal to 100 nm, and a thickness of around 775 nm, which led to
low photovoltaic performances. In a study investigating the effect of thickness on the
performance of quasi-2D perovskites, Tsai et al. found that charge collection has a strong
thickness dependence and that, above a certain thickness, the photogenerated carriers de-
cay before being collected [15]. They explained that when the perovskite film is too thin,
photoabsorption is incomplete and hence the JSC is low; on the contrary, when the film is
too thick, the internal field is too weak to extract carriers, although the photoabsorption is
complete. The optimal thickness was found to be around 200 nm for n=2,4 and 5. Based
on these results, the solution concentration was optimized to 0.4 M to obtain films with a
thickness of around 200 nm.

The effect of the solvent in the hot-casting method was investigated by dissolving
the perovskite precursors in three different solvent compositions: DMF only, DMF/DMSO
20:1, and DMF/DMSO 9:1. DMSO was introduced in solution with different amounts as
a mean to delay the crystallization rate, as it forms intermediate solvated phases with
the metal halides, to ensure better self-assembly of the layered perovskites [4]. The pho-
tovoltaic parameters and the corresponding perovskite film thickness are summarized in
Table 3.5, whereas the stabilized J-V curves and EQE spectra are displayed in Figure 3.11.

A VOC higher than 1.1 V is achieved with all devices, with a maximum of 1.17 V re-
ported for the perovskite processed in DMF only, which can probably be associated with
a better interfacial contact of these films with the charge transport layers. The Ra of the
films produced in DMF only, in fact, was equal to 6.1 nm, compared to 7.4 and 11.7 nm
for the devices processed with DMF/DMSO 20:1 and 9:1, respectively. Noteworthy is also
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Table 3.5: Photovoltaic parameters of (PEA)2MA4Pb5I16 perovskite solar cells produced
via hot-casting.

JSC (mA cm−2) VOC (V) FF (%) PCE (%) Thickness (nm)

DMF only 7.28 1.17 74 6.26 172
DMF/DMSO 20:1 11.96 1.12 68 9.17 199
DMF/DMSO 9:1 9.34 1.14 49 5.25 219

Figure 3.11: Stabilized J-V curves and EQE spectra of (PEA)2MA4Pb5I16 deposited via
hot-casting in p-i-n devices.

the fill factor for devices with no or with little DMSO, reaching 74 and 68%, respectively.
Even though the VOC and FF are higher for the devices processed with DMF only, a sensibly
higher JSC (close to 12 mA cm−2) makes the device with DMF/DMSO ratio equal to 20:1
the most efficient, with a record PCE of 9.17%. Interestingly, the device with the highest
PCE is also the one that shows an S-shaped J-V curve, which is linked to charge trans-
port restrictions and interfacial recombination [16]. From these results, it seems that the
concentration of DMSO needs to be tuned in order to achieve optimal photovoltaic perfor-
mances. The EQE spectra confirm the better charge collection for the devices processed
with DMF/DMSO 20:1, which exhibit an external quantum efficiency with peaks of 70%.
In addition, the spectra seem to show two peaks at 520 and 560 nm, corresponding to the
absorption wavelength of n=1 and 2 phases, respectively, that suggests charge collection
also deriving from small-n phases photo-absorption.

Figure 3.12 displays the UV-vis absorption spectra and Tauc plots of the corresponding
quasi-2D perovskite films deposited with hot-casting technique. It can be seen that all
films exhibit an absorption onset correspondent to a 3D perovskite, together with several
excitonic absorption peaks at 520, 565, and 607 nm, associated with n=1,2, and 3. From
the Tauc plots, the bandgap energy was found to be around 1.6 eV, as expected from an
n=5 quasi-2D perovskite.

The phase distribution, analyzed with PL spectroscopy and shown in Figure 3.13, ex-
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Figure 3.12: UV-vis absorption spectra and Tauc plots of (PEA)2MA4Pb5I16 deposited with
hot-casting technique.

hibits some interesting differences in the hot-casted perovskites compared to previous
results. First of all, the films deposited with DMF only do not show any peak associated
with small-n phases, except for a tiny feature at 520 nm from bottom illumination, rep-
resentative of n=1. Moreover, the main emission peak is found at 750 nm from both top
and bottom illumination, showing a large blue-shift compared to 3D perovskites, which in-
stead display PL emission at 780 nm; this suggests that with DMF, only large-n phases are
formed. By increasing the amount of DMSO, the perovskite formation barrier increases
due to the formation of Lewis acid-base adduct with Pb2+, hence the ions do not have
enough energy to self-assemble into large-n structures and, instead, form the more ther-
modynamically stable n=1 and 2 phases. This is confirmed both by the dominant n=1
and 2 peaks from bottom illumination, and by the fact that for DMF/DMSO 9:1, an in-
tense peak for n=1 is also found from top illumination, where usually only (quasi-)3D
perovskites are found. DMSO has certainly a profound impact on the phase distribution,
even though this does not necessarily influence the photovoltaic performances negatively
(since, as described before, the best performing device is obtained from DMF/DMSO mix-
ture).

The crystal structure of hot-casted (PEA)2MA4Pb5I16 was investigated via XRD and the
resulting diffraction patterns are displayed in Figure 3.14a. It is clear that DMSO enhances
the crystallinity of the quasi-2D perovskite, as indicated by the 21-fold increase in the
intensity of the peak at 14◦ and by the decrease of FWHM from 0.39 (DMF only) to 0.12
(DMF/DMSO 9:1). Consistent with the data from PL, the presence of DMSO promotes the
formation of small-n phases and it is confirmed by the ratio between the peak at 14◦ and
5.3◦, which shifts from 4.65 in the case of DMF only to 1.6 for DMF/DMSO 9:1. Whether
or not this preference towards small-n phases can be tuned has still to be investigated,
probably by trying hot-casting with even lower DMSO concentrations.

To conclude, Figure 3.14b shows a comparison of the 14◦ peaks for (PEA)2MA4Pb5I16
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Figure 3.13: PL spectra of hot-casted (PEA)2MA4Pb5I16.

a) b)

Figure 3.14: XRD diffraction patterns of (a) PEAMA n=5 deposited with hot-casting and
different solvent mixtures (b) PEAMA n=5 deposited via spin-coating and via hot-casting
with DMF/DMSO 9:1.

deposited by spin coating (as shown in the previous section) and by hot-casting with
DMF/DMSO ratio equal to 9:1. As indicated by a decrease in FWHM (from 0.17 to 0.10)
and by a 2.8-fold enhancement in intensity, with the hot-casting technique a better crys-
tallinity can be achieved.

In general, the hot-casting technique represents a good solution to produce 2D per-
ovskite films with good morphology and crystallinity. The procedure needs some experi-
mental practice because it requires to avoid undesired temperature drops of the substrate
once it has been moved from the hot-plate to the spin-coater chunk, but it can provide re-
producibility if performed properly. A record efficiency of 9% was achieved by introducing
(PEA)2MA4Pb5I16 into a p-i-n photovoltaic device, although an S-shaped J-V curve sug-
gests that further improvements are possible in terms of morphology and better contacts
with the charge transport layers. Finally, a study of the effect of DMSO on the perovskite
film formation gave some insights into how phase distribution can be tuned by chang-
ing the perovskite formation barrier, which is increased due to hydrogen bonds with the



CHAPTER 3. 2D RUDDLESDEN-POPPER PEROVSKITES 63

organic cations when DMSO is used.

3.6 Conclusions

Several experimental techniques were used to optimize the deposition of the RP per-
ovskites (PEA)2(CsFAMA)4Pb5I16 and (PEA)2MA4Pb5I16. In the first case, a slower crystal-
lization rate was found to be crucial to improve the morphology, crystallinity, and degree
of preferential orientation in the quasi-2D perovskite films. Additionally, it has been found
that these films consist of a mixture of phases with different n values. The fabrication of
n-i-p devices with PEACsFAMA n=5, however, was not very successful and low PCEs were
achieved, probably because of a limited charge transport induced by the parallel oriented
small-n phases.

After that, a simpler composition was used to fabricate photovoltaic devices with p-
i-n structure and (PEA)2MA4Pb5I16 photo-absorber, and a record efficiency of 9% was
achieved by using a hot-casting technique. By comparison, a PCE lower than 5% was
obtained by producing the perovskite film with slow drying of the solvent. The films
were characterized in terms of crystal structure and optoelectronic properties, indicating
a mixed dimensionalities composition, with small-n phases at the bottom of the film and
large-n phases at the top. Several solvent mixtures of DMF/DMSO were used, and some
insights into the role of DMSO were clarified; it seems that the intermediate solvated
phases formed between DMSO and Pb2

+ ions lead to a higher perovskite formation barrier,
and the direct consequence is that a larger amount of small-n phases are formed. A
more thorough investigation of the effect of DMSO on phase distribution is needed to
gain an understanding on how to tune the composition and achieve optimal photovoltaic
performances.
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3.7 Experimental

Unless mentioned otherwise, the experimental section is the same as described in Section
2.10.

Device fabrication

PEACsFAMA spin coating procedure: A solution was prepared by mixing PEAI, CsFAMA and
PbI2 with stoichiometric ratio 2:4:5 to make PEACsFAMA with n=5. 109.60 mg PEAI,
120.10 mg FAI, 15.64 mg MABr, 507.11 mg PbI2, and 36.70 mg PbBr2 were dissolved
in DMF/DMSO at different ratios. 27.95 µL of CsI (1.5 M in DMSO) was added to the
solution to reach the desidered concentration of Cs+. Antisolvent method: 100 µL was
dropped on the substrate and spin coating was performed in two steps: 1000 rpm for
10 s, followed by 5000 rpm for 20 s. 10 s before the end of the program, 300µL of
chlorobenzene was poured on the substrate. After that, the films were annealed at 100◦C
for 10 min. Slow drying of solvent: 60 µL was dropped on the substrate and spin coated
at 5000 rpm for 10 s. Evaporation of the solvent took from 2 to 4 minutes. After that,
the films were annealed at 100◦C for 10 min. Use of NH4SCN: the PEACsFAMA solution
included NH4SCN in a molar ratio 1:1 with PEAI; 60 µL of solution was dropped on the
substrate and spin coated at 5000 rpm for 10 s. After that, the films were annealed at
100◦C for 15 min.

PEAMA spin coating procedure: A 1 M solution with PEAI, MAI, and PbI2 was prepared by
mixing the precursors in stoichiometric ratio 2:4:5 to produce (PEA)2MA4Pb5I16. When
additive was used, the amount of NH4SCN corresponded to 0.5eq PEAI. 60 µL of solution
was dropped on the substrate and spin coated at 5000 rpm for 45 s. After solvent evapo-
ration (around 2-4 minutes), the films with and without NH4SCN were annealed at 100◦C
for 10 and 15 min, respectively.

PEAMA hot-casting procedure: A 0.4M solution with the same composition as described
above was prepared. The substrates with PTAA layer were put on a hot plate at 110◦C
for 5-10 minutes. After that, the hot substrate was moved to the spin-coater chunk, and
100 µL of the solution was quickly spin-coated dynamically at 5000 rpm for 20 s without
a ramp. Films became dark within 1 s when using only DMF as the solvent, while within
8 s when using DMF/DMSO mixtures. No annealing was performed.

PTAA spin coating procedure: A 3 mg mL−1 solution of PTAA (Mn=15k g mol−1) in dry
toluene was prepared. 60 µL of the solution was dropped on the substrate and spin-coated
at 5700 rpm for 30 s without ramp. After that, the films were annealed at 100◦C for 10
min.

PCBM (p-i-n) spin coating procedure: A 20 mg mL−1 solution of PCBM in chlorobenzene
and chloroform (50% vol/vol) was prepared. 60 µL of the solution was dropped on the
substrate and spin coated at 1000 rpm for 60 s. After that, the films were annealed at
100◦C for 30 min.
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LiF and Al deposition: 1 nm LiF was evaporated using a metal evaporator at 0.2 Å s−1; 100
nm Al was evaporating at 2 and 5 Å s−1 using the same equipment (under high vacuum).

Characterization

Atomic Force Microscopy (AFM): AFM images were obtained with an Agilent 5100. AFM
was performed in ACAFM tapping mode using silicon tips with a force constant of 20-80
N m−1.

Grazing-incidence Wide-Angle X-Ray Scattering (GIWAXS): Experiments were carried out
on a GANESHA 300XL+ system from JJ X-ray in the X-Ray lab at DSM Materials Sciences
Center (DMSC). The X-ray source was a Genix 3D Microfocus Sealed Tube X-Ray Cu-source
with wavelength of 1.5408 Å.
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Summary

2D perovskites have attracted great interest in the last few years because of their higher
environmental stability and tunable optoelectronic properties, compared their 3D coun-
terpart. In this report, two main approaches to introduce lower-dimensional perovskites
in photovoltaic devices were used.

Firstly, as described in Chapter 2, 2D perovskites were used as a protective layer for
a 3D-body. This method has great potential because it is thought to provide an optimal
balance between efficiency and stability. To produce such films, an additional PEAI layer
was spin-coated on top of a FAMA and CsFAMA perovskite, deposited with both one-step
and two-step protocols. After optimization, perovskite solar cells with PCE around 17%
were produced, with increased open-circuit voltage and lower nonradiative recombination
in case of CsFAMA. The optoelectronic characterization confirmed the presence of a 2D
perovskite capping layer, although the presence of parallel oriented small-n phases has
been suggested to be detrimental for charge transport efficiency. Finally, the presence of
a 2D capping layer enhanced the stability of the perovskite material towards moisture,
which is usually an essential cause of degradation in PSCs. Further developments are
possible, especially in terms of the amount and crystal orientation of the 2D perovskites
used as the interlayer, to achieve better performances.

Secondly, another approach to introducing 2D perovskites in PSCs is to form RP per-
ovskites, with the chemical formula (RNH3)2An – 1BnX3n+1 and defined n value. Both
quadruple and double cations quasi-2D perovskites were deposited, i.e. PEACsFAMA and
PEAMA with n=5, following several experimental conditions as described in Chapter 3.
For the former, a thorough characterization in terms of morphology, crystal structure and
orientation, and optoelectronic properties suggested that the quasi-2D films consisted of
a mixture of phases with different n values, with small-n structures being retained at the
bottom and large-n ones at the top. Even though the perovskites were produced with n=5,
other phases such as n=1 and 2 phase were also formed and their preferential orienta-
tion was found to be parallel to the substrate, leading to poor charge transport. Because
of such inhibited charge transport and poor morphology, low PCEs were achieved when
fabricating photovoltaic devices. Large improvements were obtained by using a simpler
perovskite composition, PEAMA with n=5, in p-i-n devices, reaching a record efficiency of
9% by using a hot-casting technique, which consists of spin coating the precursor solutions
onto hot substrates. Interestingly, the role of the solvent in the hot-casting deposition was
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found to be crucial in the phase distribution of n structures, as indicated by the larger
number of small-n phases formed when DMF/DMSO mixtures were used as the solvent.
Controlling such distribution will be an important step towards more efficient quasi-2D
perovskite solar cells.
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Figure S1: Top-view SEM images of FAMA annealed at 130, 150, 160, 180, and 200◦C
with the indication of grain sizes.
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Figure S2: UV-vis absorption spectra of FAMA w/o and w/w FABr at different concentra-
tions.
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Figure S3: PL spectra of FAMA + 5-AVAI capping layer from the top and bottom illumina-
tion.
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Figure S4: Tauc plots derived from the UV-vis absorption spectra of FAMA + PEA, BA,
AVAI. The Eg is around 1.55 eV for all samples.
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Figure S5: PL spectra of FAMA + PEAI 0.5 mg mL−1
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Figure S6: UV-vis spectra of (PEA)2MA4Pb5I16 produced with slow crystallization of
DMF/DMSO 9:1 and with additive NH4SCN.
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Figure S7: Top-view SEM images of PEACsFAMA n=5 deposited with slow drying of sol-
vent: DMF/DMSO 9:1, DMF/DMSO 4:1, with NH4SCN. Interestingly, the crystals appear
significantly larger when higher amount of DMSO is used, as expected from a very slow
crystallization. Another interesting aspect is that the film with NH4SCN contains larger
holes and it is less uniform than the others; the poor morphology explains the low photo-
voltaic performances.
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