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Chapter 1
Introduction and aim of the thesis

1.1 Overview

The global energy consumption in 2018 increased at nearly twice the average 

rate of growth since 20101, driven by a developing global economy to sustain 

societal needs such as feeding, heating, cooling and transportation.

Unfortunately, today’s energy production strongly depends on fossil fuels as oil, 

natural gas and coal, which are economically convenient but present finite 

reserves and produce carbon dioxide (CO2) and other greenhouse gases as by-

products of combustion. There is overwhelming and unquestionable evidence for 

the fact that the Earth’s climate is warming and that it is because of increased 

man-made greenhouse gas emissions (Figure 1.1). Moreover, in our energy-

centric world the control over oil and gas resources (and their means of delivery) 

translates into geopolitical and military conflicts.
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Figure 1.1. Left: corals seen in Dibba, on the east coast of the northern United Arab 
Emirates, are healthy and teeming with fish in 2004. Right: the reef was devastated in 
2008 by harmful algae blooms, linked, to increased greenhouse gases and rising ocean 
temperatures. The tide kills sea life by depleting the oxygen in the water.2

In an attempt to arrest global warming from the greenhouse effect, the Kyoto 

Protocol and then the Paris climate agreements demand a reduction of global 

CO2 emissions. In the latest and most recent agreement, 197 nations agreed to 

keep a global temperature rise well below 2 degrees Celsius above pre-industrial 

levels and to pursue efforts to limit the temperature increase even further to 1.5 

degrees Celsius. 3 In order to reach this target and at the same time meet the high 

global energy/power demands, energy has to be produced and used in cleaner, 

better ways with fewer emissions. Employing renewable energy sources is the 

most promising solution to achieve those goals. Renewable alternatives include 

hydropower, biomass/biofuels, geothermal, ocean thermal energy conversion, 

waves, tides, wind, and solar. A review of renewable energy potential showed 

that solar energy availability exceeds all other renewables by orders of 

magnitude4 (Figure 1.2).
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Figure 1.2. 2015 estimated finite and renewable planetary energy reserves (Terawatt-
years). The volume of each sphere represents either the yearly potential energy 
(renewable energy sources), or the estimated total recoverable energy remaining in 2015 
(finite energy sources). Adapted from reference.4

Solar energy is the most abundant of the renewable sources and photovoltaic 

(PV) technology, the direct conversion of sunlight into electricity, is becoming 

more cost competitive. The World Economic Forum predicts that solar 

photovoltaic infrastructure will have a lower levelized cost of electricity (LCOE,

i.e. total cost of building and operating an energy-generating plant, divided by

the total energy output) than coal or natural gas electricity generation throughout

the world by 2020.5 Nowadays, the PV technology is dominated by silicon solar

cells, also called ‘first generation’ solar cells. Silica (silicon oxide, SiO2) is an

abundant and non-toxic material, but it requires a substantial energy

consumption to be processed into high purity crystalline silicon, increasing the

energy payback time of the solar cell (the payback time is the time an energy

source needs to be running in order to generate the amount of energy used for its

production).
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For silicon solar cells the energy payback time is estimated to be approximately 

eight years.6 Conventional solar silicon technology presents a theoretical limit of 

29% power conversion efficiency (PCE). The typical silicon solar panels have 

efficiencies around 20%, and the record silicon solar cells have an efficiency of

26.7% on a lab scale7, meaning that the silicon-based PV is reaching its 

efficiency limit. In order to improve the efficiency/cost relation of solar panels,

alternative materials that are abundant, inexpensive and with similar efficiency 

as silicon have been investigated. These materials, included in so-called ‘second-

generation’ solar cells, may be used as single junction solar cells to replace 

crystalline silicon, or in multi-junction (tandem) solar cells. GaAs, GaInP, 

GaInAs and Ge thin films semiconductor devices are competitors to established

silicon solar cells. GaAs has reached the record efficiency for a single junction 

solar cell of 27.6%,8 however, these cells are rather expensive due to the cost of 

the starting materials and the device processing. Other important PV 

technologies are based on cadmium telluride (CdTe) and copper indium gallium 

selenide (CIGS). CdTe solar cells have reached 22.1% conversion efficiency9

and a low payback time10 but the toxicity of cadmium and the usage of rare 

materials are still limiting factors for a large scale deployment of this technology.

The efficiency of CIGS and CIS solar cells are also high, 22.9% and 23.4% 

respectively.11 Despite these promising data, however, the market share of thin-

film solar cells remains below 10-15%, mainly because of the very low price of 

silicon solar modules. The ‘third-generation’ solar cells consists of thin-film 

semiconductors that can be processed through more simple methods, such as 

spin-coating, blade coating or inkjet printing and thermal vacuum-deposition

techniques. These deposition techniques can be used in view of the very different 

nature of the semiconductors used, such as organic small molecules, polymers, 

and inorganic quantum dots.12
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The performance of organic PVs has been steadily increasing over the past few 

years due to significant innovations in the material engineering. To date, the 

record PCE values for bulk heterojunction organic solar cells exceed 17% for 

single‐junction and tandem devices.13,14 Also dye-sensitized solar cells (DSSCs)

have been widely studied, with the first efficient devices reported in the early

90’s with a PCE of about 8%.15 Even if over the years their efficiency has 

improved, these solar cells present important drawbacks such as the use of rare

metals and a liquid electrolyte, which limits the solar cells lifetime.16 DSSCs 

have eventually evolved in favor of a more promising technology based on 

semiconducting, hybrid organic –inorganic perovskites. Efficient perovskite 

solar cells can be fabricated through simple methods, and are compatible with 

large-area and flexible devices. Unlike silicon, perovskites are direct bandgap 

semiconductors with a very high absorption coefficient, enabling quantitative 

light absorption in films as thin as 500 nm. This feature would enable the 

fabrication of lightweight PVs. The effective solar absorption of perovskites is

clearly visible from the absorption coefficients comparison of different solar 

absorbers in Figure 1.3.

Figure 1.3. Absorption coefficient of perovskites CH3NH3PbI3 and CH3NH3PBI3−xClx

compared to other solar cell materials. Adapted from reference.17
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Another aspect that makes perovskites rather unique semiconductors is the 

possibility of profoundly altering their properties upon simple variation of their

composition. Lead halide perovskites were first reported in solar cells in 2009, 

with a 3.8% power conversion efficiency,18 and the vibrant research over the last 

decade has made perovskite PV the fastest advancing solar technology so far, 

reaching an efficiency of more than 25% (Figure 1.4) in only 10 years of 

development. Perovskite solar cells are now among the most efficient thin-film

photovoltaic technology and this make them a strong candidate for commercial 

implementation. Different start-up companies are trying to commercialize this 

technology as single junction and tandem solar cells. 

Figure 1.4. Best research-cell efficiency chart - NREL19
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With their good optoelectronic properties, perovskites find a number of other 

applications beyond photovoltaics, such as photodetectors, memresistors, X-ray 

detectors, light-emitting diodes (LEDs), etc. Among these, LEDs are particularly 

attractive in view of the versatile and tunable optoelectronic properties of 

perovskites. Lighting was the first application offered by gas and electric

utilities, and continues to be one of the largest use of produced electricity. In

2005 it was estimated that electric lighting used 19% of all global electricity 

consumption20, with obvious impact on greenhouse gas emissions. Within this 

perspective, it is clear that to meet the global energy demand and at the same 

time reduce greenhouse gas emissions, we have to find ways not only to generate 

energy efficiently, but also to more efficiently consume it. Reducing energy 

consumption by enhancing the efficiency of light sources is thus a major route 

towards CO2 reduction. In this direction, researchers are evaluating the potential 

of perovskites to increase the efficiency of LEDs which, in the last four years,

has exponentially increased from 0.1% to more than 20% external quantum 

efficiency (EQEEL) 21–24 (see Operating principle of light-emitting diodes and 

Equation 1.16 for details).

1.2 Perovskite 

The archetype perovskite is the mineral calcium titanate (CaTiO3),

discovered in 1839 by Gustav Rose in Russia and named after the mineralogist 

Lev Perovsky. The same nomenclature is given to any material sharing the same

type of crystal structure, with ABX3 being the general chemical formula. In this 

structure the cation A is larger than the cation B, while X is a monoatomic anion. 

Several element of the periodic table can be accommodated in this structure,

making perovskites a versatile family of compounds. The “ideal” perovskite 

definition refers to the cubic crystal structure (i.e. CaTiO3), which is composed 
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of a three-dimensional framework of corner-sharing BX6 octahedra. The A-site 

cation fills the 12 coordinate cuboctahedral cavities formed by the BX3 network 

and is surrounded by 12 equidistant anions, as shown in Figure 1.5.

Figure 1.5. Ideal perovskite-type structure ABX3 with corner-shared octahedron BX6,
extending in three dimensions to form the framework.25

A cubic perovskite can transform into other crystal structures through tilting of

the octahedral BX6, which can be induced by changing the elemental

composition (A, B and X). These resulting structures are however closely related 

to the cubic one and likewise belong to the perovskite family structure. There are 

several structural deviations from the ideal cubic perovskite, i.e. tetragonal, 

orthorhombic, rhombohedral, monoclinic and triclinic structures. The structural 

stability of perovskite-type compounds can be predicted using simple 

geometrical considerations, using the “tolerance factor” t (equation 1.1) as 

expressed by Goldschmidt in the early 1920s 25

(1.1)
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where rA, rB and rX are the ionic radii of the corresponding ions. In other words, 

the tolerance factor is defined as the ratio of the distance A-X to the distance B-

X in an idealized solid-sphere model. Up to now, almost all known perovskites 

have t values in the range 0.75 < t < 1.1. Goldschmidt’s tolerance factor t is not 

by itself sufficient to predict the formation, or not, of the perovskite structure.

For this a reason the “octahedral factor” μ (equation 1.2) was introduced 25

(1.2)

Generally, μ is in the range 0.44 < μ < 0.90 for halide perovskite (X = F, Cl, Br, 

I). The octahedral factor is related to a specific combination of B cations and X 

anions to form stable octahedra. Although the majority of perovskites are oxides 

or fluorides, halides, sulphides, hydrides, cyanides, oxyfluorides and oxynitrides 

are also reported. This variety of composition, together with their possible 

structural distortion, results in diverse physical/chemical properties. Indeed, 

perovskites can exhibit semiconducting, superconducting, piezoelectric, 

ferroelectric, dielectric, magnetic, and catalytic properties. 26

1.2.1 Three dimensional (hybrid) organic-inorganic 
perovskite

Three-dimensional (3D) hybrid perovskites that have properties making 

them interesting for optoelectronics application are base on divalent metals and 

halides. These metal halide perovskite can be described by the same general 

formula ABX3 presented before. The most used consist of divalent metal ions 

such as lead (Pb2+) or tin (Sn2+), which occupy the B-site surrounded by halides

anion, e.g. iodide (I-), bromide (Br-) or chloride (Cl-), at the X-site, creating a 3D 

anionic network of corner-sharing octahedra. The most common A-side cations 

are monovalent organic cation such as methylammonium (MA: CH3NH3
+), 
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formamidinium (FA: CH2(NH2)2
+) and, in the case of fully inorganic perovskites,

cesium (Cs+), as they fit in the cavity delimited by four corner-sharing octahedra

(BX6) (see Figure 1.5). The benefit of organic ammonium cations such us MA 

and FA with larger radii (0.18 nm and 0.19-0.22 nm, respectively) compared 

with inorganic cations such us Cs+ (0.167 nm) resides in a more stable perovskite 

structure, with a tolerance factor close to 1. I-, Br- and Cl- have ionic radii of 

0.220 nm, 0.196 nm, and 0.181 nm, respectively. As highlighted in Figure 1.6,

where the calculated tolerance factor for a series of halide perovskites is shown,

replacing Pb with Sn increases t, enhancing the geometrical stability of the 

structure. However, the use of Sn results in less chemically stable compounds, 

as Sn(II) is readily oxidized to the more stable Sn(IV) species.17

Figure 1.6. Tolerance factors t of a series of hybrid halide perovskites. Adapted from 
reference27

For a given composition, the perovskite structure will undergo different phase 

transitions as a function of the temperature. In the case of CH3NH3PbI3 (MAPbI3

in Figure 1.6), there are two different phase transition at 162K and at 327K. 

The transition at lower temperature was assigned to a change from an 

orthorhombic to a tetragonal crystalline structure, while at higher temperatures

the lattice changes from a tetragonal to a cubic structure.28 The first report on 

semiconducting metal halide perovskite was published in 1957, when the 

photoconductivity in all-inorganic CsPbX3 systems was observed.29
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In 1978, Weber replaced Cs+ with CH3NH3
+ and obtained hybrid perovskites

with interesting physical properties: he prepared CH3NH3PbX3 compounds of

different colors (ranging from colorless to black) by changing the halide 

composition,30 introducing one of the key properties of these materials i.e. the 

simple tuning of their optical bandgap.

1.2.2 Low dimensional (hybrid) organic-inorganic 
          perovskite

The first research on layered metal based perovskites (i.e. Cu2+ and Cr2+

metals) were focused on their magnetic properties.31. Only in the late 1990s, the 

B-site cations were changed from the transition metals to the group 14 metals. 

This yielded semiconducting perovskites with direct bandgap that are of interest 

in optoelectronics. The first report on layered group 14 hybrids halide 

perovskites with organic cations was reported in 1986 by Marayama et al.32

When the A-site organic cation is too large to fit within the cavity delimited by 

the octahedral framework typical of 3D perovskites, the structure collapses into 

a low dimensional material formed by inorganic sheets of corner sharing BX6

octahedra separated by organic layers. In this situation the tolerance factor t is

much larger than 1.1. This new phase is termed two-dimensional (2D) perovskite

and is described by the general formula (R-NH3)2BX4 where the B-site is 

occupied by a metal cation, generally Pb2+ or Sn2+ and the X-site by the halide

anion I-, Br- or Cl-. The separation between the inorganic slabs occurs due to the 

R-NH3 group which represents a bilayer of aliphatic or aromatic mono-

ammonium cations, or a single layer of diammonium cations (Figure 1.7).33,34
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Figure 1.7. Schematics representations of a) 3D perovskites with the general formula 
ABX3, and of 2D perovskites with b) mono-ammonium or c) diammonium organic 
cations. Adapted from reference33

The organic group R-NH3 in the 2D perovskites binds to the halogen atoms of 

the inorganic framework with the terminal cationic groups by hydrogen bonding. 

The organic groups self-assemble via π-π interaction when the organic cations

contain conjugated groups or through Van der Waals force when they contain

non-aromatic substituents. The layered perovskite family is not restricted solely 

to this structure, as intermediate structures with inorganic sheets of varying 

thicknesses can be prepared by using both small A-site cations (analogous to

those described in the previous paragraph) and large organic cations (R-NH3).

In the so-called Ruddlesden-Popper perovskites with formula 

(RNH3)2(A)n−1BnX3n+1 the thickness of the inorganic layers can be tuned by 

chancing the ratio of small and large cations. The dimensionality increases with 

increasing n, that indicate the number of octahedral sheets comprised in a single 

inorganic slab,35 see Figure 1.8.
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Figure 1.8. Schematic representation of [001] oriented layered Ruddlesden-Popper 
perovskites, where n defines the thickness of the perovskite sheets.

For n = 1, the material is a pure 2D perovskite, while when n → ∞ the structure 

is a 3D perovskite. The first reports of Ruddlesden-Popper perovskite with n > 1 

was published in the 1990s. 36 About 20 years later, and few years following the 

first report of solar cells employing 3D hybrid metal halide perovskites by

Miyasaka et al18, the first solar cell based on a Ruddleson-Popper perovskite with 

n = 3 as absorber was reported by the Karunadasa group.37

1.3 Properties of perovskite semiconductor

Hybrid perovskite are semiconductors with a direct bandgap and the energy

bands depicted in Figure 1.9. The valence band (VB) is the energy band where 

all the valence electrons are normally present, while the conduction band (CB) 

is the empty energy band with higher energy in which electrons can move freely 

inside the material.

BX6 (Oh)

A (MA+, FA+)

R-NH3
+

Ruddlesden-Popper  (RNH3)2(A)n−1BnX3n+1 

n=1 (2D) n=2 n=3 n=∞ (3D)

13



Figure 1.9. Schematic energy bands for an intrinsic semiconductor in equilibrium and 
upon photon absorption.

The two band are separated by the bandgap (Eg), a forbidden energy region where 

no electron states can exist. In an intrinsic semiconductor as perovskite, the 

Fermi level lies in the middle of the bandgap in steady state condition, as shown

in Figure 1.9. The light absorption of the perovskite and of all semiconductors 

depend on the bandgap of the material and only photons with energy equal or 

higher than the bandgap can be absorbed. Once a photon is absorbed, the electron 

is excited from the VB to the CB leaving positive charge (hole) in the valence 

band. These holes can move freely in the valence band and contribute to the 

conductivity of the material. When photons with higher energy than the bandgap 

are absorbed they generate charge carriers that have excess thermal energy which 

they quickly lose as heat to the lattice, in a process known as thermalisation.

After photon absorption and a fast thermalization within the bands, two separate 

quasi-Fermi levels for electrons ( ) and holes ( ) are formed (Figure 1.9). 

The difference between and is the quasi-Fermi level splitting (QFLS),

which defines an upper limit for the voltage a solar cell can generate.

VB

CB

En
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gy

Semiconductor in equilibrium
(steady state) 

EgEF
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EV
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CB

Semiconductor upon
photon absorption Ehν > Eg

EC

EV

Ee
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hv

14



Recombination of electrons and holes in a semiconductor takes place through 

different mechanisms (Figure 1.10).

Radiative recombination

Radiative recombination is the process where an electron from the conduction 

band relaxes to the valence band and recombines with a hole, releasing energy 

as a photon. This recombination is also called bimolecular because it involves 

two free carriers in a band-to-band transition. This is the most important 

recombination mechanism to achieve high electroluminescence efficiency in 

LEDs. On the other hand, radiative recombination is also unavoidable in a solar 

cell, where it helps maintaining a high photovoltage if non-radiative 

recombination is suppressed.

Non-radiative recombination (Shockley-Read-Hall)

In this recombination mechanism an electron or a hole are captured by trap states 

within the bandgap, and hence it is also known as trap-assisted recombination. 

These trap states can be surface defects or deep level traps, and are created by 

impurities and disorders in the perovskite crystal lattice. It is a monomolecular 

recombination that involve one free carrier at a time and two steps. Firstly, an 

electron or a hole is trapped and then once a carrier of opposite charge comes in 

the proximity of the same trap the non-radiative recombination occurs. It is 

important to minimize the trap-states and as consequence the non-radiative 

recombination losses that are detrimental for electroluminescence in LEDs and 

for charge density and extraction in perovskite solar cells.

Non-radiative Auger recombination

Auger recombination is a three-body process. An electron in the conduction band 

recombines with a hole in the valence band, but instead of emitting a photon, the 
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energy is transferred to another electron in the conduction band. This excites the 

electron into a higher energy level within the conduction band, as shown in 

Figure 1.10. Eventually the electron relaxes back to the conduction band edge 

releasing energy as heat to the environment. Because it is a three-body collision, 

this mechanism is important when carrier densities are very high, i.e. at high 

temperature, under strong illumination and in highly doped materials.

Figure 1.10. Scheme of different types of recombination a) radiative, b) non-radiative 
(trap-assisted), c) non-radiative (Auger recombination)

In a solar cell the recombination should be prevented in order to maximize the 

charge collection at the electrodes. In a LED the non-radiative recombination 

should be avoided to enhance the electroluminescence efficiency. Other two 

important parameters closely linked with recombination are the carrier lifetime 

and diffusion length. The lifetime of an electron or a hole is the average time that 

a carrier can exist before it recombines. 

-

+

CB CB CB

VB VB VB

Photon
Trap

energy

a) b) c)
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The carrier lifetime takes into account the three types of recombination:

(1.3)

The carrier diffusion length L is the average distance a carrier can move before 

it recombines and it depends on the carrier lifetime and on the diffusivity D as 

shown in the equations (1.4)

for electrons for holes (1.4)

With longer diffusion length, carriers can move a longer distance before they 

recombine and thus are more likely to be collected contributing to the 

photocurrent in a solar cell. For this reason, in device fabrication it is important 

to take into consideration the thickness of the active material, which should not 

exceed the carrier diffusion length.

1.4 Optical and structural properties of metal halide
perovskites

In a hybrid metal halide perovskite, the valence band is formed

predominantly by a mixture of metal s-orbitals and halide p-orbitals, while the 

conduction band minimum (CBM) is composed mainly of metal p-orbitals. 

Increasing the ionic character of the B-X bond by increase the halide 

electronegativity, going from I to Br to Cl, selectively lowers the energy of the 

VB. Moreover, the energy of the CB, influenced by the metal Pb p-orbitals, is 

shifted upward when the Pb-X distances decrease going from I to Br to Cl, due 

to a more confined electron on a Pb atom. The consequence of the upward shift 

of the CBM and the downward shift of the valence band maximum (VBM) is the 
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increase of the band gap with increasing halide electronegativity. As a 

consequence, by exchanging or mixing different B, and/or X ions, it is possible 

to tune the optical gap at will, targeting different optoelectronic applications. The 

band-gap of the archetype compound methylammonium lead triiodide (MAPbI3)

of 1.6 eV can be widened by complete substitution with bromide (MAPbBr3, 2.3 

eV) and chloride (MAPbCl3, 3 eV), as generalized for several other compositions

in the schematic energy level diagram in Figure 1.11.

Figure 1.11. Energy level diagrams of several 3D metal halide perovskites 38

The metal substitution has consequences for the optical bandgap of the 

perovskite. Replacing Pb with Sn shifts upward both the VB and CB, due to the 

smaller electronegativity and lower i) ionization potential and ii) electron affinity 

of the Sn. However, the main contribution comes from the metal s-orbitals, and 

as a result the VB shifts to a higher energy than the CB, and this causes to a 

reduction of the band gap for Sn perovskites. The A-cation type also affects the 

bandgap of the perovskite via its effect on structural deformations that reduce 

the hybridization between the metal s-orbitals and the halide p-orbitals. This 

effect leads to a downward shift of the VB and a decrease of the band-gap with 

higher volume A-cations, i.e. changing from Cs to MA to FA.38 Apart from the 

complete substitution of a specific ionic component in the perovskite structure, 
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also the partial substitution of different ions and in particular different halide 

permit to further and continuously tune the absorption onset through the whole 

visible spectra. A perfect example is given by the archetypal and most studied 

3D MAPbX3 (Figure 1.12)

Figure 1.12. a) Absorption coefficient of mixed MAPb(I1-xBrx)3 perovskite thin films 
with increasing bromide content and photos of the samples.39 b) Absorption spectra of 
mixed bromide-chloride perovskite films with increasing chloride content and photos of 
the corresponding samples.40

By increasing the bromide content in the MAPb(I1-xBrx)3 perovskite the 

absorption edge is shifted to higher energy (Figure 1.12a) and the same happens

when the chloride content is increased in the MAPb(Br1-xClx)3 perovskite 

(Figure 1.12b), tuning the absorption from the green to the blue spectral region.

From the absorption profile of the perovskites with different halide content it is 

possible to note that the absorption edge shape changes when going from a 3D 

perovskite rich in iodide to one with more bromide and/or chloride.

a b
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Figure 1.13. a) Top panel, absorption spectra for 3D lead halide perovskites at room 
temperature. Bottom panel, exciton binding energy as a function of the energy bandgap 
of the respective materials.41 b) Absorbance of MAPbCl3 as a function of energy with 
two-component (exciton and band-to-band absorption) fit overlaid. 40

The MAPbI3 display an absorption edge with band-to-band electronic transition. 

On the other hand, moving to MAPbBr3 and then MAPbCl3 the band edges are 

dominated by a pronounced excitonic transition. These different profiles are 

related to different exciton binding energies (Eb) of those perovskites. Moving 

from I to Br and Cl the stronger ionic character of the Pb-X bond leads to an 

augmented Eb wich is reflected in the increased excitonic component of their 

optical absorption peak (Figure 1.13a). However, the optical absorption profile 

of the 3D MAPbBr3 and MAPbCl3 is constituted by both excitonic and band-to-

band transitions (Figure 1.13b).

The structure of the 2D perovskites with alternating organic and inorganic layers 

confer them other peculiar optical and electronic properties. They present a 

multiple-quantum-well structures where the inorganic layers are the 

semiconducting wells and the organic layers are the insulating barrier (Figure 
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1.14). This leads to an anisotropic quantum and dielectric confinement along the

[001] direction. The dielectric confinement is due to the dielectric mismatch 

between the organic and the inorganic framework (εorg< εinorg).42 As a 

consequence of this confinement, photogenerated electrons and holes 

spontaneously form excitons that are confined in the metal halide wells.

These excitons possess a binding energy in the order of hundreds of meV, at least 

an order of magnitude higher than the exciton binding energy of 3D perovskite 

(tens of meV).43

Figure 1.14. a) schematics 2D perovskites structure and b) 2D perovskite flat band 
energy diagram where the metal halide semiconducting sheet has much lower bandgap 
than the organic layer.33

The high exciton binding energy of 2D perovskites is reflected in the

characteristic excitonic transition dominating their optical absorption profile. As

for 3D materials, the optical bandgap can be tuned by partial or complete halide 

substitution ( Figure 1.15 ).

 

21



Figure 1.15. Room temperature absorption spectra of (C4H9NH3)2PbX4 with a) X = Cl, 
b) X = Br, c) X = I. In curve (c), the corresponding photoluminescence (PL) spectrum is 
indicated by the dashed curve.33

Figure 1.15 shows how the excitonic absorption of butylammonium lead halides

(C4H9NH3)2PbX4 can be shifted from green to blue and to the ultraviolet region 

of the electromagnetic spectrum by substitution with I, Br and Cl, respectively.

The narrow excitonic PL signal with small Stokes shift (~15 nm) with respect to 

the absorption for the iodide compound is also reported.

It is important to underline that in contrast to 3D perovskites, 2D perovskites 

have less restrictions towards the size of the cations that can be accommodated 

between the inorganic sheets. This gives an additional degree of freedom in the 

compositional design of these compounds. Some examples of large organic 

amines used as precursors for the cations (R-NH3) that have been employed to 

form 2D perovskites are reported in Figure 1.16.43
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Figure 1.16. Different aliphatic and aromatic organic amines R-NH2 employed as 
precursors in the formation of hybrid perovskite 2D (R-NH3)2BX4. Adapted from 
references44,45

Although the properties of the excitons in 2D perovskites are mainly determined 

by the nature of the inorganic framework, the energy of the exciton absorption 

and PL peaks are also influenced by the organic spacers.44 The organic 

component can alter the metal−halide−metal bond angle and hence induce

changes in the exciton binding energy and in the electronic band structure.45 The 

organic cation parameters that can be modified in order to tune the optical and 

electronic properties in 2D perovskites are the following: i) the interactions 

between organic moieties, ii) the length of the alkyl chain (CH2)n of the spacer 

(R-NH3), iii) the steric hindrance of R and viii) its structural flexibility.

Moreover, a significant contribution to the material properties is related to the 

dielectric constant of the organic cations which will change the dielectric 

confinement. 
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For instance, employing aromatic groups with a more polarizable electron 

density and higher dielectric constant compared to aliphatic molecules, lead to a 

smaller exciton binding energy.46,47 All these properties, which can be controlled 

by chemical design, make 2D perovskites interesting candidates for 

optoelectronic and in particular for lighting applications. On the other hand, the 

typically wide bandgap, the high Eb and the anisotropic transport of pure 2D (R-

NH3)2BX4 perovskites are not optimal features for photovoltaics. As previously 

mentioned, hybrid perovskite thin films can be deposited through simple 

solution-processing of inexpensive organic and inorganic salts at low 

temperature. This is also true for 2D (R-NH3)2BX4 perovskite thin films, which

are typically highly crystalline even when prepared simply by spin-coating

solutions of their precursors (Figure 1.17).

Figure 1.17. XRD patterns of spin-coated thin-films of (C4H9NH3)2PbX4 with a) X = Cl, 
b) X = Br, c) X = I. The reflections indexes are reported for the iodide compound and 
are the same for the other halide analogues.33

In general, solution-coated films show intense (00l) reflections in their X-ray

diffraction patterns (XRD), suggesting that 2D perovskites are oriented along the

c-axis, with alternating PbX6 inorganic sheets and organic bilayers parallel to the 

substrate’s plane. This imply that the insulating sheets of organic cations are 
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perpendicularly oriented to the direction of the electric field (in a thin-film device 

configuration), hindering charge transport. At the same time, the high Eb limits

the interconversion of excitons into free carriers, reducing the charge carrier

mobility in pure 2D perovskites. One way to modify Eb is by increasing the 

thickness of the inorganic slabs, as in 2D Ruddlesden–Popper perovskites. Using 

a combination of optical spectroscopy and modeling, it was demonstrated how 

Eb decreases from 470 meV to 125 meV with increasing thickness from n = 1 to 

n = 5 (Figure 1.18). In support of this data an interesting experimental 

demonstration of the interconversion between bound excitons and free charges

was carried-out by combining microwave photoconductivity and theoretical 

calculations. In that study was demonstrated that the free charges increases with 

the thickness of the 2D perovskite and thus increase also the mobility.48

Figure 1.18. Tuning of exciton binding energy of exciton ground state as a function of 
n.49

The use of the quasi-2D Ruddlesden−Popper phases rather than pure 2D

perovskites offers also a pathway to address unfavorable crystallographic 

orientation in thin films. Indeed, as soon as the inorganic layers become thicker 

a b
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(n > 1), the small organic cations has been shown to foster the perovskite growth 

in the vertical direction with respect to the substrates, favoring charge transport 

in thin film optoelectronic devices.50

1.5 Operating principle of photovoltaic devices

Perovskite solar cells are multilayer devices in which the perovskite film 

absorbs light (photons with an energy equal to or larger than the bandgap), 

creating holes and electrons pairs which are separated, selectively extracted by 

(organic) semiconductor materials, and collected at the electrodes.

The sun emits a broad spectrum of electromagnetic radiation (from UV to

infrared) which above atmosphere is very close to that of a black body at

approximately 5800 K. When going through the atmosphere, the solar spectrum 

is altered due to absorption processes by ozone (O3) in the UV, O2 and H2O in 

the visible and near-IR regions. Those absorptions depend also on the distance 

the sunlight has to travel through the atmosphere and on the incidence angle. For 

this reason the solar spectrum is described in term of air mass (AM) that the light 

has to pass through. Conventionally the solar spectrum used as a reference for 

photovoltaic measurements is defined as AM 1.5 (see Figure 1.19), meaning that 

the light passes through 1.5 atmosphere thickness, which corresponds to a solar 

zenith angle of 48.2°. Moreover, for standard measurement conditions that 

allows to compare efficiencies from different laboratories, the solar cells are 

measured at one sun intensity (100 mW cm-2) and at 25 °C.
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Figure 1.19. Comparison of the solar spectrum above the atmosphere with the solar 
spectrum at the sea level and with the black body radiation at 5778 K.51

The electrical power output Pout of a solar cell operated at a bias voltage V is 

given as

(1.5)

where I is the current passing through the device at a given voltage. As the solar 

cell is typically a diode, this current is the sum of the diode dark current and the

current that is generated by conversion of incident photons into electrons i.e. the 

photocurrent (Jph).

In 1961, Shockley and Queisser analyzed the limits of photovoltaic energy 

conversion defining a model known as the Shockley-Queisser limit (SQ) which, 

among other parameters, defines the maximum possible efficiency of a solar cell

as a function of the semiconductor bandgap52 (Figure 1.20). The SQ model 

includes different assumptions and defines four energy-loss mechanisms. 
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Figure 1.20. Maximum efficiency for a single-junction solar cell as a function of the 
absorber bandgap.

The two main losses comes from photons that are not absorbed (their energy is 

less than the semiconductor bandgap) and from thermalization of electron-hole 

pairs generated from photons with energy higher than the bandgap. Furthermore, 

the radiative recombination of electrons and holes and the isothermal loss 

(dissipation due to the electrical work of transferring a charge carrier from the 

absorber to the contacts) also diminish the maximum power conversion 

efficiency. A scheme of the energy-loss mechanisms is illustrated in Figure 1.21.

Figure 1.21. Power losses as a function of bandgap in the Shockley and Queisser limit.53
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However, in a real device not all the assumptions are fulfilled, and for instance 

less than one electron is generated per incident photon and not all the charge are 

extracted at the contacts. As a consequence, the photocurrent generation is best 

described in terms of the external quantum efficiency (EQE), that is the 

probability that a photon arrive on the cell, generates an electron-hole pair and 

charges are extracted at the contact under short-circuit conditions:

(1.6)

It is convenient to take in consideration also the absorption coefficient by mean 

of the internal quantum efficiency defined as

(1.7)

In order to characterize a solar cell, the current is measured while a bias voltage 

is applied to the device under illumination at 1 sun intensity. As a result, the 

characteristic current density versus voltage (J-V) curve is obtained. The J-V

curve provides a wealth of information about the solar cell characteristic 

parameters, in particular the short circuit current (Jsc), the open circuit voltage 

(Voc), the fill factor (FF), and the power conversion efficiency of the cell (PCE).

The current density can be described by the classical Shockley equation for an 

ideal diode:

(1.8)
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where Jph is the photocurrent, V is the applied voltage, J0 is the reverse saturation 

current density, q is the elementary charge, n is the ideality factor, k the 

Boltzmann constant and T the absolute temperature.

Figure 1.22. Schematic current density–voltage (J-V) curve labelled with the most
important characteristic values.

The axis intercepts JSC (typically expressed in mA cm-2) in Figure 1.22 indicate 

the current that flow at zero applied bias and it is a good approximation of Jph in

a well working solar cell. JSC can be described with the following expression:

(1.9)

from which it is clear how the photocurrent Jph and hence the short circuit current 

JSC depend on the EQE and on the incident power (ɸAM is the photon flux 

reaching the solar cell). A semiconductor with a small bandgap will absorb more 

photons and hence generate a larger current density compared to a wider-

bandgap one under the same illumination. 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
-25

-20

-15

-10

-5

0

5

10

C
ur

re
nt

 d
en

si
ty

 (m
A/

cm
2 )

Voltage (V)

VOC

JSC

MPP

FF =

JMPP

VMPP

30



The x axis intercept is the Voc (V) that indicate the voltage at which there is no 

current flow. It represents the maximum available voltage from a solar cell and 

it is described by the equation:

(1.10)

In contrast to JSC, the open circuit voltage increases as the bandgap of the 

semiconductor increases, due to the larger potential energy of the photo-

generated carriers. A parameter that defines the diode rectification from the J–V

curve is the fill factor, FF. This measures the “squareness” of the J-V curve and 

is defined as the ratio of the maximum power point (MPP, product of the 

corresponding current density and voltage values, JMPP, VMPP), with the product 

of VOC and JSC (Figure 1.22., equation (1.11) )

(1.11)

In reality, solar cells deviate from the ideal diode behavior due to series and shunt 

resistances, which reduce the FF of the J-V curve. In particular, the series

resistance ( ), which is related to the efficiency of charge transport and 

extraction within the diode, should be as small as possible. On the other hand, 

the shunt resistance ( ℎ) should be as high as possible, as it is related to current 

leakage paths through the device, caused by defects such as pinholes. Hence the 

FF quantifies the efficiency of the charge transport and extraction in a solar cell,

and that is hence influenced not only by the active material, but also by the device 

architecture. The power conversion efficiency (PCE) is the fraction of incident 

power (Pin) which is converted to electricity at the maximum power point.
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Considering equation 1.11 the PCE is described as follow:

(1.12)

where usually the incident light power is 1000 Wm-2 from a AM 1.5G spectrum 

at a temperature of 25 °C.

1.6 Operating principle of light-emitting diodes

Perovskite LEDs are multilayer devices in which a luminescent 

semiconductor is sandwiched between (organic) semiconducting layers that 

selectively inject electrons and holes in the active material. When the charges 

(electrons and holes) meet and recombine in the active layer, photons with an 

energy equal to the bandgap of the semiconductor are emitted. This process is 

known as electroluminescence. Perovskites exhibit properties of both organic 

and inorganic semiconductors, and a precise band diagram model for perovskite 

optoelectronic devices is not yet developed. As an approximation, perovskite 

LEDs can be described as p-i-n junctions, where the perovskite acts as an 

intrinsic semiconductor in between a hole (p-type) and an electron injecting layer 

(n-type), as illustrated in Figure 1.23. When no external voltage is applied and 

the electrodes are short-circuited, electron and holes need to overcome a 

potential barrier called built-in potential (Vbi), in order to move from one region 

to the other, as described in Figure 1.23.
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Figure 1.23. Schematic energy band-diagram of p-i-n junction diode under a) thermal 

equilibrium (V = 0) and b) forward bias (V > 0).

Upon the application of an external potential V in forward direction, when the p-

type region is connected to a positive terminal and the n-type region is connected 

to a negative terminal, the potential barrier reduces (Vbi -V) (Figure 1.23b) and

charge carriers diffuse into the device where they recombine leading to

electroluminescence. In forward bias, the current density versus voltage (J-V)

curve is characterized by three regimes (Figure 1.24a).

Figure 1.24. a) current density-voltage curve b) luminance-voltage characteristic of a 
perovskite LED.

EC

EC

EV

EV

Vbi
Vbi - V 

h+

e-

p - type n - type n - typep - typei i

i np i np+ -

Equilibrium Forward Bias

a) b)

 

Lu
m

in
an

ce
 (c

d/
m

2 )

Voltage (V)

 

C
ur

re
nt

 d
en

si
ty

 (A
/m

2 )

Voltage (V)

1. Leakage Current
2. Diffusion Current
3. Drift Current

1 2 3
a) b)

Turn on
Voltage

33



In the low voltage regime (1, below Vbi) the leakage current is observed. This 

ohmic current is due to parasitic charge transport through pin-holes/defects in 

the device. In the second regime (2), where a small positive voltage V (lower 

than Vbi) is applied to the diode, electrons and holes diffuse into the intrinsic 

perovskite region, resulting in an exponential increase of the current density. 

This diffusion current can be expressed using the Shockley diode equation 

without the photocurrent (Jph) contribution:

(1.13)

In the last regime (3), when a voltage higher than Vbi is applied, the electrons and 

holes are injected into the emissive active material and drift toward their counter 

electrodes. In this regime, the current is either injection- or space-charge-limited.

As an example, if organic semiconductors are used as the p and n materials, they 

will have a lower mobility compared to the perovskite and this translate in a 

current saturation at high voltage due to charge accumulation. The 

electroluminescence characteristic of a LED can be quantified by measuring the 

luminance versus voltage (V-L) curve, as depicted in Figure 1.24b.

As highlighted from the curve, once the applied voltage V is close to Vbi, electron 

and hole recombination leads to light emission. Electroluminescence will be 

detected when the voltage overcame the injection barrier, at the so-called turn-

on-voltage (Von), which however depends also on the sensitivity of the 

photodetector used. The electroluminescence is expressed as luminance (cd/m2),

which represents the luminous power (expressed in candelas, cd) emitted by the 

device per unit area, and it is a photometric measurement because it takes into 

account the human eye sensitivity. The current density (A/m2) depicted in Figure 

1.24a corresponds to the current that is passing through the device per unit area.
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In a light-emitting device, three different efficiencies are usually reported:

current efficiency, power efficiency and external quantum efficiency. The 

current efficiency (cd/A) is the ratio between the luminance and the current 

density flowing through the device. The power efficiency (lm/W) is the ratio of 

luminous flux to power and it takes into account the current efficiency and the 

applied voltage. One lumen is the luminous flux emitted by an isotropic source 

that emit 1 candela for each solid angle of 1 steradian (Lm = Cd‧sr). To quantify 

how effectively a LED is emitting light, the internal quantum efficiency (IQE) 

and external quantum efficiency (EQE) are used. Internal quantum efficiency 

can be expressed as follows:

(1.14)

where is the electron hole balance (carrier balance), and PLQY is the 

photoluminescence quantum yield (ration between emitted and absorbed 

photons). In actual devices, a significant proportion of generated light is 

reflected, transferred, and absorbed in both the active layers and the substrate, so 

it is necessary to also consider the outcoupling efficiency (ratio of generated to 

extracted light) to fully describe the losses in a LED.54

The outcoupling efficiency strongly depends on the device geometry. In planar 

devices, it is mainly determined by the refractive index of the substrate n, and 

can be approximated by the expression:

(1.15)

Hence the external quantum efficiency for electroluminescence (the measure of 

the number of photon leaving the device per injected electrons) can be expressed 

as follows:
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(1.16)

This expression highlights the importance of maximizing the PLQY of a 

semiconductor in order to increase the efficiency of the corresponding LED. It

is worth noting that equation 1.16 does not account for photon recycling effects 

in the semiconductor, which can also strongly alter (reduce) the final EQEEL. The 

choice of suitable device structures and materials is also important to maximize 

charge injection yield and charge balance.

1.7 Solar cell and light-emitting device architecture

A perovskite solar cell in a planar configuration consists of a perovskite 

absorber layer sandwiched between two electrodes, one of which is transparent 

to allow the incoming sun light to reach the perovskite layer. A light emitting 

diode has a similar architecture but in this case the transparent electrode is 

needed for light out coupling from the device. 

Both solar cells and LEDs are usually built on a transparent substrate (glass or 

plastic foil) coated with a transparent conducting oxide (TCO), usually indium 

tin oxide (ITO) or fluorine doped tin oxide (FTO). The perovskite is an ambipolar 

semiconductor (it can transport both electrons and holes). However, in order to 

build efficient devices and limit non-radiative charge recombination, hole and 

electron transport layers (HTLs and ETLs, respectively) are required. Two types 

of architecture have been developed, the p-i-n and n-i-p, whose names depends 

on the polarity of the transparent electrode. In this thesis p-i-n LEDs and solar 

cells ( Figure 1.25 ) will be studied.
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Figure 1.25. Energy band diagram of a typical multi-layered p-i-n a) solar cell with 
schematic electron and hole extraction b) LED with schematic electron and hole injection 
and blocking layers.

Generally, the transport layers are organic semiconductors or metal oxides 

chosen so that their energy levels (HOMO and LUMO) align with the valence 

and conduction band of the perovskite layer, to minimize energy losses during 

charge transfer. Moreover, both transport layers are also wide bandgap 

semiconductors, so that they transport only one type of carrier to the respectively 

electrode, blocking the other type of carrier. The transport material employed in 

perovskite LEDs are slightly different from those used in a solar cell. In a solar 

cell the photo-generated carriers have to be extracted from the perovskite to the 

electrodes while in a LED, electrons and holes have to be injected and confined 

in the perovskite layer where they recombine and emit light. For this reason it is 

crucial to judiciously select the corresponding electron-and hole-transporting 

interfaces with favorable energy level alignment to the CBM and VBM, 

respectively, avoiding losses in term of charge extraction and recombination.
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Additionally, in order to remove energy barriers and promote ohmic contacts at 

the electrodes, additional (doped) extraction or injection layers are used (Figure 

1.26).

Figure 1.26. Schematic multi-layered planar a) p-i-n solar cell b) p-i-n LED

1.8 Perovskite thin film deposition techniques 

The chemical nature of perovskites enables the fabrications of high 

quality (both optically and electronically) semiconducting thin-films by several 

deposition methods. Requirements for perovskite films to be applied in 

optoelectronics are phase purity, dense morphology consisting of close-packed 

grains free of voids and pinholes. These features are beneficial to maximize the 

devices performance, for instance by suppressing shunt paths otherwise leading 

to current leakage, or by reducing grain boundaries that can facilitate the ingress 

of atmospheric agents (oxygen, moisture) and degrade the perovskite. The 

deposition methods can be either based on solution or on vacuum techniques and, 

in general, they can consist in a one-step (the precursors are deposited 

simultaneously onto the substrate) or two-steps depositions (the precursors are 

deposited sequentially and the second step consists in the conversion of the 

inorganic precursors to the perovskite).
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1.8.1 Solution-processing deposition 

In the most widely adopted one-step spin-coating process, a solution of 

the precursors (organic ammonium halide and inorganic metal halide salts) in an 

organic polar solvent such as N,N-dimethylformammide (DMF), dimethyl 

sulfoxide (DMSO), γ-butyrolactone or mixture of them, is dropped onto a 

substrate, which is then rotated on its axis at high speed (typically at hundreds to 

thousands revolutions per minute). During rotation, the solution is 

homogeneously spread onto the substrate, the solvent evaporates and the 

concentration of the perovskite precursors increases until the solubility limit 

(Figure 1.27). Once the precursors concentration reaches supersaturation, the 

perovskite starts to crystallize. Quantitative crystallization and removal of 

residual solvent is ensured by a subsequent low-temperature annealing, typically 

at 90-150 °C for a duration ranging from few minutes to few hours. The quality 

of the layer is also dependent on the substrate and in particular on the polarity of 

its surface, which can be modified by pre-coating with a surface tension modifier

or by plasma or UV-O3 pre-treatments of the substrate. Depending on the 

precursor solution and on the substrate, this method might lead to rough and not 

homogenous films, with poor coverage of the substrate surface.55 This is 

probably a consequence of the slow evaporation of the solvent, which leads to 

uncontrollable crystallization. Indeed, many of the solvents capable of dissolving 

the metal halide precursor have high boiling points (e.g. DMF, DMSO). Those 

solvents can also form intermediate phase like MA-PbI2-DMF, PbI2-DMF or 

PbI2-nDMSO complex which can further slow down the evaporation.56 This 

behaviour yields to inhomogeneous nucleation that limits the control over the 

film formation needed to entirely cover the substrate.
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Figure 1.27. Schematic illustration of one-step solution process spin-coated deposition. 
Adapted from reference57

A common strategy to control crystallization of perovskite films during spin-

coating is through antisolvent washing procedure better known as solvent 

engineering (Figure 1.28). 58 During spin-coating, a non-polar solvent (also

named antisolvent e.g., toluene, chlorobenzene, chloroform or diethylether) is 

dripped on top of the perovskite layer during its formation. The antisolvent, 

which should not dissolve the perovskite precursor but be miscible with the polar 

solvent used for the perovskite coating, accelerates the supersaturation of the 

precursor solution by fast removal of the polar solvent. In this way the 

crystallization kinetics is altered allowing a high nucleation density, which 

results in compact, homogeneous and pinhole-free films. Although the solvent 

exchange method can lead to high quality perovskite films, it requires the control 

over several different processing parameters. Among them, one of the most 

critical is the exact time when the antisolvent is dripped onto the substrate. If the 

antisolvent is applied too early, the perovskite film will be damaged, presenting 

visible scratches and spirals.56 On the other hand, if the antisolvent is applied too 

late, it will not affect the formation of the film. Furthermore, the perovskite film 

can be mechanically damaged by the antisolvent due to the high-speed rotation 

of the substrate.  Due to difficulties in controlling this type of process, the 

research community experiences a considerable deal of irreproducibility 

between different laboratories, which limits the benefits of this method.
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Figure 1.28. Scheme of antisolvent washing procedure. Adapted from reference.58

The gas-quenching represented another technique to obtain a uniform perovskite 

thin film with densely packed grains. The inert gas such as Ar or N2 play the 

same role of the antisolvent, promoting a rapid supersaturation of the perovskite 

components in the wet film during the spin-coating, leading to a large number of 

nuclei and a full substrate coverage, see Figure 1.29.59,60 Moreover this 

deposition method offers a valid alternative to the antisolvent washing 

procedure, reducing material costs and safety concerns due to the dependence on 

toxic or hazardous solvents.

Figure 1.29. Scheme of the gas-quenching procedure. Adapted from reference59

In two-step deposition methods, the formation of the perovskite layer is based on 

the intercalation of the organic moieties into a pre-deposited inorganic film. The 
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inorganic precursor is (spin)-coated on the substrate and the organic cation is 

subsequently introduced either by spin- or dip-coating61 (Figure 1.30). After 

deposition the layer is usually annealed in order to promote the interdiffusion of 

the precursors and crystallization of the perovskite.

Figure 1.30. Schematic illustration of two-step solution process deposition by ether spin-
or dip-coating. Adapted from reference57

The A-site cations can be introduced also by vapor-based methods in a sequential 

processing, in which a lead halide film is exposed to vapors of the 

complementary precursors and hence converted to a perovskite.62

1.8.2 Vacuum-processing deposition

Vacuum-processing methods are widely adopted in the semiconductor 

industry with a large amount of fabrication approaches. Those offer versatility in 

the deposition of different perovskite thin-films and in the preparation of 

optoelectronic devices. 63,64 Vacuum deposition presents many advantages 

compared to solution processing techniques, such as fabrication of high purity 

films, fine control over the film thickness and stoichiometry, typically leading to 

a flat and homogeneous surface. In general, vacuum deposited perovskites 

present a well-packed morphology with smaller grain compared to solution 
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process perovskites. This peculiar characteristic is correlated with the fact that 

the nucleation proceeds faster than the growth of the grains due to a favorable

reaction of the sublimed precursors.65 Vacuum based coating techniques 

eliminate also the issues associated with the use of solvents, such as toxicity, 

solubility limitation of precursors, formation of intermediate compounds and the 

need of orthogonal solvents in order to process multilayer devices. In general, no 

annealing is needed after the vacuum-deposition of the perovskite film because 

it is already well crystallized at room temperature. This low temperature 

fabrication makes this method compatible with a wide range of substrates, 

including textiles or flexible substrate such as plastic foils. Other advantages of 

vacuum-deposition are: i) the possibility of up-scaling the process ii) to coat 

uneven surfaces such as textured silicon, in order to fabricate tandem solar cells, 

and ii) its flexibility in terms of materials, which allows to deposit 3D, 2D, 

multication and mixed halide perovskites.66,67 As for solution-based deposition 

methods, vacuum techniques can be classified into one and two-step processes.

Dual-source and multiple-source vacuum deposition are among the more widely 

applied one-step processes to optoelectronic applications. In those vapor-base

techniques, the organic cation and the metal halide, placed in thermally 

controlled ceramic crucibles, are simultaneously evaporated at their 

corresponding sublimation temperatures in a high vacuum chamber, where they 

condense and react on a substrate placed above the sources (Figure 1.31a). The 

material stoichiometry can be finely adjusted by control of the evaporation rates 

of the single components (previously calibrated).68
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Figure 1.31. Schematic illustration of a) one-step multiple source vacuum-deposition 
and b) two-step single source vacuum-deposition. Adapted from reference57

Single-source deposition is a simplified variant of co-evaporation, where a pre-

formed perovskite is directly sublimed from a single thermal source or a metal 

foil in a high vacuum chamber, see Figure 1.32. The perovskite is rapidly 

vaporized by a fast increase of the source temperature, and for this reason the 

technique is also known as flash evaporation.  The high speed of the process 

allows the perovskite to vaporize and reassemble on a substrate maintaining its 

initial stoichiometry.68–71

Figure 1.32. Example of a single source thermal deposition chamber

a) b)
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The sequential vacuum-deposition attempts to overcome the difficulties of 

controlling the evaporation of organic ammonium halides. The organic salts 

generally do not evaporate as a molecular beam, but rather dissociate into 

fragments forming a cloud, making the co-evaporation complicated to control. 

With sequential deposition the perovskite film is deposited layer-by-layer, one 

precursor after the other, followed by a low temperature annealing 72 (Figure 

1.31b)

In this thesis the antisolvent washing (Chapter 2) and dual-source evaporation 

(Chapter 3 and 4) will be employed, and the details of each process will be further 

discussed in the corresponding Chapters.
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1.9 Aim of the thesis

Through the end of contribute to the next generation of photovoltaics 

and light emitting devices the preparation of no-expensive and high quality 

materials with high PLQY and reduced non-radiative recombination is crucial.

For such a reason the thesis is focus on the develop of high optoelectronic 

potential hybrid perovskite material and on their processing methods. In the 

different Chapters, various low dimensional perovskite synthetic approaches and 

their application are investigated.

In the Chapter 2, a low dimension quasi-2D perovskite with a remarkable PLQY 

was prepared thanks to interplay of different fabrication approaches such us 

altered stoichiometry, solution engineered deposition and the use of electron 

donor passivating agent.

In the Chapter 3, quasi-2D and pure 2D perovskite were fabricated by vacuum-

deposition method in order to overcame the limitation of the solution process 

approach. High crystallinity, homogenous, compact films were prepared. 

However, different challenges were face up during the deposition process.

In the Chapter 4, the 2D perovskites fabricated by dual-source vacuum 

deposition in the Chapter 3 were apply to study the effect and the advantages of 

a wide bandgap 2D perovskite material on the reduction of non-radiative 

recombination of a polycrystalline 3D perovskite in a heterostructure system.
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Chapter 2
Enhance the photoluminescence quantum yield of 
the perovskite film

2.1  Introduction

Radiative recombination of charge carriers is a critical process that must 

be maximized in order to reach the best performance in optoelectronic devices 

and in particular in light-emitting diodes. Efficient electroluminescence requires 

charge balance in the semiconductor so that the ratio of electrons and holes is as 

close as possible to one. Moreover, the leakage current (Figure 1.24a, Chapter 

1) has to be minimized in order to reduce the probability that the carriers cross

the diode without recombining, and the non-radiative loss mechanisms should 

be reduced in favour of radiative recombination. The outcoupling of the 

generated photons from the device is also very important, and can be altered with 
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the choice of appropriate materials and geometry. As detailed in Chapter 1, the 

external quantum efficiency of electroluminescence (EQEEL) is proportional to 

the semiconductor photoluminescence quantum yield (PLQY), and hence 

increasing the semiconductor PLQY is key to fabricate efficient 

electroluminescence devices. The earliest works on perovskite LEDs employed 

polycrystalline methylammonium lead halides as the emitting layer, reached 

EQELE in the order of 1% 21, a consequence of the low PLQY at low excitation 

fluence (< 25 mW/cm2).73 At low excitation intensity (low charge carrier 

concentration) most of the charges recombine non-radiatively due to a high 

defect density. However, the PLQY rises at higher excitation densities after the 

defects are filled and radiative recombination becomes dominant. Materials for 

efficient LEDs should have a high PLQY at low carrier concentration, to 

minimize the device power consumption. One of the strategies to increase the 

PLQY at low fluence is the spatial confinement of charge carriers, which can be 

obtained by decreasing the perovskite grain size. Nanostructured perovskites 

such as nanoparticles (NPs) and quantum dots (QDs) have a larger exciton 

binding energy and lower charge diffusion length compared to bulk perovskites, 

which increases the excitonic and bimolecular recombination.74,75 Perovskites 

with reduced dimensionality can be prepared via several methods, either using 

templates or by direct synthesis of perovskite NPs. The use of templates, such as 

organic molecules,76 polymers77 or wide band gap metal oxides like Al2O3,
78,79

results in enhanced PLQY thanks to the crystal growth confinement. 

Unfortunately, at the same time, the scaffold inhibits the connectivity needed for 

efficient charge transport through the perovskite layer, limiting the device 

performance. Perovskite nanoparticles prepared by colloidal chemistry can show 

PLQY close to unity in solution. 80–82 However, a substantial reduction of the 

PLQY is commonly observed when NPs suspensions are processed into thin-

films, likely due to aggregation of the NPs. 
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Another approach to increase the exciton binding energy and limit the diffusion 

length in perovskites is the use of 2D crystal structures, as described in Chapter 

1. However, intense luminescence has so far only been observed from 2D 

perovskites at liquid nitrogen temperatures. The lack of efficient luminescence 

at room temperature is still not well understood, but it is likely related to the

thermal quenching of excitons. 83 Low dimensional Ruddlesden-Popper (quasi-

2D) perovskites offer a means to enhance the PLQY, compared to pure 3D and 

2D materials. In this Chapter, a quasi-2D lead bromide perovskite is studied, 

employing methylammonium (MA) and butylammonium (BA) as the small and 

large cations, respectively, with the aim of increasing the PLQY. The 

(BA)2(MA)n-1PbnX3n+1 perovskite with n = 5 was used as a starting compound, 

since a similar stoichiometry but with phenethylammonium as the large organic 

cation has been successfully applied in efficient LEDs. 84,85 The ratio between

BA and MA was varied while the concentration of PbBr2 was maintained 

constant. In the quasi-2D perovskite with n = 5, (BA)2(MA)4Pb5X16 the BA:MA 

molar ratio is 2:4. In order to study the influence of the concentration of the long 

chain cations on the material growth and properties, higher organic cations ratios 

were also investigated (BA:MA = 3:3 and 4:2). It is important to underline that 

for higher BA:MA ratios the stoichiometry deviates from a Ruddlesden–Popper 

phase, however, for simplicity in this Chapter they will be referred to as quasi-

2D perovskites.

2.2  Material preparation

The perovskite precursor solution was prepared by dissolving BABr 

(Dyesol), MABr (Dyesol) and PbBr2 (Sigma Aldrich, 99.999% trace metals 

basis) in dimethyl sulfoxide (DMSO) solution with a concentration of 200 

mg/mL. The solution was stirred at 60 ºC overnight and was filtered using a 
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PTFE syringe filter (0.22 μm) before deposition. The different quasi-2D

stoichiometries were prepared by dissolving BABr, MABr and PbBr2 in dimethyl 

sulfoxide (DMSO) solutions, maintaining the overall concentration at 200 

mg/mL. The exact precursors composition for each BA:MA ratio is reported in 

Table 2.1.

Table 2.1. Perovskite precursors composition for different BA:MA ratio.

The deposition was initially performed by single step spin-coating on glass 

substrates in a nitrogen filled glovebox.

2.3  Discussion

The absorption spectra of the quasi-2D perovskite film series processed 

by single step spin-coating are reported in Figure 2.1. In the optical absorption 

spectra of all compounds, several different absorption peaks can be identified, as 

expected for low dimensional perovskites. Ruddlesden–Popper perovskites, in 

this case, present a distribution of n, i.e. a distribution of phases with different 

thickness of the inorganic slabs. The quasi-2D perovskite with BA:MA = 2:4 
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shows the typical band-to-band absorption of 3D MAPbBr3 (Figure 2.1a) at 

about 528 nm, with additional excitonic features at 454 nm and 435 nm.

Figure 2.1. Thin-films absorption spectra of a) the archetype 3D MAPbBr3 and 2D 
BA2PbBr4 perovskites and b) quasi-2D perovskites with different BA:MA ratios.

With increasing BA:MA ratio (3:3 and 4:2, Figure 2.1b), the excitonic character 

of these transitions increases as a consequence of the exciton confinement in the 

inorganic sheets, which are separated by the organic cations. At the same time, 

the absorption onset at 528 nm slowly disappears, implying that the formation of 

2D-type layered perovskites is favored. In fact, the perovskite with the BA:MA 

ratio of 4:2 shows an additional absorption peak at about 400 nm, which is 

similar to that of the pure BA2PbBr4 2D phase (Figure 2.1a). Unfortunately, this 

thin-film series exhibited negligible photoluminescence at the low excitation 

intensity used in our measurements, i.e. a monochromatic light at a wavelength 

of 330 nm obtained from a Xenon lamp coupled to a monochromator (irradiance 

~ 0.1 mW cm-2). The PLQY, the perovskite morphology and the cristallinity can 

be improved by using an antisolvent washing procedure during the spin-coating 

deposition, as described in the Chapter 1. This method is expected to reduce the 

trap density. 
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2.4  Engineered perovskite films 

Chloroform (CHCl3) was used as “antisolvent” due to its low polarity 

with respect to the perovskite precursor solvent, DMSO. Several parameters 

have been adjusted and studied in order to modify the film morphology, in 

particular the spinning speed, the volume of antisolvent and the dripping time. 

Upon optimization of these parameters (based on optical and morphological 

quality of the films), the deposition was performed via consecutive spin-coating 

at 1000 and 3000 rpm for 5 and 60 seconds, respectively. After 35 seconds during 

the second spin-coating step, 300 μL of CHCl3 were dripped onto the spinning 

substrate and the resulting films were annealed at 90 ºC for 5 minutes. As a 

consequence of the solvent engineering (SE) method, the optical absorption 

profiles of the perovskite film with the same compositions described before 

(simple spin-coating deposition) was found to be substantially altered. 

Figure 2.2. a) thin-films absorption spectra of quasi-2D perovskite with different 
BA:MA ratio deposited with solvent engineering (SE) method and b) normalized 
photoluminescence spectra of the quasi-2D perovskite series under irradiation at 330 nm.

As clearly visible from the absorption spectra reported in Figure 2.2a, the 

absorption onset at about 528 nm is shifted at higher energy, compared to the 

analogous films prepared without solvent engineering (Figure 2.1b), most likely 
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due to grain size reduction and morphology modification.86 Moreover, the 

intensity of the excitonic absorption in pure 2D and quasi-2D perovskites (2:4 

and 3:3) is reduced, while the absorption spectrum for the 4:2 compound show a 

more intense excitonic absorption centered at 430 nm. What is more interesting 

is that these low dimensional perovskite films exhibited bright 

photoluminescence under low fluence excitation at 330 nm (Figure 2.2b). This 

is a consequence of the solvent engineering process, which rapidly removes the 

excess DMSO reducing the precursors solubility and hence modifying the 

crystallization kinetics. The induced fast crystallization may limits the grain 

growth of the perovskite during the deposition and enhancing the 

photoluminescence due to charge confinement. The PL spectra shift follow the 

trend observed in the optical absorption, blue-shifting from 523 nm to 515 nm 

and 486 nm when increasing the BA content with BA:MA ratios of 2:4, 3:3 and 

4:2, respectively. The corresponding PLQY is below 5% for the 2:4 and 4:2 

materials, while the equimolar 3:3 perovskite exhibits a PLQY of 35%. While 

remarkable, this value is still low, indicating that trap states are present and act 

as non-radiative recombination centres. A way to further enhance the PLQY is 

through passivation of these trap states, which can be performed, for example, 

by dissolving an electron donor in the solvent used for the washing and/or by 

post-deposition treatments with a variety of Lewis bases.74,87–90 The additive can 

bind to the under-coordinated Pb ions and compensate the halide vacancies, 

which are the most commonly reported surface traps. Here we choose a n-type 

molecular semiconductor, 9,9-spirobifluoren-2-yl-diphenylphosphine oxide 

(SPPO1), that act also as a Lewis base due to the phosphine oxide group, (Figure 

2.3) and studied its effect on the morphology and optical properties of the 

perovskite films.
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Figure 2.3. Photoluminescence spectra and corresponding PLQY of the quasi-2D
perovskite with equimolar BA:MA ratio, without and with SE and with SE in the 
presence of SPPO1 under excitation at 330 nm. The SPPO1 chemical structure is also 
reported.

SPPO1 was added to the chloroform used for the antisolvent treatment during 

the deposition of the 3:3 quasi-2D perovskite, which was selected in view of its 

already high PLQY. The deposition process with the SPPO1 additive has a strong

effect on the photoluminescence properties of the perovskite film, resulting in a 

very high PLQY of 80% (Figure 2.3). Besides being obtained in 2016, this value 

is still among the higher reported PLQY values for perovskite thin-films.88,91 The 

absorption spectra of the quasi-2D perovskite with BA:MA 3:3 ratio deposited

by simple spin-coating, with solvent engineering and with solvent engineering 

in the presence of SPPO1 have rather similar profiles (Figure 2.4a). For this 

reason, the different PLQY is likely related to a diminished grain size, as 

supported by the XRD measurements. The broadening of the diffraction peaks

observed for the perovskites prepared with solvent engineering and SPPO1 

(Figure 2.4b) is consistent with the presence of smaller crystalline domains.
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Figure 2.4. a) Absorption spectra of the quasi-2D perovskite thin-films with BA:MA 3:3 
ratio without, with SE and with SE in the presence of SPPO1. b) Grazing incidence X-
ray diffraction patterns of the same samples.

In order to investigate the relationship between morphology and PLQY, the 

perovskite films were analyzed by atomic force microscopy (AFM). Figure 2.5 

shows the AFM topographies with the corresponding profiles for the 3:3 quasi-

2D perovskite films, prepared without solvent engineering, with solvent 

engineering and in the presence of SPPO1. Clearly, the simple one-step spin-

coating does not yield a homogeneous perovskite film (Figure 2.5a), leading to 

a rough surface with a significant height variations through the sample. This is 

likely due to the slow evaporation of the DMSO which leads to inhomogeneous 

nucleation and consequently to uncontrolled crystallization during the film 

formation. On the other hand, the chloroform dripping drastically reduces the 

surface roughness, leading to a more flat and homogeneous sample, consequence 

of a limited grain growth in favor of a high nucleation density (Figure 2.5b). In 

the presence of SPPO1 (Figure 2.5c), the average grain size appears to be further 

reduced, as well as the overall homogeneity of the sample surface. The peak to 

peak roughness RPTP diminishes from 105 nm for the samples without SE 

treatment to 80 nm and 70 nm for the quasi-2D perovskite films obtained after 

SE with CHCl3 and SE with CHCl3 and SPPO1, respectively.
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Figure 2.5. AFM topographies of the quasi-2D perovskite films with equimolar BA:MA 
3:3 ratio a) without SE, b) with SE and c) with SE in the presence of SPPO1. The 
corresponding surface profile is shown at the bottom of each picture.

In order to shed light on the role of SPPO1 during solvent engineering, we 

performed time-resolved PL (TRPL) measurements in the nanosecond time scale 

on thin films with and without SPPO1. In contrast to previous reports for 

perovskite films upon passivation,89 we observed that the PL lifetime is 

essentially unchanged (Figure 2.6). This observation can be explained by 

considering that non-radiative recombination is faster than the TRPL excitation 

pulse, hence the PL decay reflects similar radiative recombination kinetics for 

the two samples.

Figure 2.6. Time-resolved PL measurement taken at the peak emission wavelength of 
the thin-film quasi-2D BA:MA 3:3 ratio with a LED wavelength of 340 nm.
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In summary, the remarkable PLQY observed is the result of a synergistic effect 

of (i) the choice of a suitable BA:MA ratio, (ii) the use of solvent engineering 

and (iii) the introduction of an electron-donating molecule such as SPPO1, which 

leads to grain size reduction and passivation of trap states. 

Another interesting characteristic of these films is their ambient stability. 

Surprisingly, passivated quasi-2D films stored in ambient condition (in the 

presence of oxygen and moisture) exhibited a PLQY as high as 43 % even 3 

years after preparation. The photoluminescence homogeneity of a film stored in 

air for 3 years was investigated with a hyperspectral imager microscope coupled 

with a continuous wave laser exciting at 405 nm an area of 330x330 μm2. The 

PL image (Figure 2.7) shows the high homogeneity of the film despite the long 

exposure to air. Also, the average PL spectrum over the whole field of view is 

consistent with that of the as-prepared films shown previously (Figure 2.3).

Figure 2.7. Hyperspectral image of the BA:MA 3:3 perovskite film stored in air for three 
years. The average PL spectrum is also reported.
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2.5  Light Emitting Diode application 

The high PLQY together with the morphological quality of the BA:MA 

3:3 quasi-2D films is suited for LEDs applications. Hence, they were integrated 

into multilayer devices with a p–i–n configuration. The transparent anode 

consists of a glass substrate with an indium tin oxide (ITO) coating, which was 

cleaned with a detergent solution, Millipore water, isopropyl alcohol, and then 

treated in a UV-ozone chamber for 20 minutes to activate the surface. The p-i-n

device structure includes a 70 nm thick hole injection layer, poly(3,4-

ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS), 

spin-coated in air and annealed at 150 ºC for 15 minutes. Subsequently the 

perovskite layer was deposited in a nitrogen filled glovebox with the process 

described above. The electron transport layer 1,3-bis[3,5-di(pyridin-3-

yl)phenyl]benzene (BmPyPhB, 40 nm) and a metal cathode (Ba 10 nm, Ag 100 

nm) were instead thermally evaporated in a high vacuum chamber. The flat band 

energy diagram for this architecture device is depicted in Figure 2.8.

Figure 2.8. Schematic flat energy diagram for the set of materials used, referred to the 
vacuum level (VL) (values from references 92,93)
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The LEDs electroluminescence was observed at low applied bias (3.5 V) and it 

increase rapidly until it reaches about 1000 cd m-2 at 8V, as depicted in Figure 

2.9a. Despite the high luminance, these devices showed a rather high current 

density, which limits the overall current efficiency to 1.3 cd A-1 (Figure 2.9b).

Figure 2.9. a) Current density and luminance and b) current efficiency versus applied 
bias for the LEDs prepared with and without cross-linked PEDOT:PSS.

This phenomenon might arise from the partial solubility of PEDOT:PSS in the 
DMSO solvent used for the perovskite processing, hindering the formation of a
well-defined interface between the hole injection and the emissive layers. In 

order to improve the PEDOT:PSS stability and its adhesion to the metal oxide 

substrate, we added to its suspensions a small amounts (1 v/v%) of 3-

glycidoxypropyltrimethoxysilane (GOPS) as a cross-linking agent.94 The cross-

linking of PEDOT:PSS with GOPS takes place at the same temperature we used 

for the annealing of PEDOT:PSS neat films (150 ºC). As a result of the 

incorporation of the modified, cross-linked hole injection PEDOT:PSS layer, the 

LEDs leakage current is substantially reduced, leading to the expected J–V curve 

for a high quality diode and at the same time, a reduced turn-on voltage for 

electroluminescence (2.8 V), indication of a better charge injection into the 

perovskite emitter (Figure 2.9a). The luminance rapidly increases reaching a 

brightness of about 1000 cd m-2 at 8 V, with green electroluminescence 
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analogous to the photoluminescence spectrum observed above (Figure 2.10). 

Moreover, the maximum current efficiency reaches 3.3 cd A -1 at 5 V (Figure 

2.9b).

Figure 2.10. Electroluminescence spectrum of the LED using quasi-2D BA:MA 3:3 
perovskite as the emissive layer.

Despite the promising performance of the LEDs, if one considers the high PLQY 

(80%) of the perovskite emitter, it is obvious that other loss mechanisms are 

hindering efficient electroluminescence. Possible further improvements can be 

obtained with the use of selective hole-transport materials on top of 

PEDOT:PSS, or by modifying the PEDOT:PSS surface work function. Poly-

TPD [Poly(N,N0-bis(4-butylphenyl)-N,N0-bis(phenyl)-benzidine], VB-FNPD 

[9,9-bis[4-[(4-ethenylphenyl)methoxy]-phenyl]-N2,N7-di-1-naphthalenyl-

N2,N7-diphenyl-9H-fluorene-2,7 diamine] and a modified PEDOT:PSS with 

NAFION (sulfonated tetrafluoroethylene copolymer) were hence tested in the 

perovskite LEDs. Unfortunately, the best performance remained that obtained 

with the cross-linked PEDOT:PSS with GOPS. Additional progress might be 

achieved with transport materials that promote charge balance assisting the 

electrons or holes injection while confining the opposite charges into the 

perovskite film.
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2.6  Conclusion

In this Chapter the preparation of high photoluminescence quantum 

yield in low dimensional perovskites has been reported. The development of a 

material engineering protocol including the modification of the perovskite 

solution deposition with antisolvent washing and variation of the ratio between 

the large (BA) and small (MA) organic cations. A remarkable PLQY of 35% was 

obtained for quasi-2D perovskite films with a BA:MA 3:3 ratio. A further 

enhancement of the PLQY up to 80% was obtained with the addition in the 

antisolvent of an organic semiconductor with electro donating properties, likely 

reducing non-radiative recombination channels. Thin-films of these materials 

have been integrated in multilayer LEDs which showed a low current leakage 

and a low turn-on voltage for electroluminescence, a high brightness of about 

1000 cd m-2 and a maximum current efficiency of 3.3 cd A-1.
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Chapter 3
Vacuum-deposition of low dimensional perovskites

3. 1  Introduction

In Chapter 2, a reliable method to prepare high quality quasi-2D

perovskite thin-films, was described. However, the antisolvent washing method 

requires the control over several different processing parameters, compromising 

the reproducibility of the perovskite film growth. To overcome this limitation, 

the vacuum-deposition of quasi-2D and pure 2D perovskites has been 

investigated. While the solution processing and single crystal fabrication of 2D 

hybrid perovskites have been widely reported, vacuum processing of these 

materials remains rather unexplored. Only few reports have described the 

sequential vacuum-deposition95 and single-step thermal ablation70,96 of low-

dimensional perovskite films. The sequential deposition of the precursors needs, 

however, a post deposition annealing to ensure the formation of the perovskite 
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structure. In the flash evaporation, the deposited film might contain different 

phases, due to the different sublimation temperatures of the organic and 

inorganic components. These techniques are simpler variants of the vacuum co-

deposition method which is discussed in this Chapter. The multiple-source 

vacuum deposition of hybrid perovskite is often more challenging compared to 

the other vacuum methods because of the distinctly different physical and 

chemical properties of the organic and inorganic components, and for other 

reasons that will be discussed in the following. Nevertheless, the co-deposition 

presents several advantages over solution processing, as highlighted in Chapter 

1. Only one report exists on fully co-evaporated 2D perovskites, and it dates back

to 1997.97 In this report, however, the lack of higher order peaks in the X-ray

diffraction profile suggests that the vacuum-deposited film were defective and 

disordered. In this Chapter, the multiple-source vacuum co-deposition of 

different quasi-2D as well as pure and mixed halides 2D perovskite films is 

presented. Their structural, optical and charge transport properties are also 

investigated.

3.2  Vacuum- deposited thin-film preparation

Bare and ITO-coated glass substrates were subsequently cleaned with 

soap, water and isopropanol in an ultrasonic bath, followed by UV-ozone 

treatment. They were then transferred to a vacuum chamber integrated into a 

nitrogen-filled glovebox (H2O and O2 < 0.1 ppm) and evacuated to a pressure of 

10-6 mbar. The vacuum chamber is equipped with four temperature-controlled 

evaporation sources (Creaphys) fitted with ceramic crucibles and independent 

temperature controllers and shutters (Figure 3.1). A quartz crystal microbalance 

(QCM) sensor was used for each evaporation source with an additional one 

placed close to the substrate holder to monitor the total deposition rate. The thin-
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films were prepared by co-sublimation of the precursor compounds, upon 

calibration of the deposition rate for each material. The calibration factor was 

obtained by comparing the thickness of the thin film detected from the QCM 

sensors with that measured with a mechanical profilometer.

Figure 3.1. Picture of the evaporation chamber employed for the deposition of perovskite 
thin-films.

3.3  Materials

All organic ammonium salts, C4H12IN (BAI), C4H12BrN (BABr), 

C3H10IN (PAI), C3H10BrN (PABr),C8H12IN (PEAI) and C8H12BrN (PEABr), 

were purchased from Lumtec. PbI2 and PbBr2 were purchased from Tokyo 

Chemical Industry CO (TCI). All materials were used as received.

3.4  Vacuum deposition of Ruddlesden-Popper perovskites

Initially, the same material presented in the previous Chapter 

(BA2(MA)n-1PbnBr3n+1) was chosen as the target Ruddlesden-Popper perovskite 

to be vacuum processed. The process involves a three-source co-deposition of 
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butylammonium bromide (BABr), methylammonium bromide (MABr) and lead 

bromide (PbBr2). Hence we first investigated the formation of the archetypical 

compound MAPbBr3 by dual-source deposition of the precursor compounds, 

MABr and PbBr2. The small organic cation MABr was deposited at a rate of 1.1 

Å/s and a temperature ranging from 180 to 220 °C, while the inorganic salt was 

sublimed at a rate of 0.4 Å/s (temperature 260- 300 °C). The optical absorption 

spectra of as-deposited MAPbBr3 films (Figure 3.2) show the expected band-to-

band absorption onset at about 530 nm (2.3 eV), in agreement with that of the 

same materials obtained by solution processing (Figure 2.1, Chapter 2). The 

vacuum-deposited films were transparent and uniform with a dim orange colour.

Figure 3.2. Absorption spectrum of a vacuum-deposited 3D MAPbBr3 thin-film and 
photography of the same.

The X-ray diffraction of the three dimensional perovskite (Figure 3.3a) shows 

only the reflections corresponding to the MAPbBr3 perovskite, indicating a good 

phase purity of the compound.98 Moreover, the presence of intense diffraction 

signals indicates that the 3D perovskite is highly crystalline. The top-view 

scanning electron microscopy (SEM) image of the MAPbBr3 perovskite (Figure 

3.3b) confirms the formation of a high quality thin-film, with complete surface 
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coverage and with compact and uniform morphology. All grains exhibit an 

elongated cuboid shape with a length of approximately 100 nm.

Figure 3.3. a) X-ray diffraction and b) SEM image of a vacuum-deposited MAPbBr3 
thin film. The scale bar is 1μm.

After the development of a reliable process for the deposition of the 3D 

perovskite, the co-deposition was modified by adding a third source containing 

the large ammonium cation BABr. The BABr was found to sublime at 

approximately 160 °C. Figure 3.4 reports the absorption spectra of the as-

prepared material obtained with two different BABr deposition rates, 0.5 Å/s

(Figure 3.4a) and 1 Å/s (Figure 3.4b). The rates were modified in order to 

understand the effect of different amounts of large ammonium cation on the 

growth of the perovskite. Similarly to the materials described in Chapter 2, the 

vacuum-processed perovskite films exhibit multiple absorption peaks that can be 

ascribed to a distribution of domains with different n values (thickness of the 

inorganic slabs) rather than a pure phase, as commonly reported in the

literature.99,100
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The absorption spectrum of the compound obtained with BABr deposition rate 

of 0.5 Å/s (Figure 3.4a) shows a band-to-band absorption at about 525 nm, 

which represents the absorption edge of the 3D  MAPbBr3 (n = ∞), and two 

additional excitonic peaks at 447 nm and 412 nm, characteristic of small n

values.

Figure 3.4. Absorption spectra of the vacuum processed Ruddlesden-Popper perovskite 
thin-films obtained at different BABr deposition rates, a) 0.5 Å/s and b) 1 Å/s. The 
images of the as-deposited films are also reported.

The spectrum collected for the compound with higher rate of BABr during the 

deposition (Figure 3.4b) shows an absorption onset at slightly higher energy 

(515 nm). Moreover, the intensity of the excitonic peak close to 400 nm is higher, 

suggesting that the stoichiometry is closer to that of the pure 2D BA2PbBr4

perovskite. This behavior follows the same trend observed for solution-

processed Ruddlesen-Popper perovskites presented in the previous Chapter. The 

vacuum deposited films were transparent and uniform with a yellowish colour, 

as shown in Figure 3.4. Compared with the XRD diffraction of the 3D perovskite 

(Figure 3.3), the XRD patterns of the materials deposited in the presence of 

BABr with a deposition rate of 0.5 Å/s ( Figure 3.5) reveal additional low-angle 
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reflections, suggesting the formation of a low dimensional perovskite compound. 

Unfortunately, these data also show the presence of reflections related to the 

MAPbBr3 3D phase, as indicated by the asterisks in the Figure 3.5, suggesting a 

low phase purity for this compound.

Figure 3.5. X-ray diffraction pattern of the vacuum-deposited Ruddlesen-Popper 
perovskite thin films. The stars indicate reflections of the 3D MAPbBr3 perovskite.

The diffraction signals at low angles corresponds to (0k0) reflections due to the 

presence of low dimensional perovskite phases with a small n. Typically, the 

number of (0k0) peaks below 2θ = 14° determine the n value of the quasi-2D

perovskite, and in particular the compounds with n = 2, 3 or 4 would show two, 

three or four evenly spaced reflections below 14°, respectively. The threshold at 

2θ = 14° is due to the fact that at this angle the d-spacing matches the distance

between the inorganic layers in both 2D and 3D perovskites.101 The XRD pattern 

(Figure 3.5) shows three equally spaced peaks below 14°, however the 

diffraction was recorded up to 2θ = 5° and hence it is not possible to determine 

the exact value of n. The SEM images in Figure 3.6 show a homogeneous and 

compact film, composed of grains with sizes ranging from 200 to 400 nm, hence 

larger than the grains of the 3D MAPbBr3 perovskite in Figure 3.3b.
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Interestingly, increasing the BABr sublimation rate from 0.5 to 1 Å/s leads to an 

increase of the grain size (Figure 3.6).

Figure 3.6. SEM images of the vacuum-deposited perovskite films with different BABr 
deposition rates, a) 0.5 Å/s and b) 1.0 Å/s. The scale bar is 2 μm.

Apart from the formation of films with low phase purity, the vacuum co-

deposition of quasi-2D perovskites was not found to be very reproducible. 

During the deposition the pressure inside the chamber (usually stable at 10-6

mbar) increases to >10-5 mbar, limiting the control of the evaporation process. 

Moreover, organic salts are often not thermally stable and not easy to sublime 

due to the possible dissociation in their volatile precursors.102 Due to these 

reasons, the deposition rates and the sensor cross-reading of the large and small 

organic cations were difficult to control, making the process not reliable. As low 

dimensional perovskites, in contrast to 3D perovskites, offers less restrictions to 

the size of the cations that can be accommodated between the inorganic sheets, 

the vacuum sublimation of other organics cations have been studied. In particular 

butylammonium iodide (BAI), propylammonium bromide (PABr), 

propylammonium iodide (PAI), phenethylammonium bromide (PEABr) and 

phenethylammonium iodide (PEAI) were tested. During the sublimation of most 

of them, an increase of the vacuum pressure was observed, accompanied by the 
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physical ejection of their powders from the crucibles. This behavior complicates 

their co-evaporation with the other organic and inorganic precursors needed for 

the deposition of quasi-2D perovskites. Only the sublimation of the 

phenethylammonium halide was found to be reasonably stable, hence PEAI and 

PEABr were further investigated for the vacuum processing of the simplest 

archetypical 2D perovskites.

3.5  Vacuum co-deposition of two-dimensional perovskite

The synthesis of different pure and mixed halide 2D perovskite, of 

formula (R-NH3)2BX4, by dual source vacuum deposition was investigated 

together with their structural, optical and charge transport properties. 

Phenethylammonium lead iodide (PEA)2PbI4 and phenethylammonium lead 

bromide (PEA)2PbBr4 were deposited by sublimation of the corresponding 

organic ammonium and metal halides, phenethylammonium iodide (PEAI) and 

lead iodide (PbI2) in the first case, and phenethylammonium bromide (PEABr), 

and lead bromide (PbBr2) in the second case. All the depositions were performed 

in the same vacuum chamber reported in Figure 3.1. The organic precursors 

were outgassed in the high vacuum chamber prior to the deposition and were 

sublimed at the minimum temperature required for their evaporation. These 

precautions led to a stable and reproducible co-deposition of 2D perovskites. The 

PEAI and PEABr were sublimed around 160 °C while PbI2 and PbBr2 were 

sublimed at temperatures ranging from 260 to 300 °C. The mixed halide 

(PEA)2PbBr2I2 perovskites films were prepared with the same procedure and are 

described in this Chapter as (PEABr)2PbI2, when deposited by co-sublimation of 

PEABr and PbI2, and as (PEAI)2PbBr2 in the case of PEAI and PbBr2 co-

evaporation. The relative deposition rate of the organic halides and lead salts was 

2:1, in agreement with the compounds stoichiometry.
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The structural properties of the sublimed thin films 2D perovskites were studied 

by X-ray diffraction. The diffractograms (Figure 3.7) were collected for both the 

as-deposited samples and for the low-temperature annealed films (5 min at 100 

°C in an inert atmosphere). 

Figure 3.7. XRD patterns of vacuum deposited a) PEA2PbI4 and b) PEA2PbBr4

perovskite thin-film, as deposited and after annealing at 100 ºC for 5 minutes.

The perovskite films show similar diffraction patterns before and after annealing, 

albeit more intense and sharper diffraction peaks can be observed for the 

annealed samples, especially for the bromide compound. This means that the 

crystallization of the perovskites occurs directly during the deposition process at 

room temperature, while crystallinity can be enhanced with a short thermal 

annealing a 100 °C. Therefore, we performed thermal annealing as standard 

process for all the pure and mixed 2D perovskite compositions. XRD analysis 

was carried out with Fullprof software and whole-pattern Le Bail fits (Figure 

3.8, solid lines) were performed on the acquired diffractograms (Figure 3.8 open 

circles) to refine the lattice parameters. 
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Figure 3.8. X-ray diffraction analysis of 200 nm thick, vacuum-deposited 2D perovskites 
films after annealing for 5 min at 100 °C. “Y obs” indicates the experimental traces while 
“Y calc” indicates the calculated intensities based on whole-pattern fitting (Le Bail 
refinement).

As can be seen from Figure 3.8 the diffractograms can be well-fitted by 

considering a P -1 space group with varying lattice parameters as detailed in 

Table 3.1.
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Sample a (Å) b (Å) c (Å) α (°) β (°) γ (°)

(PEA)2PbI4 11.49 11.73 17.14 99.63 105.36 89.85

(PEA)2PbBr4 11.60 11.63 17.51 99.57 105.55 89.83

(PEABr)2PbI2 11.60 11.63 17.49 99.61 105.62 89.81

(PEAI)2PbBr2 11.60 11.56 17.48 99.59 105.67 89.79

Table 3.1 Lattice parameters derived from Le Bail fits for different samples. Space group 
= P -1

Table 3.1 shows that as the halogen becomes smaller, the c-axis parameter, 

perpendicular to the inorganic perovskite sheets, increases from 17.14 Å for 

(PEA)2PbI4 to 17.51 Å for (PEA)2PbBr4. Qualitatively, this can be clearly seen 

by a shift of the corresponding (00l) peaks to lower angles in Figure 3.9.

Figure 3.9. comparison of XRD patterns of a vacuum deposited PEA2PbI4 and 
PEA2PbBr4

This behavior, which might appear counterintuitive, has already been reported 

for the same and in other similar 2D perovskites, and it is attributed to a different 
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orientation of the phenethylammonium cations between the inorganic 

layers.103,104 When the octahedra contracts (due to smaller and more 

electronegative halides), the aromatic substituents in the organic cations will tilt 

with a higher angle with respect to the surface of the inorganic slabs, resulting in 

a larger distance between them, as depicted in Figure 3.10.

Figure 3.10. Scheme of 2D perovskite structures with different inorganic slabs distances,
consequence of the octahedra contraction when substituting larger (left) with smaller 
halides (right).

As is clearly observable in Figure 3.8, in all 2D perovskite films the c-axis 

diffraction signals dominate the diffraction patterns, with a preferential 

orientation along the [001] direction. This preferential orientation suggests that 

the 2D perovskite films grow with the alternating organic and inorganic sheets 

parallel to the substrate’s plane. Such orientation is common for 2D perovskite, 

but not favorable for charge transport within a thin film device.101,105–107

(PEA)2PbI4 (PEA)2PbBr4 
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In the case of the (PEAI)2PbBr2 film prepared from co-sublimation of PEAI and 

PbBr2, one can also note the intense reflections for the (010) and (020) planes at 

2θ = 7.8º and 2θ = 15.6º, respectively, as well as a broad signal around 2θ =

12.8º, which can be attributed to a combination of (1-11) and (-1-12) planes, or 

from unreacted PbI2. Hence, it appears that this sample does form but with a less 

pronounced orientation. The morphology of the vacuum deposited 2D perovskite 

films was studied by scanning electron microscopy (SEM) and atomic force 

microscopy (AFM), shown in Figure 3.11 and Figure 3.12, respectively.

Figure 3.11. SEM pictures of vacuum deposited (a) (PEA)2PbI4 (b) (PEA)2PbBr4 c) 
(PEABr)2PbI2 and d) (PEAI)2PbBr2 thin-films. The scale bar in all SEM images is 1 µm.

The SEM of the (PEA)2PbI4 perovskite (Figure 3.11a) shows well-defined, 

randomly distributed platelets formed by multiple grains with sizes ranging from 

200 nm to 400 nm. The surface was found to be rather rough, with a high root-

mean-square roughness and average height, see Table. 3.2 and Figure 3.12a.
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The pure bromide (PEA)2PbBr4 films are also characterized by the presence of

platelets, although these are more compact compared to the iodide counterparts 

(Figure 3.11b). The grain size is in the range of hundreds of nanometres and the 

topography is characterized by a reduced RRMS and a zAVG as can be seen in Table 

3.2 and Figure 3.12b. The morphology and grain size of the mixed 

(PEABr)2PbI2 perovskite films were found to be very similar to that of the pure 

bromide compound, although with a much flatter topography, as described in 

Table 3.2. Finally, the (PEAI)2PbBr2 films (Figure 3.11d) show the most 

heterogeneous morphology, with small platelets and large lamellar aggregates, 

resulting in a very rough surface, reflected in high RRMS and zAVG values (Table 

3.2 and Figure 3.12d).

Figure 3.12. AFM topographies at different magnifications of a) PEA2PbI4, b) 
PEA2PbBr4, c) (PEABr)2PbI2 and d) (PEAI)2PbBr2 2D perovskite thin films.
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Sample RRMS (nm) ZAVG (nm)

(PEA)2PbI4 25.8 95.0

(PEA)2PbBr4 10.9 28.3

(PEABr)2PbI2 4.0 14.1

(PEAI)2PbBr2 29.2 74.8

Table 3.2. Root-mean-square roughness RRMS and average height zAVG as calculated 
from the AFM analysis for the different 2D perovskite thin-films.

The steady state optical characterization of the vacuum-deposited 2D perovskite 

films is presented in Figure 3.13. The optical absorption of the (PEA)2PbI4 films 

shows a band in the UV and an intense excitonic peak, typical of the 2D 

perovskite, centered at 503 nm, with a full width at half maximum (FWHM) of 

35 nm. When the film of (PEA)2PbI4 was excited with a LED at 340 nm, intense 

photoluminescence centered at 521 nm was observed, as shown by the yellow 

dashed line (Figure 3.13a). The peak has a FWHM of 24 nm and a Stokes shift 

of 80 meV. The (PEA)2PbBr4 film exhibit the expected optical absorption band 

at higher energy, compared to the analogous iodide compound, with a very sharp 

excitonic peak (FWHM=15 nm) centered at 403 nm. Another weak absorption 

band was detected at 434 nm, which cannot be ascribed to the pure (PEA)2PbBr4

phase. An intense and narrow photoluminescence centered at 410 nm and with a 

FWHM of 17 nm was observed, with a small Stokes shift of 60 meV. However, 

other two peaks were systematically detected in the PL spectrum, a low intensity 

peak centered at 434 nm and a more intense and broad band centered at 507 nm 

(Figure 3.13b).
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Figure 3.13. Optical absorption and photoluminescence spectra (excitation at 340 nm) 
of 200 nm thick films of (a) (PEA)2PbI4, (b) (PEA)2PbBr4, (c) (PEABr)2PbI2 and (d) 
(PEAI)2PbBr2 perovskites.

Most likely, the additional small intensity peak can be associated to the presence 

of a bromide-rich, mixed bromide/iodide phase, while the broad PL band at 

lower energy can be ascribed to the formation of an iodide-rich phase. This may 

be the result of a possible halide cross-contamination in the evaporation 

chamber, which was used for the vacuum processing of both (PEA)2PbBr4 and

PEA2PbI4 perovskites. In order to verify this hypothesis, energy-dispersive X-

ray spectroscopy (EDS) was used to determine the material composition. In the 

2D (PEA)2PbI4 films, an I/Br ratio of 14.3 was found, indicating that 

approximately 6% of the total halide content consists of the bromide. In the case 
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of (PEA)2PbBr4, the Br/I ratio was as low as 3.5, meaning that as much as 22% 

of the total halide content is due to iodide contamination. The EDS analysis 

justified the observed optical properties of the perovskite film, and clearly 

indicates that there is cross-contamination between the different precursors from 

different vacuum-deposition runs. Interestingly, in the case of the 2D (PEA)2PbI4

films there is a rather low bromide contamination, while the contamination of 

iodide in (PEA)2PbBr4 films is more relevant. The contamination can be due to 

i) re-evaporation of previously deposited materials from the surface of the 

chamber or even to ii) halide exchange between the subliming vapors and the 

chamber itself. These processes can be more or less pronounced depending on 

the volatility of the materials as well as on their chemical reactivity, and poses a 

challenge that should be taken into account in the vacuum-deposition of 

perovskites. The optical absorption of the mixed halide (PEABr)2PbI2 perovskite 

(Figure 3.13c) deposited by dual source sublimation of PEABr and PbI2, was 

found to be blue shifted with respect to that of the (PEA)2PbI4 and red-shifted 

compared to (PEA)2PbBr4, as expected for a mixed halide perovskite. The 

excitonic absorption was centered at 446 nm (FWHM = 36 nm), while the PL 

peak was found to be asymmetric with a maximum at 464 nm (FWHM= 34 nm), 

implying a large Stokes shift of 110 meV. The EDS analysis revealed a Br/I ratio 

of 0.9, very close to the expected stoichiometry for the (PEABr)2PbI2 perovskite

and with only a negligible excess of iodide. At this halide ratio, 3D perovskites 

usually show halide segregation effects,108 due to the poor miscibility of the 

iodide and bromide phases. For this reason, we studied the evolution of the PL 

over time under continuous laser irradiation at 375 nm. Immediately after 

illumination, we noted the presence of the previously observed high energy peak 

at 464 nm with a weak component at lower energy (approximately 500 nm). With 

continuous irradiation, the low energy component dominates the PL spectrum, 

implying the formation of iodide-rich phases where carriers are efficiently 
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transferred and radiatively recombine (Figure 3.14). This is hence in agreement 

with what generally observed for other mixed halide perovskites.

Figure 3.14. Evolution of the photoluminescence spectra of the (PEABr)2PbI2 thin film 
under continuous excitation with a CW laser at 375 nm. Each spectrum is collected every 
10 s, going from purple to dark red. 

Rather different optical properties were observed for the other mixed halide 

(PEAI)2PbBr2 perovskite films, obtained by simultaneous sublimation of PEAI 

and PbBr2. The absorption spectrum in Figure 3.13d show an excitonic peak at 

412 nm, close to that of the pure bromide compounds (PEA)2PbBr4, and a weak 

absorption at approximately 490 nm, which is close to the excitonic absorption 

of the pure iodide (PEA)2PbI4 perovskite. This behavior suggests the coexistence 

of different domains, as also confirmed by the PL spectrum, which shows a broad 

band composed of several peaks: one with a maximum at approximately 434 nm 

and a second, more intense at 475 nm with a shoulder around 504 nm. The optical 

characteristics are consistent with the presence of a dominant, bromide-rich 

phase and of a second iodide-rich one. This hypothesis is supported by the 

elemental analysis, which revealed a Br/I ratio of 1.8, implying that 
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approximately 65% of the halide consists of bromide. The high bromide content 

of the (PEAI)2PbBr2 films could also partially explain why the corresponding 

unit cell parameters are close to those of the (PEA)2PbBr4 (Table 3.1). When the 

PbBr2 is reacting with the PEAI during the co-deposition process, the halide 

exchange is limited to an iodide inclusion of about only 30-40 mol%. On the 

other hand, the co-deposition of PbI2 and PEABr was found to lead to perovskites 

with a well-balanced halide content. This phenomenon could be ascribed either 

to a higher chemical reactivity of PEABr, or to a higher stability of PbBr2

compared to PbI2. Some literature points towards the latter hypothesis, as the 

energetic stability of lead halides increases with increasing halide 

electronegativity (from iodide to bromide).109,110 The vacuum-deposited 2D 

perovskite films were further studied by means of time-resolved microwave 

conductivity. 

3.6  Time-Resolved Microwave Conductivity

The Time-Resolved Microwave Conductivity (TRMC) technique can be 

used to study the mobility, the photoconductance ( ) and lifetimes of photo-

generated charge carriers in semiconductors. Additionally, analysis of TRMC 

data provides the understanding of recombination mechanisms and defect 

densities. The TRMC is based on the interaction between the electric field 

component of microwaves (GHz regime) and mobile charge carriers. Pulsed 

laser light at various wavelengths in the microwave cavity is used to excite 

electrons from the VB to the CB of the perovskite. Absorption of microwaves by 

photo-induced charges reduces the microwave power on the detector. 
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The normalized reduction in microwave power ( / ) is related to by:

(3.1)

in which is the sensitivity factor. Considering that both electrons and holes 

contribute to the photoconductance, is proportional to the sum of both their 

concentration and mobility, as shown in equation 3.2

(3.2)

where indicated the incident photon, is the sum of electron and hole 

mobility, is the incident intensity, is the elementary charge, and is the 

geometrical factor.

Figure 3.15. a) Time-resolved microwave conductivity traces of vacuum-deposited 2D
perovskite selectively excited at 510, 403 and 445 nm. b) normalize time-dependent 
photoconductance of the same sample series.
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Figure 3.15 shows the time-dependent photoconductivity traces for all the 2D 

perovskites reported in this Chapter. Three different excitation wavelength 

(pulsed laser excitation at 510 nm, 403 nm and 445 nm) were applied according 

to the maximum absorption at the excitonic peak of each compound. Upon 

excitation, electron-hole pairs are generated within the inorganic sheets of the 

2D perovskite and, due to the strong confinement (large Eb), they will mostly 

exist as bound excitons, hence not contributing to the photoconductance. This is 

important as in these compounds the TRMC signal is not directly a measure of 

the charge mobility, but rather its product with the free carrier generation 

yield.111 From the maximum change in TRMC signal (Figure 3.15a), recorded 

with an excitation density on the order of 1012 photons/cm2, we can immediately 

observe that the pure iodide 2D compound (PEA)2PbI4 present a larger 

photoconductance (0.1 cm2/Vs) as compared to the bromide and mixed halide 

analogues. The photoconductance of (PEA)2PbI4 is consistent with the low yield 

of excitons dissociating into mobile carriers, and is comparable to previously 

reported values for similar solution-processed 2D perovskite films.111 The lower 

absolute photoconductance observed for (PEA)2PbBr4 and mixed (PEABr)2PbI2

and (PEAI)2PbBr2 film can be ascribed to the lower crystal/grain size, as 

observed by electron microscopy (Figure 3.11). Among these materials, the 

larger grains in the (PEAI)2PbBr2 films might hence be responsible for the 

slightly higher photoconductance observed for this specific compound (0.02 

cm2/Vs). In order to evaluate the charge carrier recombination, the TRMC traces 

were normalized (Figure 3.15b) allowing a direct comparison of the 

recombination lifetime t1/2 (time after excitation when the charge carrier 

concentration drops to 1/2 of its initial value). Interestingly, the pure bromide 

(PEA)2PbBr4 perovskite showed a longer lifetime (160 ns) compared to the pure 

2D iodide films (t1/2 = 70 ns). This trend is somewhat unexpected, as Eb was 

reported to increase when moving from iodide to bromide perovskites, implying 
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a lower photoconductance but also a lower lifetime for bromide compounds.112

The larger lifetime is hence most likely correlated with the presence of iodide in 

(PEA)2PbBr4, acting as carrier traps and causing slower charge recombination 

within the material. Finally, the overall lower lifetimes observed for the mixed 

compounds (40 ns) correlates with an increased disorder due to the presence of 

mixed halide domains. In all cases the lifetime values observed here well 

compare with the literature data.111

3.7  Conclusion

In this Chapter, the vacuum-deposition and characterization of 

Ruddlesden-Popper perovskites, as well as of pure and mixed halide 2D 

perovskites have been reported. The evaporation of the organic salts at their 

minimum sublimation temperature resulted in stable rates, which allowed the 

deposition of 2D perovskites. The 2D PEA2PbX4 perovskite films, where X 

stands for I-, Br-, or a combination of both, exhibited the expected trend in 

bandgap, increasing from the pure iodide to the pure bromide materials, and in 

between these two extremes for the mixed halide compounds. Upon analyzing

the perovskite films from consequential sublimation of iodide and bromide 

precursors, it became clear that some halide cross-contamination is occurring.

This has implications in particularly for the fabrication of wide bandgap 

perovskite films, such as (PEA)2PbBr4, because the presence of iodide 

unavoidably results in multiple luminescence features due to the heterogeneous 

energy landscape within the semiconductor film. Hence it is recommended to 

use a dedicated chamber for a given composition in order to ensure the formation 

of high purity perovskite compounds. During the preparation and study of the 

mixed I/Br 2D perovskites by co-sublimation of either PEAI and PbBr2 or vice 

versa, a Br/I 1:1 stoichiometry was only obtained when using PbI2 and PEABr, 
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most likely due to the higher reactivity of PbI2 (as compared to the more stable 

PbBr2) towards the organic cations. This is another important observation to be 

considered when designing vacuum deposition of low-dimensional, mixed 

halide compounds. The 2D perovskites were also analyzed by time-resolved 

microwave conductivity (TRMC). The pure iodide PEA2PbI4 showed 

photoconductance and lifetime values in agreement with previously reported 

solution-processed thin films, making it an interesting candidate for 

implementation in multilayer optoelectronic devices.
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Chapter 4
Vacuum-deposited 2D/3D perovskite 
heterojunctions

4.1  Introduction

As outlined in the first Chapter, there are several reasons behind the 

rapid development of optoelectronic devices based on organic-inorganic metal 

halide perovskites, such as their high absorption coefficient, ambipolar charge 

transport, easy-to-tune bandgap etc.113–115 These properties led to the 

demonstration of perovskite solar cells (PSCs) with a certified power conversion 

efficiency (PCE) of 25% in only 10 years of development.116 Despite these 

achievements, the efficiency is still far from the Shockley-Queisser limit of about 

30% for a semiconductor with a bandgap of 1.6 eV. 117 In order to further enhance 

the PCE, the effort should be focused on increasing the open-circuit voltage (Voc)

through the reduction of non-radiative recombination losses. Indeed, while for a 
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solar cell in the radiative (Shockley-Queisser) limit the only recombination 

channel is the radiative recombination of free electrons and holes, in a real solar 

cell the Voc value is lower due to undesirable non-radiative recombination. 

Polycrystalline perovskite thin films used in high-efficiency PSCs still contain 

defects at the surface and at grain boundaries which are responsible of the non-

radiative recombination.118 At the same time, defects play an important role in 

the permeation of moisture or oxygen into the perovskite film, accelerating the 

material and device degradation. Therefore, the passivation of defects located at 

the surface and at the grain boundaries is one of the main challenges that the 

PSCs technology is currently facing. Passivation of non-radiative recombination 

(trap) states enhances the PLQY and hence leads to an increase of the obtainable 

Voc, since these two parameters are closely related as described in the equation 

4.1.

(4.1)

where e is the electron charge, is the maximum achievable open-circuit 

voltage, is the quasi-Fermi level splitting, is the in the 

radiative limit (when all charges recombine radiatively), is the Boltzmann 

constant and T the temperature. Hence an increase in the PLQY maximizes the 

Voc towards the QFLS in the radiative limit. Passivation of defects in perovskites 

have been pursued through several strategies. Among the most important ones 

are interface engineering using organic molecules and additives as show in 

Chapter 2, the use of alternative precursors or altered stoichiometry, embedding 

small alkali metal cations, or the use of thin organic buffer layers at the 

perovskite/transport material interface. 119–121

More recently, several studied have highlighted passivation and stabilization 

through the use of wide band-gap, low dimensional perovskites in combination 
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with 3D perovskites. The underlying concept is to combine the high efficiency 

of the 3D absorber with the passivation and the stabilization properties of 2D 

perovskites,122 thanks to the hydrophobic character of the alkylammonium 

chains.123 These bilayers can be prepared by functionalization of the 3D 

perovskite surface with large ammonium cations, resulting in the formation of 

thin low-dimensional perovskite layers.124,125 Alternatively, the direct processing 

of a 2D perovskite film on top of a preformed 3D material can also be pursued.126

Up to now, thin 2D perovskite layers on the surface and/or at the grain 

boundaries of 3D perovskites have been deposited solely by solution processing, 

leading to unavoidable intermixing between the two phases.

In this Chapter, the fabrication of 2D/3D perovskite heterojunctions by dual-

source vacuum deposition is reported. The interaction between the 3D and 2D 

phases as well as the charge transport properties of 2D perovskites in neat 2D/3D 

interfaces were studied by combining 3D (methylammonium lead iodide, MAPI) 

and 2D (phenethylammonium lead iodide, PEA2PbI4) in three different 

perovskite heterostructures: i) 2D/MAPI/2D, ii) 2D/MAPI, iii) MAPI/2D. All 

these structures have been integrated into vacuum-deposited PSCs in order to 

rationalize the role of each interface.

4.2  Thin-film 2D/3D heterostructure preparation

The organic ammonium salts C8H12IN (PEAI) and CH3NH3I (MAI) were 

purchased from Lumtec. PbI2 was purchased from Tokyo Chemical Industry CO 

(TCI). All materials were used as received. The ITO-coated glass and glass 

substrates were cleaned as explained in the previous Chapters. The 2D PEA2PbI4

thin films were deposited in the vacuum chamber showed in Figure 3.1

following the process described in the Chapter 3 of this thesis. The 3D MAPI 

perovskite films were deposited in a dedicated vacuum chamber equipped with 
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six temperature-controlled evaporation sources (Creaphys) fitted with ceramic 

crucibles (Figure 4.1). Three quartz crystal microbalance sensors were used: two 

monitoring the deposition rate of each evaporation source and a third one close 

to the substrate holder monitoring the total deposition rate. MAI and PbI2 were

co-sublimed at temperatures ranging from 140 to >300°C, respectively, to form 

the 3D perovskite with a total thickness of 500 nm. The samples were transferred 

from one chamber to the other by means of portable chambers filled with 

nitrogen.

Figure 4.1. Picture of the vacuum chamber employed for the deposition of the MAPI 
perovskite films.

4.3  2D/3D heterostructure: characterization

In order to investigate the influence of the 2D perovskite layers on the 

morphology and crystallinity of the 3D perovskite, 10 nm thick PEA2PbI4 films 

were initially deposited below and on top of a 500 nm thick MAPI film. The 

comparison of X-ray diffraction patterns of the bare 3D perovskite and of one 

sandwiched between 2D perovskite layers is shown in Figure 4.2, where all the 

reflections of the reference sample (MAPI on glass) are indexed. As commonly 
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observed for both solution-processed and vacuum-deposited MAPI,127,128 a

preferential orientation occurs along the [110] direction. However, when the 

MAPI film is deposited in between two PEA2PbI4 layers, we observed a decrease 

in the intensity of the (110) and (220) peaks and an increase of the intensity of 

the (022) and (134) reflections. These observations suggest a change in the 

orientation of the MAPI film when deposited between 2D perovskite layers. The 

change of the diffraction profiles together with their enlarged FWHMs also 

indicates a reduction of the crystal size for the MAPI film.

Figure 4.2. X-ray diffraction patterns of vacuum deposited MAPI film (3D) and of the 
PEA2PbI4/MAPI/PEA2PbI4 heterostructure (2D/3D/2D). 

The peak at low angle (2θ = 12.7°) is ascribed to the presence of unreacted PbI2,

both in the pure MAPI and in the 2D/MAPI/2D heterostructure. It is interesting 

to note that in several reported solution-processed 3D/2D perovskite systems, an 

excess of PbI2 in the 3D compound is intentionally used to then form a low-

dimensional perovskite by simple spin-coating of the corresponding organic 

ammonium halide.122 In our case, the excess PbI2 in the MAPI film is maintained 
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even after deposition of the 2D PEA2PbI4 film. Considering that no PbI2

diffraction could be observed in pure PEA2PbI4 films (Figure 4.3), it implies that 

the PbI2 signal comes only from the underlying MAPI layer. These observations 

suggest that no intermixing takes place between the two materials, resulting in a 

neat 3D/2D perovskite interface. 

Figure 4.3. XRD pattern of a vacuum deposited, 10 nm thick PEA2PbI4 perovskite film 

The formation of a pure PEA2PbI4 film at the interface with MAPI was also 

confirmed by the photoluminescence (PL) of the 2D/3D bilayer (Figure 4.4).

The PL spectrum was recorded upon laser excitation at 375 nm on the back side 

of the glass substrate, where the 3D layer was deposited on top of the 2D film 

(glass/2D/3D). The high energy peak centered at 523 nm is in agreement with 

the presence of a pure PEA2PbI4 perovskite, while the peak at 768 nm is a 

signature of the 3D MAPI perovskite.
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Figure 4.4. PL spectrum upon laser excitation at 375 nm of a 2D/3D bilayer.

On the other hand, no changes were observed in the optical absorption of the 

2D/MAPI/2D heterostructure compared with the bare MAPI, as highlighted in 

Figure 4.5. In the optical absorption, the contribution of the very thin 2D 

perovskite film is not detectable because of the very high absorbance of MAPI 

in the green-blue region of the spectrum.

Figure 4.5. Optical absorption of a 3D MAPI film and a 2D/3D/2D perovskite 
heterostructure.
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The morphology of the bare 3D layer and of the 3D film sandwiched in between 

of the 2D perovskite was investigated by SEM and AFM (Figure 4.6). The 

surface of the MAPI film in Figure 4.6a appears homogeneous and compact 

with an average grains size of approximately 100 nm. In the case of the 

2D/3D/2D heterostructure (Figure 4.6b), it appears that the presence of the 

PEA2PbI4 layer affects the film growth and the morphology of the 3D perovskite. 

In fact, the surface appears more textured compared to the reference MAPI film

and the grain size is slightly reduced, in agreement with the XRD reported in 

Figure 4.2.

Figure 4.6. SEM images and AFM topographies at different magnifications of (a,c) a 
MAPI film and of (b,d) a 2D/MAPI/2D heterostructure. (e,f) AFM profiles for the same 
samples. The scale bar in all SEM and AFM images is 1 μm.

The MAPI surface analyzed by AFM (Figure 4.6c) was found to be rather rough, 

with a root-mean-square roughness RRMS of 13 nm and average height zAVG as 

high as 50 nm (Figure 4.6e). The grain size reduction observed by SEM for the 

2D/MAPI/2D heterostructure was confirmed by AFM (Figure 4.6d), where the 
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topography presented a RRMS of 8 nm and a strongly diminished zAVG of 27 nm 

(Figure 4.6f). Moreover, in the case of the 2D/MAPI/2D heterostructure, the 

height distribution was found to be narrower, indicating a more homogeneous 

surface compare to the bare MAPI.

4.4  2D/3D heterostructure: solar cell application

The heterostructure described above were incorporated in fully vacuum-

deposited PSCs in order to study their photovoltaic properties. The low-

dimensional PEA2PbI4 films were deposited in between the HTL/MAPI, the 

MAPI/ETL or both HTL/MAPI/ETL interfaces, and then integrated in a p-i-n

device configuration depicted in Figure 4.7a. Also in this case, patterned ITO-

coated glasses were used as transparent electrodes. After cleaning they were 

transferred to the vacuum-chamber where all layers were thermally deposited in 

high vacuum with a base pressure of 10−6 mbar. Molybdenum oxide (MoO3, 5 

nm) and N4,N4,N4″,N4″-tetra([1,1′-biphenyl]-4-yl)-[1,1′:4′,1″-terphenyl]-4,4″

diamine (TaTm, 10 nm) were used as HTLs while fullerene (C60, 25 nm) and 

bathocuproine (BCP, 8 nm) were used as ETLs. The deposition rates for TaTm 

and C60 were 0.5 Å/s, while a rate of 0.3 Å/s was used for the thinner BCP layer. 

The transport layers were sublimed in the vacuum chamber shown in Figure 4.1.

The devices were completed with the deposition of 100 nm thick silver electrode.

MoO3 and Ag were evaporated in a separated vacuum chamber using tantalum 

boats and applying currents ranging from 2.0 to 4.8 A. For all the devices, the 

MAPI thickness was kept constant (500 nm) while varying the PEA2PbI4

thickness between 2.5 nm and 10 nm. 
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Figure 4.7. a) Scheme of the p−i−n solar cells employing a perovskite heterostructure as 
the active layer. J−V curve under 100 mW cm−2 illumination of the b) 2D/MAPI/2D, c) 
2D/MAPI, and d) MAPI/2D heterojunction solar cells for different PEA2PbI4 layer 
thicknesses.

The first heterojunction that was tested and implemented in a PSC was the triple 

layer 2D/MAPI/2D with 2.5 nm thick 2D films. The device showed a short-

current density (Jsc) exceeding 20 mA cm−2, only slightly lower than that of the 

reference MAPI solar cell (Table 4.1), and a very similar open-circuit voltage 

(Voc) of 1050 mV. The fill factor (FF), however, was strongly reduced at 65.5%, 

which is surprising considering that the 2D perovskite films were only 2.5 nm 

thick.

100



Perovskite structure VOC [mV] JSC [mA cm-2] FF [%] PCE [%] 

MAPI 
fwd 1057 22.7 77.2 18.6 

rev 1056 22.7 78.5 18.9 

2D/MAPI/2D 
fwd 1050 20.1 65.5 13.9 

rev 1050 20.6 66.0 14.3 

2D/MAPI 
fwd 1054 22.1 78.4 18.3 

rev 1051 22.1 78.6 18.3 

MAPI/2D 
fwd 1062 21.7 73.5 17.0 

rev 1061 21.8 76.6 17.7 

Table 4.1.  Performance parameters extracted from the J−V characteristics of p−i−n
PSCs of the control MAPI absorber device and of 2D/MAPI/2D-, 2D/MAPI-, and
MAPI/2D-based solar cells with 2.5 nm thick PEA2PbI4 2D films

Increasing the thickness of the low-dimensional perovskite films results in a 

further decrease of the FF to 49.7%, accompanied by a drastic reduction in the 

current density, to values as low as 8 mA cm−2 for devices including 10 nm thick 

2D films. Clearly, the 2D/MAPI/2D heterojunction solar cells suffer from 

hindered charge extraction, a situation that becomes more severe for thicker 2D 

films. This is in agreement with the formation of PEA2PbI4 films with insulating 

sheets perpendicular to the current flow, as described in the Chapter 1 of this 

thesis. All solar cells based on the 2D/MAPI/2D heterostructure showed a 

hysteresis in the J−V curve when scanning in forward (from short- to open-

circuit) or reverse (from open- to short-circuit) bias. However, the Voc for the 

devices employing 5 and 10 nm thick PEA2PbI4 films was found to increase up 

to >1080 mV, meaning that the 2D films are indeed capable of reducing non-

radiative recombination within the MAPI layer.
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In order to rationalize the properties of the 2D/MAPI/2D heterostructures and 

devices, analogous solar cells based on either 2D/3D or 3D/2D bilayers were 

fabricated and characterized as a function of the thickness of the PEA2PbI4 films. 

Solar cells with the 2.5 nm thick 2D film at the front contact (2D/MAPI) shows 

a high Jsc of 22.1 mA cm−2 and very good rectification, with a FF as high as 

78.6% and negligible hysteresis. The Voc is approximately 1.05 V, leading to a 

PCE of 18.3%, comparable to that of the reference MAPI solar cells. Also in this 

heterojunction configuration, increasing the thickness of PEA2PbI4 to 5 and 10 

nm results in lower photocurrent (18 and 16.5 mA cm−2, respectively) and causes 

again a drastic reduction of the FF, which is below 55% for both thicknesses, as 

shown in Figure 4.7c. The cells with thicker 2D films show also hysteresis in

the J−V curve. However, when compared to bare MAPI devices, the solar cell 

photovoltage is also found to increase to about 1070 mV for thicker 2D 

perovskite films. A similar behavior was observed for the solar cells with the 2D 

film at the back contact, where PEA2PbI4 is deposited on top of MAPI and below 

C60 (3D/2D), as shown in Figure 4.7d. The current density decreases with 

increasing thickness of the 2D perovskite films, from 21.8 mA cm−2 (2.5 nm) to 

approximately 14 mA cm−2 (10 nm). The J−V curves for devices with thicker (5 

and 10 nm) 2D films show more hysteresis. Also for the MAPI/2D 

heterojunction, the FF was observed to scale inversely with the thickness of 

PEA2PbI4 but not as drastically as in the case of 2D/MAPI structures. The FF 

decreases from 73.5% to 63.9% when the 2D layer thickness is increased from 

2.5 nm to 10 nm. Importantly, with this device configuration, we do observe a 

substantial increase in the photovoltage, with the MAPI/2D solar cells having a 

Voc exceeding 1.1 V for 5 nm thick PEA2PbI4 layers. This observation indicates 

that the 2D perovskite layer is indeed capable of reducing the non-radiative 

recombination within the MAPI film. Interestingly, the fact that no changes in 

photovoltage were observed with the 2D/MAPI heterojunction (as compared to 
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bare MAPI) might indicate that the chemistry of the 2D/3D interface differs from 

that of the 3D/2D one. The trend of the Voc and FF for the different configurations 

and as a function of the 2D film layer thickness is reported in Figure 4.8. In 

general, devices including 2.5 nm thick PEA2PbI4 films do not show an 

appreciable variation of the photovoltage compared to the reference MAPI cells 

(1055 mV), while these thin 2D films already undermine the charge extraction 

(deduced from a diminishing FF). One exception is the 2D/3D heterojunction, 

where the Voc and FF are essentially unchanged with respect to the reference 

MAPI solar cells, leading to similar PCE exceeding 18%.

Figure 4.8. Trend of the a) Voc and b) FF for the three different heterojunction solar cells 
as a function of the 2D PEA2PbI4 perovskite layer thickness. The dotted lines represent 
average values for single-layer MAPI reference devices.

Increasing the 2D layer thickness to 5 nm leads to a general enhancement of the 

Voc, with the devices based on the 2D/3D and 2D/3D/2D structures reaching 

1070 and 1084 mV, respectively, and a peak for the 3D/2D heterojunction solar 

cells at 1104 mV. While such a 50 mV increase in Voc might appear moderate, it 

corresponds to a 7-fold enhancement of the external PLQY.87,129 Hence, the 

vacuum-deposited PEA2PbI4 films on top of MAPI are indeed capable of 
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reducing non-radiative charge recombination, although at the expense of the FF 

(70%). For thicker (10 nm) 2D films, we observed a reduction of the Voc, which 

is more prominent for the 3D/2D heterojunction with a 10 nm thick film. 

Although the incorporation of 2D perovskites at the interface with MAPI is 

beneficial for the obtainable photovoltage, it leads to a drop in FF, which became 

more important once the PEA2PbI4 thickness increased from to 5 and 10 nm. The 

loss in FF can be attributed to the unfavorable orientation of the insulating sheets 

formed by the bulky organic cations within the 2D perovskite films (Figure 4.3),

perpendicularly oriented to the direction of the charge transport, as mentioned 

before. Besides the orientation of the 2D perovskite with respect to the substrate, 

another factor that can contribute to the loss in FF is the presence of an energy 

barrier for the charge extraction (either hole or electron, or both) at the 3D/2D 

heterojunction or at the perovskite/organic interfaces. Such an energy barrier is 

related to misalignment of the energy levels, which is likely to exist at least in 

one case (either 2D/3D or 3D/2D) as a consequence of the larger bandgap of 

PEA2PbI4 as compared to that of MAPI. The ionization energy (IE) is an estimate 

of the valence band maximum (VBM) in an intrinsic semiconductor. Via air 

photoemission spectroscopy (APS) the IE of both 3D and 2D perovskite were 

measured, and their flat band energy diagram was calculated (Figure 4.9). From 

the APS measurement for the MAPI perovskite we observed an IE of 5.0 eV, 

only slightly smaller compared to recently reported ultraviolet photoemission 

spectroscopy measurements,130 while a larger IE of 5.5 eV was measured for 

PEA2PbI4 films. This implies the presence of an energy barrier for the hole 

extraction of approximately 0.5 eV, which supports the severe drop in FF 

observed when PEA2PbI4 is deposited in between the HTL and the MAPI 

(Figure 4.7b).
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Figure 4.9. Air Photoelectron spectroscopy for vacuum deposited a) MAPI and b) 
PEA2PbI4 thin films. c) Flat band energy diagram with measure ionization energies (IE) 
and estimated electron affinity taking into account the bandgap of the two materials.

Estimating the bandgap of PEA2PbI4 at 2.4 eV from the absorption spectrum

(Figure 3.13a, Chapter 3) and considering a MAPI bandgap of 1.6 eV,130 the 

barrier for the electron extraction at the 3D/2D interface would be 0.3 eV (Figure 

4.9). The lower energy difference among the electronic affinities at the 3D/2D 

interface agrees with the smaller FF losses associated with using the 2D 

perovskite on top of the MAPI surface and below the ETL. The vacuum-

deposited 2D/3D heterostructures, together with the bare 3D and 2D perovskites, 

were further studied by means of time-resolved microwave conductivity,

described in the Chapter 3

The normalized time-dependent conductance traces for bare MAPI and 

2D/MAPI bilayers (Figure 4.10) were obtained by selectively exciting the 

perovskite films at 600 nm from two different sides: i) from the quartz substrate 

side (on which the perovskite was deposited), ii) from the film side. The 

normalized TRMC traces allow to compare the charge carrier decay for the 

different perovskite based films. No appreciable signal from the 2D perovskite 

was observed as it does not absorb light at 600 nm.
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Figure 4.10. Normalized change in conductance for a MAPI film and a 2D/MAPI bilayer 
deposited on quartz, measured by TRMC with an incident laser pulse of 1011

photons/cm2. The annotation (sub.) denotes that the light is shined through the quartz 
substrate.

After a fast initial rise limited by the response time of the microwave cavity, the 

signals decayed due to charge recombination or trapping. Interestingly, the decay 

kinetics of the MAPI and 2D/MAPI are very similar, independently on the 

excitation side and on the presence of the 2D layer. Hence, from this 

measurement, it is not possible to conclude that the MAPI film is effectively 

passivated by the 2D layer. It is evident from Figure 4.11a, that the electron an 

hole mobility is directly related with the maximum change in photoconductance 

(ΔG, Chapter 3 equation 3.2 ). ΔG increase slightly with the light intensity, 

reaching values close to 10 cm2/(Vs), which is comparable to values previously 

obtained for evaporated 3D perovskite layers.131,132 The slight difference in

maximum mobility can be related to the different substrate on which the 3D 

MAPI layer has been deposited. Such a dependence could indicate that the 3D

film contains a substantial amount of deep traps, which become saturated at 

higher intensities.
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Figure 4.11. Maximum TRMC signal heights expressed in charge carrier yield times 
mobility for excitation at (b) 600 and (c) 510 nm at different incident light intensity. The 
annotation (sub.) denotes that the light is shined through the quartz substrate.

This hypothesis agrees with the higher Voc values observed for the

heterostructure devices, as show in Figure 4.8a. Finally, the samples were 

excited at 510 nm (Figure 4.11b), which corresponds with the maximum 

absorption of the excitonic band of the 2D perovskite ( Figure 3.13a, Chapter 

3). The 2D layer exhibited a very low signal, which is a consequence of the high 

exciton binding energy preventing dissociation of the excitons into mobile 

carriers. The MAPI films as well as the 3D/2D bilayer gave signal intensities 

comparable to that obtained with an excitation at 600 nm, implying that the 

charge carrier yield is independent on the used wavelengths. Interestingly, 

exciting the 2D/MAPI sample through the 2D layer leads to a substantial 

decrease of the signal intensity. This can be explained by the fact that a 

substantial part of the incident light is absorbed by the 2D perovskite itself, and 

the excited states generated in the 2D layer do not lead to mobile carriers in the 

MAPI film by either charge or energy transfer. This inefficient charge carrier 

generation might partially explain the photocurrent losses observed in the 

heterostructure solar cells (Figure 4.7).
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4.5  Conclusion

In this Chapter, 2D phenethylammonium lead iodide (PEA2PbI4) films 

prepared by dual-source vacuum deposition were used for the fabrication of fully 

vacuum processed perovskite heterostructures. The PEA2PbI4 layers were 

deposited below and on top of the 3D methylammonium lead iodide (MAPI), 

prepared by dual-source co-deposition. The morphology, the structure and 

optical properties of the bare 3D and the 2D/3D/2D heterostructures were 

investigated. The vacuum-deposited PEA2PbI4 films tend to grow with the 

alternating inorganic and organic sheets parallel to the substrate and hence, when 

incorporated into devices, they lead to severely hindered charge extraction. This 

is a result of an interplay of different parameters, such as the preferential in-plane 

orientation of the 2D film, the low carrier mobility, and the mismatch in the

energy levels between the 2D and 3D perovskites. By separately studying the 

2D/3D and 3D/2D bilayers, we identified a trade-off between Voc and FF of the 

solar cell. The best results were obtained for a 3D/2D heterostructure solar cell 

that reached an open-circuit voltage as high as 1.1 V.
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Chapter 5
General conclusion

Two dimensional (2D) perovskites were initially studied in the 1990s 

but only recently they are being widely studied as semiconductors in 

optoelectronic devices, either as absorbing/emitting layer, as passivating agents, 

or as interlayers to enhance the device stability. The aim of the thesis was the 

application of different synthetic methods to the deposition of low dimensional 

perovskite films, and their application in solar cells and light-emitting diodes.

Low dimensional Ruddlesden-Popper (quasi-2D) perovskites were investigated 

in Chapter 2 with the aim of enhancing their PLQY, which is crucial for the 

preparation of efficient LEDs. In order to reach that objective, the quasi-2D 

materials were prepared following a material engineering protocol which 

includes the variation of the ratio between the large (BA) and small (MA) organic 

cations, the modification of the solution deposition by antisolvent washing, and 
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the inclusion of an organic semiconductor with electro donating properties 

(SPPO1). The quasi-2D perovskites with a BA:MA molar ratio of 3:3, solvent 

engineered with SPPO1, could be deposited as highly homogeneous and pinhole-

free films with a remarkable PLQY of 80%. Thanks to these characteristics, 

LEDs employing the quasi-2D perovskite films showed intense 

electroluminescence at low voltage with low leakage current, confirming the 

potential of this family of perovskite as photo- and electroluminescent materials. 

Despite the promising results, the solvent engineering protocol showed limited 

reproducibility, related with the control over several different processing 

parameters. In Chapter 3, those limitations are overcome by processing quasi-

2D and 2D perovskite films by thermal vacuum deposition. The vacuum 

processing of these materials is still rather unexplored, but it offers many 

advantages over solution processing, as described in Chapter 1. Homogenous 

thin-films with high crystallinity and good morphology were obtained for 

vacuum-deposited 2D perovskites. Through the series of experiments carried out 

to deposit pure and mixed halide PEA2PbX4 perovskite films (with X = I-, Br-, or 

a combination of both), an halide cross-contamination between different 

deposition runs was found. In particular, we observed a low bromide content in

(PEA)2PbI4 and a large iodide contamination in (PEA)2PbBr4 films, suggesting 

that the use of a dedicated chamber might be necessary for the fabrication of 

wide bandgap (bromide) perovskites. Moreover, in the preparation of mixed I/Br 

2D perovskites, a strong dependence of the material quality with the chemical 

nature of the halide precursors was observed. This is another important guideline 

that have to be considered for the vacuum processing of low-dimensional, mixed 

halide perovskites. Recently, low dimensional perovskites are being extensively 

studied as interlayers to enhance the open-circuit voltage and the stability of solar 

cells, using 2D/3D perovskite bilayers. In Chapter 4, the fabrication of 2D/3D 

heterostructures by dual-source vacuum deposition of the 2D (PEA)2PbI4 and 3D 
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MAPI films is described for the first time. The advantages of vacuum-deposition, 

such as the exclusion of issues associated with the use of solvents (leading to 

intermixing between the 2D and 3D phases) and the precise control over the film 

thickness, allowed to study three different heterostructures (2D/3D/2D, 2D/3D, 

3D/2D) with varying thickness of the 2D layers (2, 5 and 10 nm). When using 

these perovskite heterostructures in solar cells, a trade-off between the Voc and 

FF was identified. This behaviour is related to the preferential in-plane 

orientation of the 2D film, a low carrier mobility, and a mismatch in the transport 

energy levels between the 2D and the 3D perovskites. A photovoltage as high as 

1.1 V was obtained for a 3D/2D heterojunction solar cell, which could be further 

improved by promoting charge transport, either by controlling the 2D perovskite 

orientation, or by using low dimensional perovskites with higher n values.
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Chapter 6
Spanish summary / Resumen en Castellano

6.1 Capitulo 1 

Introducción de la tesis

6.1.1  Visión general 

La producción de energía depende en gran medida de los combustibles 

fósiles como el petróleo, el gas natural y el carbón, que son económicamente 

convenientes, pero presentan reservas finitas y producen dióxido de carbono 

(CO2) y otros gases de efecto invernadero como productos de la combustión. 

Para una reducción de las emisiones de CO2 y para detener el calentamiento 

global, la energía debe ser generada y utilizada de manera más limpia, 

produciendo menos emisiones. El empleo de fuentes de energía renovables es la 

solución más prometedora para lograr estos objetivos. La energía solar es la más 
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abundante entre las fuentes renovables y la tecnología fotovoltaica (PV), 

conversión directa de la luz solar en electricidad, se está volviendo más 

competitiva económicamente. Hoy en día, la tecnología fotovoltaica está 

dominada por las células solares de silicio. La sílice (óxido de silicio, SiO2) es 

un material abundante y no tóxico, pero requiere un consumo de energía 

sustancial para su conversión en silicio cristalino de alta pureza, lo que aumenta 

el tiempo de retorno energético de la célula solar (el tiempo que una fuente de 

energía necesita estar funcionando para generar la cantidad de energía utilizada 

para su producción). Además, las células solares de silicio están alcanzando su 

límite teórico de eficiencia. Para mejorar la relación eficiencia/coste de los 

paneles solares, se están investigando materiales alternativos que son 

abundantes, de simple preparación, y con una eficiencia similar a la del silicio. 

Entre estos materiales se encuentran las perovskitas híbridas orgánicas-

inorgánicas. Las células solares de perovskita pueden ser fabricadas a través de 

métodos simples, que son compatibles con fabricación a gran escala y con 

sustratos flexibles. A diferencia del silicio, la perovskita es un semiconductor de 

banda directa con un coeficiente de absorción muy alto, lo que permite una 

absorción cuantitativa de la luz en películas tan finas como 500 nm. Esta 

característica permitiría la fabricación de células solares mucho más ligeras 

comparadas con las de silicio. Otro aspecto que hace únicas a las perovskitas es 

la posibilidad de alterar sus propiedades optoelectrónicas mediante simples 

variaciones de su composición. Gracias a sus buenas propiedades 

optoelectrónicas, las perovskitas tienen una serie de aplicaciones distintas más 

allá de la fotovoltaica, por ejemplo en fotodetectores, memresistores, detectores 

de rayos X, diodos emisores de luz (LEDs), etc. Entre ellas, los LEDs son una 

aplicación particularmente atractiva debido a las versátiles y modificables 

propiedades optoelectrónicas de las perovskitas.
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6.1.2  Perovskitas híbridas 

El nombre perovskita, derivado del mineralogista ruso Lev Perovski, es 

usado para nombrar todos los compuestos que presentan estructura cristalina 

tridimensional de fórmula general ABX3. Una subclase específica de esta familia 

son las perovskitas híbridas, en las cuales el catión A es orgánico, M es un metal 

divalente con coordinación octaédrica (Pb2+) y X es un haluro. La estructura de 

las perovskitas híbridas de plomo consiste en un retículo de octaedros de haluro 

de plomo (PbX6) unidos por los vértices, intercalados con los cationes orgánicos 

(Figura 1.5). La estructura cristalina de las perovskitas híbridas puede presentar 

diferente dimensionalidad, que se utiliza para clasificar las perovskitas en 

tridimensionales (3D) y en las de más baja dimensionalidad, las bidimensionales 

(2D) y las cuasi-2D. La formación de estas estructuras depende en gran medida 

del tamaño del catión A. Si el catión A es suficientemente pequeño para caber 

en la cavidad determinada por cuatro octaedros plomo-halógeno, se forman 

estructuras 3D. Los cationes más comunes son los cationes orgánicos 

monovalentes como el metilamonio (MA: CH3NH3
+), el formamidinio (FA: 

CH2(NH2)2
+) y, en el caso de perovskitas completamente inorgánicas, el cesio 

(Cs+). Si el catión orgánico es más grande, la estructura tridimensional no puede 

acomodarlo y se formará una estructura bidimensional, donde láminas de 

octaedros de haluro de plomo se alternan con capas de moléculas orgánicas. Las 

perovskita 2D presenta la fórmula general (R-NH3)2PbX4 (Figura 1.7). La 

familia de las perovskitas de baja dimensionalidad no se limitan solo a esta 

estructura, ya que pueden prepararse estructuras intermedias con láminas 

inorgánicas de diversos espesores utilizando una mezcla de cationes pequeños 

(A) y cationes orgánicos grandes (R-NH3). Estos materiales se denominan 

perovskitas Ruddlesden-Popper o cuasi-2D, con fórmula (RNH3)2(A)n-1PbnX3n+1

donde n indica el número de láminas inorgánicas (Figura 1.8).
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El espesor de las capas inorgánicas (n) puede modularse cambiando la 

proporción de cationes pequeños y grandes.

6.1.3  Propiedades de las perovskitas híbridas

Las perovskita híbridas son semiconductores con un bandgap directo con 

bandas de energía que pueden simplificarse como se muestra en la Figura 1.9.

La banda de valencia (VB) es la banda de energía llena formada por los 

electrones de valencia, mientras que la banda de conducción (CB) es la banda de 

energía vacía en la que los electrones pueden moverse libremente dentro del 

material. En un semiconductor intrínseco las dos bandas están separadas por una 

banda prohibida (Eg, en inglés, bandgap), sin estados electrónicos. Sólo pueden 

ser absorbidos fotones con una energía igual o superior a Eg. La absorción de un 

fotón conlleva la excitación de un electrón desde la VB a la CB, dejando una 

carga positiva (hueco) en la banda de valencia. 

En una perovskita híbrida de haluro metálico, la VB está formada por una mezcla 

de orbitales s del metal y orbitales p del haluro, mientras que la CB está 

compuesta principalmente por orbitales p metálicos. Aumentando la 

electronegatividad del haluro (sustituyendo I con Br y Cl) baja la energía del 

orbital p del haluro, disminuyendo la energía de la VB. Además, la energía de la 

CB, influenciada por los orbitales p de metal Pb, se desplaza hacia arriba cuando 

las distancias Pb-X disminuyen al pasar de I a Br a Cl. Como consecuencia, al 

intercambiar o mezclar haluros con diferente electronegatividad es posible 

modular el bandgap, ampliando el abanico de posibles aplicaciones de las 

perovskitas. Asimismo, al pasar de I a Br y Cl, el carácter iónico más fuerte del 

enlace Pb-X conduce a un aumento de la energía de enlace del excitón (Eb). En 

la perovskita 2D los excitones poseen una energía de enlace del orden de cientos 

de meV, al menos un orden de magnitud mayor que la energía de enlace de los 
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excitones de las perovskitas 3D (decenas de meV). La alta Eb de las perovskitas 

2D se refleja en la intensa transición excitónica característica que domina su 

perfil de absorción óptica. Este comportamiento de la perovskita 2D es una 

consecuencia de sus estructuras de múltiples pozos cuánticos donde las capas 

inorgánicas actúan como semiconductores y las capas orgánicas como barreras 

aislantes (Figura 1.14). Por esta razón, los electrones y huecos fotogenerados 

forman excitones que son confinados en las capas de halogenuros metálicos, lo 

que aumenta su energía de enlace. Las películas delgadas de las perovskitas 2D 

muestran picos intensos (00l) en sus patrones de difracción, sugiriendo que se 

orientan a lo largo del eje c, con las capas inorgánicas de PbX6 alternadas con 

bicapas orgánicas paralelas al plano del sustrato. Esto implica que las láminas 

aislantes de cationes orgánicos están orientadas perpendicularmente a la 

dirección del campo eléctrico, obstaculizando el transporte de la carga. Al mismo 

tiempo, la elevada Eb limita la conversión de los excitones en portadores de carga 

libres, reduciendo la movilidad de carga. Una forma de cambiar la orientación 

cristalográfica desfavorable y favorecer el transporte de la carga es mediante el 

uso de fases cuasi-2D en lugar de las perovskitas 2D puras.

6.1.4  Recombinación 

La eficiencia de las células solares y los diodos emisores de luz está 

limitada por varios procesos de pérdida, entre los cuales está la recombinación 

de la carga. La recombinación de electrones y huecos en un semiconductor tiene 

lugar a través de diferentes mecanismos (Figura 1.10).
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Recombinación radiativa

La recombinación radiativa es el proceso en el que un electrón de la banda de 

conducción relaja a la banda de valencia y recombina con un hueco, liberando 

energía en forma de un fotón. Este es el mecanismo de recombinación más 

importante para los LEDs, pero también es inevitable en una célula solar.

Recombinación no radiativa (Shockley-Read-Hall)

En este mecanismo de recombinación, un electrón o un hueco es capturado por 

estados electrónicos situados dentro de la banda prohibida (denominados 

trampas electrónicas), que suelen ser causados por impurezas y defectos en la 

red cristalina del semiconductor. Por lo tanto, este mecanismo de recombinación 

también se conoce como recombinación asistida por trampas. Una vez el estado 

de trampa está ocupado, puede haber recombinación con un portador de carga 

opuesta, siendo la recombinación no radiativa (sin emisión de fotones). Es 

importante reducir al mínimo las trampas, y en consecuencia, las pérdidas por 

recombinación no radiativa que son perjudiciales para la electroluminiscencia en 

los LED y para la eficiencia en las células solares basadas en perovskitas.

6.1.5  Principio de funcionamiento de las células solares

En una célula solar el material fotoactivo absorbe la luz generando pares 

de electrones y huecos, que son extraídos hacia los electrodos por materiales 

transportadores de carga de tipo n y p, respectivamente. Para evaluar el 

funcionamiento de las células solares se identifican unos parámetros 

característicos:
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- Corriente de cortocircuito, Jsc (mA cm-2), representa la corriente generada a 

circuitos cerrado (0 voltios), depende de la cantidad de fotones absorbidos, de la 

eficiencia de separación de carga, y de la eficiencia de extracción.

- Voltaje a circuito abierto, Voc (V), es el máximo voltaje generado por una célula 

solar en circuito abierto cuando la corriente es nula.

- Factor de llenado (en inglés, fill factor), FF (%), se define como la relación 

entre el punto de máxima potencia dividido entre el producto de Voc y Jsc.

Gráficamente representa la “cuadratura” de la curva de densidad de corriente en 

función del voltaje (Fig. 1.22).

- Eficiencia de conversión energética, PCE (%), expresada como el cociente del 

punto de máxima potencia de la célula solar y la potencia lumínica irradiada 

sobre el dispositivo.

- Eficiencia quántica externa, EQE (%), representa la relación entre el número 

de electrones extraídos en los contactos y el número de fotones incidentes sobre 

el dispositivo.

6.1.6  Principio de funcionamiento de diodos emisores de luz

Los LEDs son dispositivos multicapas donde una lámina de material 

luminiscente está interpuesta entre capas de otros semiconductores que 

transportan selectivamente electrones y huecos, confinándolos en el material 

activo donde recombinan radiativamente (Figura 1.25). El mecanismo de 

funcionamiento de los LEDs de perovskita puede aproximarse al de una 

heterounión p-i-n. En general, pueden identificarse tres regímenes de 
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funcionamiento en la curva característica de corriente-voltaje (J-V): corriente de 

fuga (1), corriente de difusión (2) y régimen de corriente de deriva (3) (Figura. 

1.24). Para cuantificar el rendimiento de un LED se utilizan los siguientes 

parametros:

- Luminancia (cd m-2), representa la intensidad de luz emitida en candelas por

unidad de superficie del dispositivo.

- Densidad de corriente (A m-2), corresponde a la intensidad de corriente por

unidad de superficie del dispositivo.

- Eficiencia de corriente (cd A-1), representa la intensidad de luz emitida por

densidad de corriente inyectada en el dispositivo.

- Eficiencia de potencia (lm W-1), expresa la eficiencia, pero teniendo en cuenta 

también el voltaje aplicado al diodo.

- Eficiencia cuántica externa EQE (%), representa el número de fotones emitidos 

por electrones inyectados.

6.1.7  Técnicas de deposición de capa fina de perovskita 

Las propiedades químicas de las perovskitas permiten la fabricación de 

películas delgadas de alta calidad (tanto óptica como electrónica) mediante 

varios métodos de deposición. Las técnicas de formación de capas de perovskitas 

se pueden dividir en dos clases: técnicas de deposición por disolución y técnicas 

de deposición en alto vacío.
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Métodos de disolución:

- Deposición en un sólo paso por rotación (Fig. 1.27)

- Deposición con lavado con antidisolvente (Fig. 1.28)

- Deposición en un sólo paso con secado de gas (Fig. 1.29)

- Deposición secuencial por rotación (Fig. 1.30)

- Deposición secuencial por baño (Fig. 1.30)

Métodos de alto vacío

- Co-evaporación (Fig. 1.31a)

- Evaporación flash (Fig. 1.32)

- Evaporación secuencial (Fig. 1.31b)

En esta tesis, los principales métodos de deposición empleados han sido la 

técnica de disolución con antisolvente y la co-evaporación en alto vacío. En la 

técnica de deposición con antidisolvente, durante la rotación del sustrato, 

mientras la disolución se extiende sobre el mismo y tiene lugar la formación de 

la capa de perovskita, se vierte un disolvente de polaridad opuesta sobre dicha 

capa. El antidisolvente acelera la supersaturación de la disolución de los 

precursores mediante la rápida eliminación del disolvente polar. De esta manera 

se altera la cinética de cristalización permitiendo la formación de películas 

compactas y homogéneas. Este método requiere el control de varios parámetros 

de procesado diferentes y por eso es difícil de controlar.

En la técnica de co-evaporación en alto vacío, el catión orgánico y el haluro 

metálico, colocados en crisoles cerámicos térmicamente controlados, se 

evaporan simultáneamente a sus correspondientes temperaturas de sublimación 

en una cámara de alto vacío, donde condensan y reaccionan sobre un sustrato 

colocado sobre las fuentes. La estequiometría del material puede ajustarse con 
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precisión mediante el control de las velocidades de evaporación de los 

componentes previamente calibrados. Esta técnica de recubrimiento elimina los 

problemas asociados con el uso de disolventes y permite la formación de capas 

de perovskita de alta calidad.

6.2  Capítulo 2 

Capas delgadas de perovskita con alto rendimiento 
cuántico de fotoluminiscencia

6.2.1  Introducción

La recombinación no-radiativa de portadores de carga es un proceso 

perjudicial que debe reducirse al mínimo en favor de la recombinación radiativa 

para alcanzar el mejor rendimiento posible en los diodos emisores de luz. La 

eficiencia cuántica externa de la electroluminiscencia (EQEEL) es proporcional 

al rendimiento cuántico de fotoluminiscencia (PLQY) de los semiconductores, 

por lo tanto, aumentar el PLQY de los semiconductores es clave para fabricar 

dispositivos electroluminiscentes eficientes. Una de las estrategias para 

aumentar el PLQY es el confinamiento espacial de los portadores de carga, que 

se puede lograr disminuyendo el tamaño de grano de la perovskita. Las 

perovskitas de dimensión reducida pueden prepararse mediante varios métodos, 

ya sea utilizando plantillas o mediante la síntesis directa de nano partículas (NP) 

de perovskita. Desafortunadamente, la plantilla inhibe la conectividad necesaria 

para el transporte de carga, mientras que se observa comúnmente una reducción 

sustancial del PLQY cuando las suspensiones de NPs se procesan en película 

delgada. Las perovskitas de baja dimensionalidad Ruddlesden-Popper (cuasi-

2D) ofrecen también un medio para mejorar el PLQY. En este capítulo se 
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estudian las perovskitas de bromuro de plomo cuasi-2D, empleando el 

metilamonio (MA) y el butilamonio (BA) como cationes pequeños y grandes, 

respectivamente, con el objetivo de aumentar el PLQY.  Se utilizó la perovskita 

de (BA)2(MA)n-1PbnX3n+1 con n = 5 y se varió la relación entre BA y MA mientras 

que la concentración de PbBr2 se mantuvo constante.  En la perovskita cuasi-2D 

con n = 5, la relación molar BA:MA es de 2:4, y para estudiar la influencia de la 

concentración de los cationes de cadena larga en el crecimiento y propiedades 

del material, también se investigaron relaciones molares más altas (BA:MA = 

3:3 y 4:2).

6.2.2  Metodologia y Discusión

Las capas de perovskita cuasi-2D con relación molar BA:MA 2:4, 3:3 y 

4:2, han sido fabricadas mediante la deposición desde disolución por spin-

coating sobre substratos de vidrio. En los espectros de absorción óptica de todos 

los compuestos (Figura 2.1b) se pueden identificar varios picos de absorción 

diferentes, como se espera para las perovskitas cuasi-2D. Las perovskitas de 

Ruddlesden-Popper, en este caso, presentan una distribución de n, es decir, una 

distribución de fases con diferentes espesores de las capas inorgánicas. 

Desafortunadamente, esta serie de películas delgadas exhibió una 

fotoluminiscencia muy débil a la baja intensidad de excitación utilizada en 

nuestras medidas. Para mejorar el PLQY, la morfología y el tamaño de los 

cristales de la perovskita pueden manipularse mediante lavado con antidisolvente 

durante la deposición de la película delgada. El cloroformo (CHCl3) se utilizó 

como antidisolvente debido a su baja polaridad con respecto al disolvente de los 

precursores de perovskita, el DMSO. Se han ajustado y estudiado varios 

parámetros para modificar la morfología de la película, en particular la velocidad 

de rotación, el volumen de antidisolvente y el tiempo de lavado. Como 
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consecuencia de la deposición con antidisolvente se encontró que los perfiles de 

absorción óptica de las mismas composiciones de perovskita estaban 

sustancialmente alterados (Figura 2.2a). Además, en este caso, el PLQY 

correspondiente a la perovskita equimolar 3:3 exhibe un PLQY muy elevado de 

35%. Esto es consecuencia del proceso de lavado con antidisolvente, que elimina 

rápidamente el exceso de DMSO llegando a una rápida cristalización que limita 

el crecimiento de los granos. La pasivación superficial también es eficaz para 

reducir los estados de trampa que actúan como centros de recombinación no 

radiativos. La pasivación puede realizarse mediante la disolución de un dador de 

electrones en el disolvente utilizado para el lavado y/o mediante tratamientos 

posteriores a la deposición con diversas bases de Lewis. Aquí elegimos un 

semiconductor molecular de tipo n, el óxido de 9,9-espirobifluoren-2-il-

difenilfosfina óxido (SPPO1), que actúa también como una base de Lewis debido 

al grupo óxido de fosfina. El proceso de deposición con el aditivo SPPO1 tuvo 

un fuerte efecto en las propiedades de fotoluminiscencia de la película de 

perovskita, resultando en un PLQY muy alto, del 80% (Figura 2.3). El alto 

PLQY está relacionado con un tamaño de grano menor, como confirman las 

medidas de XRD y AFM (Figura 2.4b y 2.5). Las imágenes de AFM evidencian 

también que el lavado con cloroformo y con SPPO1 reduce drásticamente la 

rugosidad de la superficie, dando lugar a una muestra más plana y homogénea. 

El alto PLQY junto con la calidad morfológica de las capas de perovskita cuasi-

2D (BA:MA = 3:3) son adecuados para aplicaciones en LEDs y por lo tanto, se 

integraron en dispositivos multicapa (Figura 2.8). La electroluminiscencia de 

los LEDs alcanzó 1000 cd m-2 a 8V, como se muestra en la Figura 2.9a. A pesar 

de la alta luminancia, estos dispositivos mostraron una densidad de corriente 

relativamente alta, lo que limita la eficiencia a 1.3 cd A-1 (Figura 2.9b). Este 

fenómeno podría ser consecuencia de la solubilidad del PEDOT:PSS en el 

disolvente DMSO utilizado para el procesado de la perovskita. Para mejorar la 
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estabilidad del PEDOT:PSS, añadimos a sus suspensiones una pequeña cantidad 

(1 v/v%) de 3-glucidoxipropiltrimetoxisilano (GOPS) como agente reticulante. 

Como resultado de la modificación de la capa de PEDOT:PSS, la corriente de 

fuga de los LEDs se reduce sustancialmente, lo que lleva a una reducción del 

voltaje de encendido (2.8 V), y a una eficiencia de corriente máxima de 3.3 cd 

A-1 a 5 V (Figura 2.9a, b).

6.2.3  Conclusión 

En el presente capítulo se ha estudiado la preparación de películas 

delgadas de perovskita cuasi-2D con alto PLQY. La elaboración de un protocolo 

de ingeniería de materiales incluyó la modificación de la deposición de la 

solución de la perovskita con lavado de antidisolvente y la variación de la 

relación molar entre los cationes orgánicos pequeños (BA) y grandes (MA). Se 

obtuvo un PLQY del 35% para las películas de perovskita cuasi-2D con una 

relación BA:MA 3:3. Se logró una mejora adicional del PLQY hasta el 80% con 

la adición de un semiconductor orgánico con propiedades dadoras de electrones 

en el antidisolvente, reduciendo los canales de recombinación no radiactivos. Se 

han integrado películas delgadas de estos materiales en LEDs multicapa, que 

mostraron una baja corriente de fuga y un bajo voltaje de encendido, una alta 

luminiscencia de 1000 cd m-2 y una eficiencia máxima de corriente de 3.3 cd A1.
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6.3 Capítulo 3
Deposición en alto vacío de capas delgadas de 
perovskita de baja dimensionalidad

6.3.1  Introducción

En el capítulo 2 se describió un método fiable para preparar películas 

delgadas de alta calidad de perovskita cuasi-2D. Sin embargo, el método de 

lavado con antidisolvente requiere el control de muchos parámetros, lo que 

compromete la reproducibilidad del procesado de la perovskita. Para superar esta 

limitación, se ha investigado la deposición en alto vacío de las perovskitas cuasi-

2D y de las perovskitas 2D puras. Sólo existe un trabajo sobre perovskitas 2D 

completamente co-evaporadas, y data de 1997. En este trabajo, sin embargo, el 

perfil de difracción de rayos X sugiere que la película depositada al vacío era 

defectuosa y desordenada. En este capítulo se presenta la co-deposición en alto 

vacío de diferentes capas de perovskitas cuasi-2D, así como de perovskitas 2D 

puras y de haluro mixto. También se investigan sus propiedades estructurales, 

ópticas y de transporte de carga.

6.3.2  Metodología y Discusión

Inicialmente se eligió la misma perovskita cuasi-2D presentada en el 

capítulo anterior, BA2MAn-1PbnBr3n+1, para su deposición en alto vacío. El 

proceso implica una co-deposición a partir de tres fuentes: bromuro de 

butilamonio (BABr), bromuro de metilamonio (MABr) y bromuro de plomo 

(PbBr2). El espectro de absorción del compuesto obtenido sigue la misma 

tendencia observada para las perovskitas de Ruddlesen-Popper procesadas por 

disolución que se presentó en el capítulo anterior. Las películas depositadas al 
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vacío eran transparentes y uniformes con un color amarillento, como se muestra 

en la Figura 3.4. Las imágenes de microscopía electrónica SEM de la Figura 

3.6 muestran una película homogénea y compacta. Desafortunadamente, los 

datos de difracción de la Figura 3.5, sugieren una baja pureza de fase para este 

compuesto. Además, la co-deposición en el vacío de las perovskitas cuasi-2D no 

parece ser muy reproducible. De hecho, durante la deposición, la presión en el 

interior de la cámara (normalmente estable a 10-6 mbar) aumenta a más de 10-5

mbar, limitando el control del proceso de evaporación. Además del BABr, 

también se ha estudiado la sublimación en vacío de otras sales orgánicas, pero 

sólo la sublimación de los haluros de fenetilamonio demostró ser razonablemente 

estable, por lo que se investigaron más a fondo el PEAI y el PEABr para la 

deposición en vacío de las más simples perovskitas 2D. El fenetilamonio plomo 

yoduro (PEA)2PbI4 y el fenetilamonio plomo bromuro (PEA)2PbBr4 se 

depositaron por sublimación de los correspondientes haluros metálicos y sales 

orgánicas de amonio, el yoduro de fenetilamonio (PEAI) y el yoduro de plomo 

(PbI2) en el primer caso, y el bromuro de fenetilamonio (PEABr) y el bromuro 

de plomo (PbBr2) en el segundo caso. Las películas de halogenuros mixtos de 

perovskitas 2D (PEA)2PbBr2I2 se denominan en este capítulo como 

(PEABr)2PbI2 cuando se depositan por co-sublimación de PEABr y PbI2, y como 

(PEAI)2PbBr2 en el caso de co-evaporación de PEAI y PbBr2. Las propiedades 

estructurales de las películas finas sublimadas de perovskita 2D fueron 

estudiadas por difracción de rayos X. La Figura 3.8 muestra picos de difracción 

intensos, indicando una perovskita bien cristalizada. Las señales 

correspondientes al eje c dominan la difracción, con seis picos [00l]. Esta 

orientación preferencial indica que la película de perovskita 2D crece con las 

capas orgánicas e inorgánicas bidimensionales paralelas al plano del sustrato. Tal 

orientación es común para la perovskita 2D, pero no es favorable para el 

transporte de carga dentro de un dispositivo de capa delgada. La morfología de 
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las capas de perovskita 2D se estudió mediante microscopía electrónica de 

barrido (SEM) y microscopía de fuerza atómica (AFM), que se muestran en las 

Figuras 3.11 y 3.12, respectivamente. Las películas están formadas por 

plaquetas bien definidas, orientadas al azar y formadas por múltiples granos con 

un tamaño que va de 200 a 400 nm. Las diferentes perovskitas 2D se distinguen 

por la diversa rugosidad, como se puede ver en la Tabla 3.2. La absorción óptica 

de las películas (PEA)2PbI4 muestra una banda en el UV y un pico excitónico 

intenso, típico de la perovskita 2D, centrado a 503 nm. Cuando la película de 

(PEA)2PbI4 fue excitada con un LED a 340 nm, se observó una intensa 

fotoluminiscencia centrada a 521 nm, como muestra la Figura 3.13a. La película 

(PEA)2PbBr4 exhibe la banda de absorción óptica esperada a mayor energía, en 

comparación con el compuesto de yoduro análogo, con un pico excitónico 

centrado en 403 nm. Se detectó otra banda de absorción más débil a 434 nm, que 

no puede atribuirse al (PEA)2PbBr4. Se observó una fotoluminiscencia intensa y 

estrecha centrada en 410 nm y otros dos picos adicionales a 434 y 507 nm 

(Figura 3.13b). Lo más probable es que los picos adicionales puedan asociarse 

a la presencia de una fase más rica en bromuro y una fase más rica en yodo. Estas 

consideraciones apuntan a una posible contaminación cruzada de haluros en la 

cámara de evaporación, y el análisis de fluorescencia de rayos X por energía 

dispersiva verificó esta hipótesis. La contaminación puede deberse a i) la 

evaporación de materiales previamente depositados en la superficie de la cámara 

o incluso a ii) el intercambio de haluros entre los vapores de los compuestos y la 

propia cámara. Estos procesos pueden ser más o menos pronunciados 

dependiendo de la volatilidad de los materiales, así como de su reactividad 

química, y plantea un reto que debe tenerse en cuenta en la deposición en vacío 

de las perovskitas. La absorción óptica de la perovskita de haluro mixto 

(PEABr)2PbI2 (Figura 3.13c) presenta un pico excitónico a 446 nm, mientras 

que el pico de PL es asimétrico con un máximo de 464 nm. En esta proporción 
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de haluros, las perovskitas 3D suelen mostrar efectos de segregación de haluros, 

debido a la escasa miscibilidad de las fases de yoduro y bromuro. Por esta razón, 

estudiamos la evolución del PL a lo largo del tiempo bajo una irradiación láser 

continua a 375 nm, que confirmó una parcial segregación de haluros. Las 

propiedades ópticas de las películas de perovskita de haluro mixto (PEAI)2PbBr2

son consistentes con la presencia de una fase rica en bromuro, y de una segunda 

fase rica en yodo (Figura 3.13d).

6.3.3  Conclusión

En este capítulo se ha estudiado la deposición en alto vacío y la 

caracterización de las perovskitas de tipo Ruddlesden-Popper, así como de las 

perovskitas 2D de haluros puros y mixtos. Las capas de perovskita 2D de tipo 

PEA2PbX4, donde X es I-, Br-, o una combinación de ambas, mostraron la 

tendencia esperada en el bandgap, aumentando desde los materiales de yoduro 

puro a los de bromuro puro, y con un bandgap intermedio para los compuestos 

de haluros mixtos. A través de la serie de experimentos realizados, se encontró 

una inevitable contaminación de haluros entre las diferentes deposiciones, cuya 

implicación es particularmente relevante para la fabricación de películas de 

perovskita de ancho de banda amplio como la (PEA)2PbBr4, donde la presencia 

de yoduro da lugar inevitablemente a múltiples picos de luminiscencia. Por lo 

tanto, se recomienda utilizar una cámara dedicada para cada composición de 

perovskitas, a fin de asegurar la formación de compuestos de alta pureza.
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6.4  Capítulo 4

Heterouniónes de perovskita 2D/3D depositadas en 
alto vacío

6.4.1  Introducción

Las excelentes propiedades de las perovskitas híbridas, como su alto 

coeficiente de absorción, el transporte de carga ambipolar y la fácil modulación 

del bandgap, explican el rápido desarrollo de las células solares, que han

alcanzado una eficiencia de conversión de energía (PCE) del 25% en sólo 10 

años. A pesar de estos logros, la eficiencia aún está lejos del límite de Shockley-

Queisser de 30% para un semiconductor con un bandgap de 1.6 eV. Para mejorar 

aún más la PCE, muchas investigaciones se centran en el aumento del voltaje de 

circuito abierto (Voc) mediante la reducción de las pérdidas de recombinación 

no-radiativa, relacionadas con defectos en la superficie y en los bordes de grano 

de la perovskita. La pasivación de los estados electrónicos asociados a estos 

defectos puede llevarse a cabo mediante diferentes métodos, entre los que 

destaca el uso de perovskitas de bandgap ancho y baja dimensionalidad en 

combinación con perovskitas 3D. Hasta ahora, las capas delgadas de perovskitas 

2D se han depositado en la superficie y/o bordes de grano de las perovskitas 3D 

únicamente mediante procesado desde solución, dando lugar a una inevitable 

mezcla entre las dos fases. En este capítulo se estudia la fabricación de 

heterouniones de perovskita 2D/3D por deposición en alto vacío. Se estudia la 

interacción entre las fases 3D (MAPI) y las 2D (PEA2PbI4) en tres 

heteroestructuras de perovskita diferentes: i) 2D/MAPI/2D, ii) 2D/MAPI, iii) 

MAPI/2D. Todas estas estructuras han sido integradas en células solares 

depositadas en vacío con el fin de racionalizar el rol de cada interfaz.
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6.4.2  Metodología y Discusión

Para investigar la influencia de las capas de perovskita 2D en la 

morfología y la cristalinidad de la perovskita 3D, se depositaron películas de 

PEA2PbI4 de 10 nm por debajo y por encima de una película de MAPI de 500 

nm. Los resultados de la difracción de rayos X en la Figura 4.2 indican un 

cambio en la orientación de la película de MAPI cuando se deposita entre capas 

de perovskita 2D. Además, la superficie de la perovskita 3D depositada entre las 

capas 2D muestra una reducción del tamaño de cristal y una superficie más 

compacta y lisa en comparación con la película MAPI de referencia (Figura 4.6).

Posteriormente, las películas de PEA2PbI4 se depositaron entre las interfaces 

HTL/MAPI, MAPI/ETL o ambas HTL/MAPI/ETL de las células solares en la 

configuración que se muestra en la Figura 4.7a. El grosor del MAPI se mantuvo 

constante (500 nm) mientras que el grosor del PEA2PbI4 varió entre 2,5 nm y 10 

nm. Las prestaciones de los dispositivos (Figura 4.7) muestran que la extracción 

de carga de todas las células solares con heterounión 2D/3D resulta obstaculizada 

y por eso la densidad de corriente disminuye con el aumento del grosor de las 

capas de perovskitas 2D. Esto concuerda con la formación de perovskitas 

bidimensionales PEA2PbI4 orientadas con las láminas orgánicas aislantes 

perpendiculares al flujo de corriente. Sin embargo, se observó que el Voc

aumentaba en los dispositivos que emplean películas de PEA2PbI4 de 5 y 10 nm, 

lo que implica que las películas 2D son capaces de reducir la recombinación no-

radiativa de la capa de MAPI. Por un lado, la incorporación de perovskitas 2D 

en la interfaz con el MAPI es beneficiosa para el Voc, sin embargo, esta también 

conduce a una disminución del FF, que se hace más relevante una vez que el 

grosor de PEA2PbI4 aumenta desde 2.5 nm hasta 5 y 10 nm. En el caso de la 

heterounión MAPI/2D, se observó que el FF disminuía al aumentar el grosor de 

PEA2PbI4, pero no tan drásticamente como en el caso de las estructuras 

2D/MAPI y 2D/MAPI/2D. Además, con esta configuración de dispositivo 
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MAPI/2D, se observó un aumento sustancial del fotovoltaje, con un Voc superior 

a 1.1 V para las capas de PEA2PbI4 de 5 nm de espesor (Figura 4.8). Además de 

la orientación de la perovskita 2D con respecto al sustrato, otro factor que puede 

contribuir a la pérdida en FF, es la presencia de una barrera energética para la 

extracción de la carga (ya sea un hueco o un electrón, o ambos) en la heterounión 

3D/2D o en las interfaces perovskita/semiconductor orgánico. Dicha barrera 

energética está relacionada con la desalineación de los niveles de energía, que es 

probable que exista al menos en un caso (ya sea 2D/3D o 3D/2D) como 

consecuencia de que el bandgap de PEA2PbI4 es más grande que el de MAPI 

(Figura 4.9).

6.4.3  Conclusiones

En este capítulo, las películas 2D (PEA2PbI4) preparadas por deposición 

en vacío de dos fuentes, se utilizaron por primera vez para la fabricación de 

heteroestructuras de perovskita procesadas totalmente en vacío. Las capas de 

PEA2PbI4 se depositaron debajo y encima del MAPI, también preparado por co-

deposición en vacío. Se investigaron la morfología, la estructura y las 

propiedades ópticas de las heteroestructuras 3D de referencia y de las 2D/3D/2D. 

Las películas PEA2PbI4 depositadas en vacío tienden a crecer con las láminas 

inorgánicas y orgánicas paralelas al sustrato y, por lo tanto, cuando se incorporan 

a los dispositivos, obstaculizan la extracción de carga. Este efecto es el resultado 

de la interacción de diferentes parámetros, como la orientación preferencial en 

el plano de la película 2D, la baja movilidad de los portadores de carga y la 

desalineación de los niveles de energía entre las capas. Estudiando por separado 

las bicapas 2D/3D y 3D/2D, identificamos un balance entre la Voc y FF de la 

célula solar. Las células solares de heterounión 3D/2D son la que alcanzan el 

mejor voltaje de circuito abierto de 1.1 V.
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Photoluminescence quantum yield exceeding
80% in low dimensional perovskite thin-films
via passivation control†

Maria-Grazia La-Placa, Giulia Longo, Azin Babaei, Laura Martı́nez-Sarti,
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Quasi-2D perovskites with the BA :MA molar ratio equal to 3 : 3

show a remarkable PLQY exceeding 80%, thanks to the use of an

electron donor as the passivating agent. These films have been

applied in LEDs that exhibit high brightness exceeding 1000 cd m�2

and current efficiencies 43 cd A�1.

Organic–inorganic (hybrid) perovskites are currently one of the
most studied semiconducting materials due to the exceptional
photovoltaic performance achieved in only a few years of
development.1 Perovskites possess a range of interesting
properties, i.e. a narrow emission bandwidth, an easily tunable
bandgap and high carrier mobility, which make them promis-
ing candidates also for light-emitting diodes (LEDs).2–6 The
exciton binding energy and the rate of radiative recombination
of electrons and holes in polycrystalline perovskites are however
small, resulting in a photoluminescence quantum yield (PLQY)
strongly dependent on the excitation fluence. At low fluence, the
PLQY is low, due to the presence of free carriers and trap states
which likely mediate non-radiative recombination. At high
fluence, all trap states are filled, and both excitonic and
bimolecular recombination give rise to luminescence. As for
inorganic semiconductors, one way to substantially enhance
the luminescence of perovskites is the preparation of nano-
structured materials.7 In this way, the spatial confinement of
electron–hole pairs increases the probability of radiative recom-
bination, with the conditions to efficiently passivate (surface)
trap states. Perovskites with reduced dimensionality have been
prepared via several methods, either using templates8,9 or by
direct synthesis of perovskite nanoparticles.10–13 In the former
case, the use of scaffolds such as a wide bandgap metal oxide or
polymers inhibits the connectivity needed for efficient charge
transport in electroluminescent devices. It has been widely
shown that the size of the crystallites in perovskite layers can
be substantially reduced by controlling the crystallization rate

from the solution via the use of co-solvents or processing
additives.14,15 Among these, long chain ammonium cations
are of particular interest since they can lead to the formation
of layered (2D) perovskites. In these materials, sheets of lead
halide octahedra are separated by double layers of organic
cations.16 While 2D perovskites are characterized by a very high
exciton binding energy (hundreds of meV), the charge transport
is limited by their highly anisotropic crystal structures.17

Recently, efficient electroluminescence has been demonstrated
using the so-called ‘‘quasi-2D’’ perovskite phases, an approxi-
mation between bulk 3D and 2D polycrystalline materials.18–21

These quasi-2D perovskites show a larger exciton binding
energy and a shorter exciton diffusion length which are impor-
tant features to obtain efficient PeLEDs. The morphology and
optical properties of these compounds can be readily modified
by tuning the relative content of the small and the large cations
used, and can be processed into homogeneous films with the
grain size in the tens of nanometer range, ensuring a high
radiative recombination rate. In the available literature, however,
the PLQY values for quasi-2D perovskites do not exceed 60% even
at high excitation fluence. Therefore, the improvement of the
photoluminescence through the reduction of surface defects and
non-radiative recombination in perovskites thin films remains an
important challenge.

In this work, we studied the effect of the processing conditions
during the deposition of quasi-2D lead bromide perovskites,
employing methylammonium (MA) and butylammonium (BA) as
the small and large cations, respectively, in an effort to increase the
PLQY. As a starting material, we used the (BA)2(MA)n�1PbnX3n+1
perovskite with n = 5, since a similar stoichiometry with phene-
thylammonium as large organic cations has been successfully
applied in efficient LEDs.18,22 By varying the ratio between BA
and MA while maintaining the concentration of PbBr2, and by
adjusting the solution-processing parameters, we were able
to tune the grain size as well as the overall perovskite film
morphology. Importantly, with the addition of an organic
semiconductor with electron-donating properties to the non-
solvent, we obtained films with a PLQY exceeding 80% even
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when measured at very low excitation intensity. These materials
are potential candidates to be used as emitting layers in
efficient LEDs. We show proof of principle multi-layer devices
using organic charge transport layers, characterized by high
brightness and current efficiencies.

Perovskite thin films were prepared varying the amount of BABr,
MABr and PbBr2 in dimethyl sulfoxide (DMSO) solutions (see the
ESI† for details). In particular, the total molar content of BA and
MA was kept constant while varying solely their relative molar ratio,
without changing the PbBr2 concentration. We used as the starting
compound the quasi-2D perovskite (BA)2(MA)n�1PbnX3n+1 with n = 5,
where the BA :MA molar ratio is 2 : 4. It is important to underline
that for higher BA :MA ratios (3 :3, 4 :2), the stoichiometry deviates
from a quasi-2D Ruddlesden–Popper phase. Based on the diffrac-
tion patterns obtained from polycrystalline powders of the (3 : 3)
stoichiometry (Fig. S1, ESI†), we can estimate that the compound
is a low dimensional perovskite with an index n close to 3 of a
Ruddlesden–Popper phase.16 However, these compounds represent
a useful approximation to study the influence of the long chain
cations on the material growth and properties, hence we are
referring to them as quasi-2D perovskites in this text. The corres-
ponding archetype 2D and 3D compounds, BA2PbBr4 andMAPbBr3,
respectively, were also deposited and used as reference materials.
The absorption spectra of the quasi-2D perovskite film series are
reported in Fig. 1b. The quasi-2D perovskite with BA :MA = 2 :4
shows the typical band-to-band absorption of 3D MAPbBr3 at about
528 nm, with additional features at 454 nm and 435 nm, charac-
teristic of the 2D BA2PbBr4 excitonic absorptions (Fig. 1a). With
increasing BA :MA ratio (3 : 3 and 4 :2, Fig. 1b), the excitonic
character of these transitions increases (the augmented intensity
is due to the higher oscillator strength of the optical transition), as a
consequence of the exciton confinement in the inorganic sheets
separated by the organic cations. At the same time, the absorption
onset at 528 nm slowly disappears, implying that the formation of
2D-type layered perovskites is favored. In fact, the perovskite with
the BA :MA ratio of 4 : 2 shows an additional absorption peak (at
about 400 nm), which is characteristic of the pure BA2PbBr4 2D
phase (Fig. 1a). Unfortunately, this thin-film series exhibited negli-
gible photoluminescence at the low excitation intensity used in our
measurements, i.e.monochromatic light at a wavelength of 330 nm
from a Xenon lamp coupled to a monochromator (irradiance
B0.1 mW cm�2). Since the morphology has a large effect on the

optical properties of perovskites, we manipulated their crystal size
through solvent engineering (SE, dripping of a non-solvent during
the perovskite formation through spin-coating). The evolution of the
absorption spectra for the same perovskite compositions deposited
with solvent engineering is reported in Fig. 1c. Independently of the
composition, the onset of the absorption (at about 528 nm for the
materials without SE, Fig. 1b) is blue shifted, most likely due to a
reduction of the grain size and to a modified morphology.23 At the
same time, the excitonic character of the bands associated to 2D
andquasi-2Dperovskites is reduced,withthe4 :2compoundshowing
an intense and dominant absorption centered at 430 nm. More
interesting are the emissive properties of these compounds, now
showing bright photoluminescence under excitation at 330 nm
(Fig.1d).Thiseffect isaconsequenceof theuseofsolventengineering,
which induces fast crystallizationandhence limits thegraingrowthof
the perovskite during deposition. The PL spectral shift follows the
trendobserved in theoptical absorption,blue-shifting from523nmto
515nmand486nmwhen increasing theBA content toBA :MA ratios
of 2 :4, 3 :3 and 4 :2, respectively. The corresponding PLQY is below
5%for the2 :4 and4 :2materials,while the equimolar 3 :3perovskite
exhibits a remarkable PLQY of 35%.

It has been shown that a significant gain in the perovskite
PLQY can be obtained by (i) dissolving an organic n-type semi-
conductor in the solvent used for the solvent engineering14 and
(ii) post-deposition treatments with a variety of Lewis bases.24

These approaches have been used to passivate the perovskite surface
while avoiding uncontrolled crystallization. Here, we use an n-type
molecular semiconductor with a phosphine oxide functionality,
9,9-spirobifluoren-2-yl-diphenylphosphine oxide (SPPO1) (Fig. 2), in
order to study its effect on the morphology and optical properties of
the perovskite. We added this compound to the chloroform used for
the solvent engineering during the deposition of the 3 :3 quasi-2D
perovskite, which was selected for further studies, being thematerial
with the highest PLQY among the series presented above. The
deposition process with the SPPO1 additive has a strong effect on
the photoluminescence properties of the perovskite thin-films,
resulting in a very high PLQY of 80% (Fig. 2). In spite of the similar
absorption spectra (Fig. S2, ESI†), these differences might arise from
a diminished grain size, as supported by the XRDmeasurements on
such films, where a broadening of the diffraction peaks is observed
for the perovskites prepared with solvent engineering and SPPO1
(Fig. S3, ESI†). In order to investigate the relationship between the

Fig. 1 Absorption spectra in thin-films of (a) the archetype 3D MAPbBr3 and 2D BA2PbBr4 perovskites, and of the intermediate quasi-2D compounds
with increasing BA :MA ratio (b) without and (c) with solvent engineering (SE) during deposition. (d) Normalized photoluminescence spectra for the quasi-2D
perovskite series under excitation at 330 nm.
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morphology and the PLQY trend, the perovskite thin films were
analyzed by atomic force microscopy (AFM). Fig. 3 shows the AFM
topographies with the corresponding profiles for the 3 :3 quasi-2D
perovskite films, prepared without solvent engineering, with solvent
engineering and in the presence of the SPPO1 passivating agent
(Fig. 3c). Clearly, the simple one-step spin-coating does not yield
a homogeneous perovskite film (Fig. 3a), leading to incomplete
coverage and significant height variation through the sample
surface. This is due to the uncontrolled crystallization during the
film formation. On the other hand, the chloroform dripping dras-
tically reduces the grain size, leading to a more flat and homo-
geneous surface (Fig. 3b). In the presence of SPPO1, the average
grain size appears to be further reduced, as well as the overall
homogeneity of the sample surface. The peak to peak roughness
RPTP value diminishes from 105 nm for the samples without SE
treatment to 80 nm and 70 nm for the quasi-2D perovskite films
obtained after SE with CHCl3 and SE with CHCl3 and SPPO1,
respectively. In order to shed light on the role of SPPO1 during
solvent engineering, we performed time-resolved PL (TRPL) mea-
surements on the nanosecond scale on thin films with and without
SPPO1. In contrast to previous reports for MAPbI3 films after
passivation,24 we observed that the PL lifetime is essentially
unchanged (Fig. S4, ESI†). This finding can be explained by con-
sidering that with TRPL measurements only the radiative recombi-
nation channels can be monitored. If non-radiative recombination

takes place through another deactivation pathway, passivationwould
hinder such processes resulting in a higher PLQY, without altering
the observed PL lifetime. Hence the remarkable PLQY observed is
the result of a synergistic effect of (i) the choice of a suitable BA :MA
ratio, (ii) the use of solvent engineering and (ii) the introduction of a
an electron-donating molecule such as SPPO1, taking part not only
in the control of the grain size but also in removing non-radiative
recombination channels. These materials are potentially suited for
applications in LEDs (high PLQY and morphological quality, and
low roughness), hence they were incorporated intomultilayer devices
with a p–i–n configuration (the anode is the transparent contact).
The device structure consists of an ITO/PEDOT:PSS transparent
anode, a perovskite thin-film emitter, a thermally evaporated elec-
tron transport layer (ETL), 1,3-bis[3,5-di(pyridin-3-yl)phenyl]benzene
(BmPyPhB, 40 nm), and ametal cathode (Ba 10 nm, Ag 100 nm). The
flat band energy diagram for this set of materials is depicted in
Fig. 4a. The LEDs were characterized by measuring the current
density versus voltage characteristics ( J–V) and monitoring the
electroluminescence with a sensitive Si photodiode (Fig. 4b). We
observed electroluminescence at a low applied bias (3.5 V),
increasing rapidly until it reaches about 1000 cdm�2 at 8 V. Despite
the high luminance, these devices showed a rather high current
density, which limits the overall current efficiency to 1.3 cd A�1. This
phenomenon might arise from the partial solubility of PEDOT:PSS
in the solvent used for the perovskite processing (DMSO), hindering
the formation of a well-defined interface between the hole injection
and the emissive layers. In order to improve the PEDOT:PSS stability
and its adhesion to the substrate, we added to its suspensions a
small amount (1 v/v%) of 3-glycidoxy-propyltrimethoxysilane (GOPS)
as a cross-linking agent.25 Therefore, we prepared and characterized
LEDs with the same structure as described above using the modi-
fied hole injection layer. As a result of the cross-linking of
PEDOT:PSS, the leakage current is substantially reduced, leading
to the expected J–V curve for a high quality diode. At the same time,
we observed a lower turn-on voltage for electroluminescence (2.8 V),
indicating a better charge injection into the perovskite emitter.
The luminance rapidly increases reaching a brightness of about
1000 cd m�2 at 8 V, with green emission analogous to the PL
spectrum of the material (see Fig. S5 in the ESI†). More importantly,
the maximum current efficiency reaches 3.3 cd A�1 at 5 V. Despite
the promising performance of the LEDs, if one considers the

Fig. 2 Photoluminescence spectra under excitation at 330 nm for the
quasi-2D compound with equimolar BA :MA ratio, without and with SE,
and with SE in the presence of SPPO1. The corresponding PLQY and the
chemical structure of SPPO1 are also reported.

Fig. 3 AFM topographies of the quasi-2D perovskite films with equimolar BA :MA ratio (3 : 3), (a) without and (b) with SE, and (c) with SE in the presence
of SPPO1. The corresponding surface profile is shown at the bottom of each picture.
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extremely high PLQY (80%) of the perovskite emitter, it is obvious
that other loss mechanisms are hindering efficient electrolumines-
cence. In particular, further improvements might be obtained with
the use of a hole-selective material, capable of assisting the hole
injection while confining the electrons into the perovskite film.
In summary, we were able to obtain a remarkable PLQY of 35% for
quasi-2D perovskites with a 3 :3 BA :MA ratio. We showed also a
novel strategy to further enhance the PLQY; in particular, the
addition to the non-solvent of an organic semiconductor with
electron donating properties, which is able to efficiently passivate
surface states reducing non-radiative recombination channels.
Through this method, we obtained PLQY exceeding 80%. Thin-
films of thesematerials have been applied inmultilayer LEDs which
showed a low current leakage and a low turn-on voltage for
electroluminescence, a high brightness of about 1000 cd m�2 and
a maximum current efficiency of 3.3 cd A�1.
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Dual-source vacuum deposition of pure and
mixed halide 2D perovskites: thin film
characterization and processing guidelines†

Maria-Grazia La-Placa,a Dengyang Guo,b Lidón Gil-Escrig,c Francisco Palazon, a

Michele Sessolo *a and Henk J. Bolink a

The dual-source vacuum deposition of 2D perovskite films of the

type PEA2PbX4, (PEA = phenethylammonium and X = I�, Br�, or a

combination of both) is presented. Low-temperature deposited 2D

perovskite films showed high crystallinity with the expected trend

of bandgap as a function of halide type and concentration. Importantly,

we observed an unavoidable halide cross-contamination among

different deposition runs, as well as a strong dependence of the

material quality on the type of halide precursors used. These findings

should be taken into account in the development of vacuum

processing for low-dimensional mixed halide perovskites.

Two-dimensional (2D), layered perovskites are a wide family of
semiconductors with general formula (R-NH3)2MX4, where
inorganic sheets of corner-sharing metal (M, mostly Pb2+ and
Sn2+) halide (X) octahedra are separated by bilayers of aliphatic
or aromatic mono-ammonium cations (R-NH3), or single layers
of diammonium cations.1,2 2D perovskites present a large
compositional flexibility, which makes it possible to design
and modulate their electrical and optical properties for specific
applications. A wide spectrum of materials can be obtained
through simple substitution of the halide anion and organic
cations.3 As in the analogous 3D perovskites,4 halide substitu-
tion/mixing results in marked changes of the optical properties,
as the valence band is formed from amixture of metal s-orbitals
and halide p-orbitals, while the conduction band is composed
mainly of metal p-orbitals. Increasing the halide electronegativity
(from I to Br and Cl) results in a significant downward shift of the
valence band maximum and, to a less extent, in an upward shift of
the conduction band minimum, thereby increasing the bandgap
(Eg).

5,6 In low dimensional perovskites, due to the alternation of

inorganic semiconducting and organic insulating sheets, electrons
and holes are confined within the inorganic framework, causing
quantum and dielectric confinement effects.7 These lead to a much
higher exciton binding energy (Eb) in 2D perovskites (hundreds
of meV) compared to the 3D counterparts (tens of meV).8,9 In
contrast to 3D perovskites, 2D perovskites offer also less restrictions
on the size of the cations that can be accommodated between the
inorganic sheets, in compliance with the Goldschmidt tolerance
parameter.10,11 While the length of the organic cation has only
minor effects on the electronic and optical properties of the
semiconductor, its dielectric constant eorg (which varies depending
on the chemical structure of the cation), can be used as a tool to
influence Eg and Eb.

9,12,13 A high Eb limits the conversion of excitons
to free carriers and consequently the charge carrier mobility in pure
2D perovskites. The latter can be recovered by increasing the
thickness of the inorganic slabs such as in 2D Ruddlesden–Popper
perovskites.14 Thanks to the possibility to modulate the optical and
electronic properties, 2D perovskites have been investigated
for several applications, such as electroluminescence devices
(LEDs),15,16 field effect transistors (FETs),17 photodetectors18,19

and solar cells.20–22 2D perovskites were initially studied in the
1990s and recently the interest towards this family of semi-
conductors is resurgent. While solution processing and single
crystal fabrication of 2D hybrid perovskites have been widely
reported, vacuum processing of these materials remains rather
unexplored. To the best of our knowledge, only one report
exists on fully co-evaporated 2D perovskites,23 while other
works have described a sequential vacuum-deposition and a
flash evaporation of low-dimensional Ruddlesden–Popper perov-
skite films.11,24–26 Vacuum deposition presents important advan-
tages over solution-based methods, such as the fine control over the
film thickness, high material purity, and it being intrinsically
additive. Moreover, it eliminates the issues related to the use of
solvents such as the solubility limit of the precursors and the
presence of resilient solvents in the final film.27

In this work, we report the synthesis of different pure and
mixed halide 2D perovskites by dual source vacuum deposition
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and we investigated their structural, optical and charge trans-
port properties. We deposited pure phenethylammonium
lead iodide (PEA)2PbI4 and phenethylammonium lead bromide
(PEA)2PbBr4 by sublimation of the corresponding organic
ammonium and metal halides, phenethylammonium iodide
(PEAI), phenethylammonium bromide (PEABr), lead iodide (PbI2)
and lead bromide (PbBr2). Furthermore, we explore the preparation
of mixed halide compounds using different organic and lead halide
precursors. In particular, we co-deposited perovskite films using
PEABr and PbI2 as well as PEAI and PbBr2, respectively. The 2D
films were deposited by simultaneous co-deposition of the precur-
sors, after the calibration of the deposition rate of each compound.
The calibration factors were obtained by comparing the thickness of
the thin-films as detected from the quartz crystal microbalance
sensors with that measured with a mechanical profilometer.
Organic salts are often not thermally stable and not easy to
sublime due to the possible dissociation into their volatile
precursors.28 However, once properly outgassed in a high vacuum
chamber, PEAI and PEABr can be sublimed with a low and stable
rate at the minimum temperature required for evaporation,
around 160 1C. The inorganic materials were sublimed at
temperatures ranging from 260 to 300 1C.

The mixed halide (PEA)2PbBr2I2 perovskite films were pre-
pared with the same procedure and will be described in the text
as (PEABr)2PbI2 when deposited by co-sublimation of PEABr
and PbI2 and as (PEAI)2PbBr2 in the case of PEAI and PbBr2
co-evaporation. All the thin film depositions were performed in
the same vacuum chamber. The relative deposition rate of the
organic halides and lead salts was 2 : 1, accordingly with the
compound’s stoichiometry. Details of the thin-film deposition
are provided in the ESI.†

The structural features of the layered perovskite were studied
by X-ray diffraction (XRD) on co-sublimed thin films (Fig. 1 and
Fig. S1, ESI†). As can be seen from Fig. S1 (ESI†), vacuum-
deposited films of (PEA)2PbX4 (X = Br or I) show similar diffracto-
grams before and after thermal annealing, albeit with more
intense and sharper diffraction peaks for annealed samples
(especially in the bromide case). This suggests that crystallization
of the desired materials occurs directly during the deposition
process at room temperature, while crystallinity can be slightly
enhanced after a short thermal annealing at 100 1C. Therefore,
we performed thermal annealing as a standard process for all
compositions. Whole-pattern Le Bail refinements (solid lines)
were performed on the acquired diffractograms (open circles)

Fig. 1 X-ray diffraction analysis of 200 nm thick, vacuum-deposited 2D perovskite thin films after annealing for 5 min at 100 1C. ‘‘Y obs’’ indicates the
experimental traces while ‘‘Y calc’’ indicates the calculated intensities based on whole-pattern fitting (Le Bail refinement).
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with Fullprof software (see experimental section for details). Fig. 1
shows that all diffractograms can be well-fitted by considering a P%1
space group with varying lattice parameters as detailed in Table 1.

Table 1 shows that as the halogen becomes smaller, the
c-axis parameter, perpendicular to the inorganic perovskite
sheets, increases from 17.14 Å for (PEA)2PbI4 to 17.51 Å for
(PEA)2PbBr4. Qualitatively, this can be clearly seen by a shift of
the corresponding (00l) peaks to lower angles (see comparison
in Fig. S2, ESI†). This behavior, which could be considered
counterintuitive, has already been reported on the same and in
similar materials, and it has been attributed to a different
orientation of the phenethylammonium cations between the
inorganic layers.29,30 When the octahedra contract (due to
smaller and more electronegative halides), the alkylic substituents
of the organic cations will adopt a higher angle with respect to the
surface of the inorganic slabs and result in a larger distance
between them. Furthermore, it is obvious from Fig. 1 that all films
show a preferential orientation along the [001] direction (i.e.,
perovskite slabs parallel to the substrate). This is common for
2D perovskites and 2D materials in general, but not favorable for
charge transport within a thin film device.31–34 In the case of the
(PEAI)2PbBr2 sample prepared from co-sublimation of PEAI and
PbBr2, we also note intense reflections for the (010) and (020)
planes at 2y = 7.81 and 2y = 15.61, respectively as well as a broad
signal around 2y = 12.81, which could be attributed to a
combination of (1�11) and (�1�12) planes and possibly PbI2
formed from co-sublimation. Hence, it appears that this sample
shows a more heterogeneous crystallinity.

The morphology of the 2D perovskite films was studied by
scanning electron microscopy (SEM, Fig. 2) and atomic force
microscopy (AFM, ESI,† Fig. S4). The top-view SEM image of the

(PEA)2PbI4 perovskite (Fig. 2a) shows well-defined, randomly
distributed platelets formed by multiple grains with size ranging
from 200 nm to 400 nm. The surface was found to be rather
rough, with a quite high root mean square roughness and
average height (Table 2 and Fig. S4a, ESI†). The pure bromide
(PEA)2PbBr4 perovskite films are also characterized by the
presence of platelets, this time more compact compared to the
iodide counterpart. The grain size is in the range of hundreds of
nanometers and the topography is characterized by a reduced
RRMS and a zAVG (Table 2 and Fig. S4b, ESI†). The morphology and
grain size of the mixed (PEABr)2PbI2 perovskite films was found
to be very similar to the pure bromide 2D films, although with a
much flatter topography as described in Table 2. Finally, the
(PEAI)2PbBr2 films (Fig. 2d) present a more heterogeneous
morphology, with small platelets and large lamellar aggregates,
resulting in a very rough surface, also in this case with high
RRMS and zAVG values (Table 2 and Fig. S4d, ESI†). The overall
high roughness of the vacuum deposited 2D perovskite films
might be related with the slow sublimation of the precursors
towards the substrate. Due to the highly oriented crystal structure of
2D perovskite and the high reactivity and affinity of the precursors,
the grain growth proceeds faster than the nucleation rate, resulting
in rough films with large platelets and other out-of-plane structures.

The steady state optical characterization of the vacuum-
deposited 2D perovskite films is presented in Fig. 3. The optical
absorption of the (PEA)2PbI4 films shows a band in the UV and
an intense excitonic peak centered at 503 nm, with a full width
at half maximum (FWHM) of 35 nm.When the film of (PEA)2PbI4
was excited with a LED at 340 nm, intense photoluminescence
(yellow dashed line) centered at 521 nm was observed. The
peak has a FWHM of 24 nm and a Stokes shift of 80 meV. The
values of Stokes shift and FWHM are larger than the ones seen
for (PEA)2PbI4 thin films prepared by solution processing (see
ESI,† Fig. S3).

The 2D (PEA)2PbBr4 film exhibits the expected optical absorption
band at a higher energy, compared to the analogous iodide
compound, with a very sharp excitonic peak (FWHM = 15 nm)
centered at 403 nm. However, another weak absorption band
was detected at 434 nm, which cannot be ascribed to the pure
PEA2PbBr4 phase. Intense and narrow photoluminescence centered
at 410 nm and with FWHM of 17 nm was observed, with a small
Stokes shift of 60 meV. The excitonic absorption and PL peaks of
the vacuum-deposited (PEA)2PbBr4 2D perovskite agrees well
with the results obtained from solution-processed films, in
terms of Stokes shift and FWHM (see ESI,† Fig. S3). However,
two other peaks were systematically detected in the PL spectrum,
a low intensity peak centered at 434 nm and a more intense and

Table 1 Lattice parameters derived from Le Bail fits of different samples.
Space group = P%1

Sample a (Å) b (Å) c (Å) a (1) b (1) g (1)

(PEA)2PbI4 11.49 11.73 17.14 99.63 105.36 89.85
(PEA)2PbBr4 11.60 11.63 17.51 99.57 105.55 89.83
(PEABr)2PbI2 11.60 11.63 17.49 99.61 105.62 89.81
(PEAI)2PbBr2 11.60 11.56 17.48 99.59 105.67 89.79

Fig. 2 SEM pictures of vacuum deposited (a) (PEA)2PbI4, (b) (PEA)2PbBr4,
(c) (PEABr)2PbI2 and (d) (PEAI)2PbBr2 thin-films.

Table 2 Root mean square roughness RRMS and average height zAVG of
the 2D perovskite films

Sample RRMS (nm) zAVG (nm)

(PEA)2PbI4 25.8 95.0
(PEA)2PbBr4 10.9 28.3
(PEABr)2PbI2 4.0 14.1
(PEAI)2PbBr2 29.2 74.8
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broad band centered at 507 nm. Most likely, the additional small
intensity peak can be associated with the presence of a bromide-
rich, mixed bromide/iodide phase, while the broad PL band at a
lower energy can be ascribed to the formation of an iodide-rich
phase. These considerations point towards a possible halide cross-
contamination in the evaporation chamber, which was used for the
vacuum processing of both (PEA)2PbBr4 and PEA2PbI4 perovskites.
In order to verify this hypothesis, we carried out energy-dispersive
X-ray spectroscopy (EDS) on the films in a scanning electron
microscope (SEM). In the 2D (PEA)2PbI4 films, we found an I/Br
ratio of 14.3, indicating that approximately 6% of the total
halide content comes from bromide. In the case of the 2D
(PEA)2PbBr4 perovskite, the Br/I ratio was as low as 3.5, mean-
ing that as much as 22% of the total halide content is due to
iodide contamination. The EDS analysis justified the observed
optical properties of the perovskite film, and clearly indicates
that there is cross-contamination between different precursors
from different vacuum-deposition runs. Interestingly, in the
case of the 2D (PEA)2PbI4 films, there is a rather low bromide
contamination, while the contamination of iodide in 2D
(PEA)2PbBr4 films is more relevant. The contamination can be
due to (i) re-evaporation of previously deposited materials from
the surface of the chamber or even to (ii) halide exchange
between the subliming vapors and the chamber itself. These
processes can be more or less pronounced depending on the

volatility of the materials as well as on their chemical reactivity,
as observed in our iodide and bromide compounds.

The optical absorption of the mixed halide (PEABr)2PbI2
perovskite (Fig. 3c), deposited by dual source sublimation of
PEABr and PbI2, was found to be blue shifted with respect to
that of the (PEA)2PbI4 and red-shifted compared to (PEA)2PbBr4,
as expected for a mixed halide perovskite. The excitonic absorp-
tion was centered at 446 nm (FWHM = 36 nm), while the PL
peak was found to be asymmetric with a maximum at 464 nm
(FWHM = 34 nm), implying a large Stokes shift of 110 meV. The
EDS analysis revealed a Br/I ratio of 0.9, very close to the
expected stoichiometry for the (PEABr)2PbI2 perovskite and with
only a negligible 2% excess of iodide. At this halide ratio, 3D
perovskites usually show halide segregation effects,35 due to the
poor miscibility of the iodide and bromide phases. For this
reason, we studied the evolution of the PL over time under
continuous laser irradiation (375 nm, Fig. S5, ESI†). Immediately
after illumination, we noted the presence of the previously
observed high energy peak at 464 nm with a weak component
at a lower energy (approximately 500 nm). With continuous
irradiation, the low energy component dominates the PL spectrum,
implying the formation of iodide-rich phases where carriers are
efficiently transferred and radiatively recombined. This is hence
in agreement with what is generally observed for other mixed
halide perovskites.

Fig. 3 Optical absorption and photoluminescence spectra (excitation at 340 nm) of 200 nm thick films of (a) (PEA)2PbI4, (b) (PEA)2PbBr4, (c) (PEABr)2PbI2
and (d) (PEAI)2PbBr2 perovskites.
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Rather different optical properties were observed for the
other mixed halide (PEAI)2PbBr2 perovskite films, obtained by
simultaneous sublimation of PEAI and PbBr2. The absorption
spectrum in Fig. 3d shows an excitonic peak at 412 nm, close to
that of the pure bromide compounds (PEA)2PbBr4, and a weak
absorption at approximately 490 nm, which is close to the
excitonic absorption of the pure iodide (PEA)2PbI4 perovskite.
This behavior suggests the coexistence of different domains, as
also confirmed by the PL spectrum, which shows a broad band
composed of several peaks: one with a maximum at approxi-
mately 434 nm and a second, more intense at 475 nm with a
shoulder around 504 nm. The optical characteristics are con-
sistent with the presence of a dominant, bromide-rich phase
and a second iodide-rich one. This hypothesis is supported by the
elemental analysis, which revealed a Br/I ratio of 1.8, implying that
approximately 65% of the halide consists of bromide. The high
bromide content of the (PEAI)2PbBr2 films could also partially
explain why the corresponding unit cell parameters are close to
those of the (PEA)2PbBr4 (Table 1). When PbBr2 is reacting with
PEAI during the co-deposition process, the halide exchange is
limited to an iodide inclusion of about only 30–40 mol%. On the
other hand, the co-deposition of PbI2 and PEABr was found to lead
to perovskites with a well-balanced halide content. This phenom-
enon could be ascribed either to a higher chemical reactivity of
PEABr, or to a higher stability of PbBr2 compared to PbI2. Some
literature points towards the latter hypothesis, as the energetic
stability of lead halides increases with increasing halide electro-
negativity (from iodide to bromide).36,37

The vacuum-deposited 2D perovskite films were further studied
by means of time-resolved microwave conductivity (TRMC). Fig. 4
shows the time-dependent photoconductivity traces for all the 2D
perovskites reported here. Three different excitation wavelengths
(pulsed laser excitation at 510 nm, 403 nm and 445 nm) were
applied according to the maximum absorption at the excitonic
peak of each compound. Upon excitation, electron–hole pairs are
generated within the inorganic sheets of the 2D perovskite and,
due to the strong confinement (large Eb), they will mostly exist as
bound excitons, hence not contributing to the photoconductance.

This is important as in these compounds, the TRMC signal is not
directly a measure of the charge mobility, but rather its product
with the free carrier generation yield.14

From the maximum change in TRMC signal (Fig. 4a) recorded
with an excitation density on the order of 1012 photons per cm2,
one can immediately observe that the pure iodide 2D compound
(PEA)2PbI4 presents a larger photoconductance (0.1 cm2 V�1 s�1)
as compared to the bromide and mixed halide analogs. The
photoconductance of (PEA)2PbI4 is consistent with the low yield
of exciton dissociation into mobile carriers, and is comparable to
previously reported values for similar solution-processed 2D perov-
skite films.14 The lower absolute photoconductance observed for
(PEA)2PbBr4 and mixed (PEABr)2PbI2 and (PEAI)2PbBr2 films can
be ascribed to the lower crystal/grain size, as observed by electron
microscopy (Fig. 2). Among these materials, the larger grains in
(PEAI)2PbBr2 films might hence be responsible for the slightly
higher photoconductance observed for this specific compound
(0.02 cm2 V�1 s�1). In order to evaluate the charge carrier
recombination, the TRMC traces were normalized (Fig. 4b) allow-
ing a direct comparison of the recombination lifetime t1/2 (time
after excitation when the charge carrier concentration drops to 1/2
of its initial value). Interestingly, the pure bromide (PEA)2PbBr4
perovskite showed a longer lifetime (160 ns) compared to the pure
2D iodide films (t1/2 = 70 ns). This trend is somewhat unexpected,
as Eb was reported to increase when moving from iodide to
bromide perovskites, implying a lower photoconductance, but also
a lower lifetime for bromide compounds.38 The larger lifetime is
hence most likely correlated with the presence of iodide in
(PEA)2PbBr4, acting as carrier traps and causing slower charge
recombination within the material. Finally, the overall lower
lifetimes observed for the mixed compounds (40 ns) correlates
with an increased disorder due to the presence of mixed halide
domains. In all cases, the lifetime values observed here well
compare with the literature data.14

In summary, we have presented the dual-source vacuum
deposition of 2D perovskite films of the type PEA2PbX4, where
PEA is phenetylammonium and X stands for I�, Br�, or a
combination of both. As for vacuum-deposited 3D perovskite films,

Fig. 4 (a) Time-resolved microwave conductivity traces of vacuum-deposited 2D perovskite selectively excited at 510, 403 and 445 nm. (b) Normalized
time-dependent photoconductance of the same sample series.
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we observed a high degree of crystallinity for all 2D compounds even
at room temperature, a remarkable feature which is advantageous
for the fabrication of multilayer perovskite stacks. The 2D perovskite
films exhibited the expected trend in bandgap, increasing from the
pure iodide to pure bromide materials, and intermediate for the
mixed halide compounds. Through the series of experiments
carried out here, we have observed an unavoidable halide cross-
contamination among different deposition runs. Its implication is
particularly relevant for the fabrication of wide bandgap perovskite
films (here (PEA)2PbBr4), where the presence of iodide unavoidably
results in multiple luminescence features due to the heterogeneous
energy landscape within the semiconductor. Hence, it is mandatory
to have a dedicated chamber for a given composition in order to
ensure the formation of high purity perovskite compounds.
We have also investigated the preparation of mixed I/Br 2D
perovskites by co-sublimation of either PEAI and PbBr2 or vice
versa. Interestingly, Br/I 1 : 1 stoichiometry could only be
obtained when using PbI2 and PEABr, most likely due to the
higher reactivity of PbI2 (as compared to the more stable PbBr2)
towards the organic cations. This is another important observation
to be considered when designing vacuum deposition of low-
dimensional, mixed halide compounds. The materials were also
analyzed by time-resolved microwave conductivity (TRMC). The
pure iodide PEA2PbI4 showed photoconductance and lifetime
values in agreement with previously reported solution-processed
thin films, making it an interesting candidate for implementation
in multilayer optoelectronic devices.
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Kekuleśtraße 5, Berlin 12489, Germany
∥Department of Chemical Engineering, Delft University of Technology, Delft 2629 HZ, The Netherlands

*S Supporting Information

ABSTRACT: Low-dimensional (quasi-) 2D perovskites are being extensively
studied in order to enhance the stability and the open-circuit voltage of
perovskite solar cells. Up to now, thin 2D perovskite layers on the surface and/
or at the grain boundaries of 3D perovskites have been deposited solely by
solution processing, leading to unavoidable intermixing between the two
phases. In this work, we report the fabrication of 2D/3D/2D perovskite
heterostructures by dual-source vacuum deposition, with the aim of studying
the interaction between the 3D and 2D phases as well as the charge transport
properties of 2D perovskites in neat 2D/3D interfaces. Unlike what is normally
observed in solution-processed 3D/2D systems, we found a reduced charge
transport with no direct evidence of surface passivation, in spite of larger open-circuit voltage. This is likely due to a
nonfavorable orientation of the 2D perovskite with respect to methylammonium lead iodide and to the formation of 2D
phases with very low dimensionality (pure 2D).

Organic−inorganic metal halide perovskites are being
widely studied because of their exceptional optoelec-
tronics properties, among others a high absorption

coefficient, ambipolar charge transport, and easy-to-tune
bandgap.1−3 Importantly, high-quality perovskite films can be
deposited through a variety of scalable methods, either from
solution or in vacuum, and assembled into optoelectronic thin-
film devices.4,5 These properties lead to the demonstration of
perovskite solar cells (PSCs) with certified power conversion
efficiency (PCE) of 25% in only 10 years of development.6 The
most widely studied perovskite compositions, such as
methylammonium lead iodide (CH3NH3PbI3, MAPI), are
based on the three-dimensional (3D) AMX3 structure, where A
represents a monovalent organic or inorganic cation, typically
methylammonium (MA), formamidinium (FA), or cesium
(Cs+), M is a divalent metal cation (Pb2+ or Sn2+) and X is a
halide (Cl−, Br−, I−).7−10 Polycrystalline perovskite thin
films used in high-efficiency PSCs still contain defects, notably
at the surface, which limits the device performance as a
consequence of nonradiative charge recombination.11,12

Defects on the surface and on the grain boundaries also play
an important role in the permeation of moisture or oxygen into
the perovskite film, accelerating the film/device degradation.
Several methods have been reported to simultaneously
passivate and enhance the stability of perovskites,13 most
notably the use of additive, alternative precursors, or altered

stoichiometry,14−16 embedding small alkali metal cations,17−19

or the use of thin organic buffer layers at the perovskite/
transport material interface.20−23

More recently, several works reported on mixed-dimensional
perovskites, using monoammonium or diammonium cations,
which interact with the 3D perovskite, not only passivating
surface defects but also improving the device stability, thanks
to the hydrophobic character of the alkylammonium
chains.24,25 The structural analysis of modified 3D perovskite
films suggested the coexistence of two distinct phases: a 3D
perovskite layer and a 2D (layered) perovskite. 2D perovskites
form when the inorganic lead halide framework cannot
accommodate the large organic cations into a 3D structure
and collapses into a low-dimensional material with inorganic
sheets separated by the organic cations. The general formula
for pure 2D perovskites is (R-NH3)2MX4, where R is an
aliphatic or aromatic group. The layered perovskite family is
not restricted solely to this structure, and thicker inorganic
sheets can be incorporated as well. In the Ruddlesden−Popper
layered perovskites with formula (RNH3)2(A)n−1PbnI3n+1, the
thickness of the inorganic layers increases with increasing n.26

The properties of this last class of materials, also known as
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quasi-2D perovskites, have been widely studied.27,28 It was
shown that solar cells with n < 40 show inferior performance as
a consequence of a reduced charge carrier mobility.29,30

Ruddlesden−Popper perovskites have been applied to light-
emitting diodes and solar cells, showing good charge transport
properties and enhanced photovoltage and stability.29,31−40

A complementary approach involves the use of 2D−3D
bilayers. The underlying concept is to combine the high
efficiency of the 3D absorber with the stabilization and
passivation properties of 2D perovskites.41 These bilayers can
be prepared by functionalization of the 3D perovskite surface
with large ammonium cations, resulting in the formation of
thin low-dimensional perovskite layers.42−49 Alternatively, the
direct processing of a 2D perovskite film on top of a preformed
3D material can also be beneficial for the bottom perovskite
film.50,51 Up to now, the introduction of thin 2D perovskite
layers on the surface and/or at the grain boundaries of 3D
perovskite has been carried out solely by solution processing,
leading to unavoidable intermixing between the 2D and 3D
perovskites, with the formation of an intermediate, low-
dimensional quasi-2D layer.52 Vacuum deposition is an
alternative solvent-free technique suited to develop multilayer
perovskite structures.53 Vacuum processing of perovskites is
intrinsically additive, eliminating issues such as the solubility
limitation of precursors or the need for orthogonal solvents in
order to process multilayer devices.54,55 At the same time, it
allows a fine control over the film thickness and the deposition
of high-purity semiconductors.56,57 Recently, a 3D/2D
heterojunction produced exclusively by vacuum methods has
been reported.58 The heterojunction consists of a MAPI film
(formed by conversion of a sublimed PbI2 layer converted with
MAI vapors), subsequently exposed to butylammonium iodide
vapors, forming a surface layer of the quasi-2D perovskite
(BA)2(MA)n−1PbnI3n+1, with n ≈ 3. While an increase in
stability was found for the surface-modified solar cells, the

performance and especially the photovoltage were not found to
improve as compared to the reference MAPI devices.
In this work, we report the fabrication of 2D/3D perovskite

heterojunctions by dual-source vacuum deposition, with the
aim of studying the interaction between the 3D and 2D phases
as well as the charge transport properties of 2D perovskites in
neat 2D/3D interfaces. We prepared 2D/MAPI/2D perovskite
heterostructures by employing pure MAPI (3D) and pure
phenethylammonium lead iodide (PEA2PbI4, 2D). These
structures were integrated into vacuum-deposited PSCs. In
order to rationalize the role of each interface, we also
separately studied the two possible bilayer configurations,
2D/MAPI and MAPI/2D. Unlike what was observed in
solution-processed 3D/2D films, we observed generally
hindered charge transport with no direct evidence of surface
passivation. These phenomena are likely due to a nonfavorable
orientation of the 2D perovskite with respect to the MAPI
(growth parallel to the substrate and impeding charge
transport) and to the formation of 2D phases with very low
dimensionality (n virtually equal to 1). Despite the lower
mobility and unfavorable orientation of the 2D perovskite, we
identified a trade-off between the open-circuit voltage (Voc,
which was found to increase up to 1.1 V) and fill factor (FF,
related to charge transport) as a function of the 2D layer
thickness.
The 2D PEA2PbI4 perovskite thin films were prepared by co-

sublimation of the precursor compounds, phenethylammo-
nium iodide (PEAI) and lead iodide, upon calibration of the
deposition rate for each material. The calibration factor was
obtained by comparing the thickness of the thin film detected
from the quartz crystal microbalance sensors with that
measured with a mechanical profilometer. PEAI can be
sublimed with a stable and controlled deposition rate;
however, it must be properly outgassed in high vacuum before
deposition. Details of the thin-film and device fabrication are

Figure 1. (a) XRD patterns of 200 nm thick, vacuum-deposited PEA2PbI4 perovskite thin films. (b) Optical absorption and
photoluminescence spectra (excitation at 375 nm), (c) SEM image, and (d) AFM topography of PEA2PbI4 thin films after annealing at 100
°C for 5 min. The scale bar in both microscopy images is 400 nm.
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provided in the Supporting Information. Estimation of layered
PEA2PbI4 perovskite stoichiometry was performed offline with
X-ray diffraction (XRD). The diffractograms (Figure 1a) were
collected for both the pristine samples and low-temperature
annealed films (5 min at 100 °C in an inert atmosphere). The
as-prepared materials already show the expected XRD pattern
for a 2D perovskite, meaning that crystallization occurs already
at room temperature, as for vacuum-deposited MAPI films.
However, after the short low-temperature annealing, we

observed more intense diffraction peaks, indicating a well-
crystallized perovskite. The c-axis diffraction signals strongly
dominate the diffraction pattern, with six observed [00l] peaks
(5.4°, 10.8°, 16.3°, 21.7°, 27.2°, 32.8°) corresponding to the
(002), (004), (006), (008), (0010), and (0012) crystal planes,
respectively. The preferential orientation along the [00l]
direction suggests that the 2D perovskite film grows with the
alternating organic and inorganic sheets parallel to the
substrate’s plane. Such an orientation is not a priori favorable
for device operation as the insulating organic sheets would be
perpendicular to the direction of charge transport. The optical
absorption spectrum of the PEA2PbI4 film (Figure 1b) exhibits
the characteristic components of 2D perovskites: a band in the
UV−blue range, corresponding to the interband transitions
leading to free carrier generation, and a red-shifted intense
peak at 508 nm due to exciton absorption.59 The
corresponding photoluminescence (PL, measured upon
excitation with a continuous-wave laser at 375 nm)
spectrum shows the expected sharp emission peak with a
very small Stokes shift at 521 nm, with a full width at half-
maximum (FWHM) of only 22 nm. Taken together, the XRD
and the optical characteristics indicate the formation of a pure
2D (n = 1) perovskite compound. The morphology of the
layers was studied by scanning electron microscopy (SEM,
Figure 1c) and atomic force microscopy (AFM, Figure 1d).
SEM shows a distinct morphology with well-defined, randomly
distributed platelets (size up to 500 nm) composed of grains in
the <100 nm range. These vacuum-deposited 2D materials
were found to be very reproducible and could maintain stable
structural properties for more than 6 months (Figure S1).
We then used these 2D films to fabricate perovskite

heterostructures. Initially, we deposited 10 nm thick PEA2PbI4
films below and on top of a 500 nm thick MAPI film in order

to investigate the influence of the 2D layers on the morphology
and crystallinity of the 3D perovskite. The XRD patterns of a
3D sample on glass and sandwiched between 2D layers are
presented in Figure S2. As can be observed for the reference
sample (MAPI on glass), a preferential orientation occurs
along the [110] direction, as commonly observed for both
solution-processed and vacuum-deposited MAPI.60,61 How-
ever, when the MAPI layer is sandwiched between two
PEA2PbI4 films, we observe a decrease in the intensity of the
(110) and (220) peaks along with an increase of the (022) and
(134) reflections. These observations suggest a change in the
orientation of the MAPI film when deposited between 2D
perovskites. The change of the diffraction profiles together
with their enlarged FWHM also indicates a reduction of the
crystal size for the MAPI film. We also noted a weak diffraction
signal at low angle (2θ = 12.7°), ascribed to the presence of
unreacted PbI2, both in the pure MAPI and in the 2D/MAPI/
2D heterostructure. The role of a small PbI2 excess in MAPI
films has been widely studied, but its effect has not been fully
rationalized yet. Specifically, in vacuum-deposited MAPI films
and solar cells, the presence of resilient PbI2 has been often
identified, and it seems not to interfere with charge generation
and transport.62,63 Interestingly, in several solution-processed
3D/2D perovskite systems, excess PbI2 is intentionally used as
a platform to then form a low-dimensional perovskite by
simply spin-coating the corresponding organic ammonium
halide.41 In our case, the excess PbI2 in the MAPI film is
maintained even after deposition of the 2D PEA2PbI4 film.
Considering that no PbI2 diffraction could be observed in pure
PEA2PbI4 films (meaning that the PbI2 signal comes only from
the underlying MAPI layer), these observations suggest that no
intermixing takes place between the two materials, resulting in
a neat 3D/2D perovskite interface. The formation of a pure
PEA2PbI4 film at the interface with MAPI is also supported by
the PL of a 2D/3D bilayer, where the signals correspond to
those of the pure separated materials (Figure S7).
While no changes were observed in the optical absorption of

the 2D/MAPI/2D heterostructure (Figure S3) as compared to
the bare MAPI (the contribution of the very thin PEA2PbI4
films is not noticeable because the 3D absorption saturates in
the green−blue region of the spectrum), we did observe
differences in their morphology. The morphology of the 3D

Figure 2. SEM pictures and AFM topographies at different magnifications of (a,c) a MAPI film and of (b,d) a 2D/MAPI/2D heterostructure.
(e,f) AFM profiles for the same samples. The scale bar in all SEM and AFM images is 1 μm.
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layer with and without the 2D perovskite interlayers was
investigated by SEM. The surface of the MAPI film appears
homogeneous and compact (Figure 2a), composed of grains
with an average size of approximately 100 nm.
In the 2D/MAPI/2D heterostructure (Figure 2b), we can

already observe how the PEA2PbI4 layer affects the film growth
and morphology as the grain size is reduced, and the surface
seems more textured as compared to the bare MAPI film.64,65

These effects correlate with the XRD discussed before (Figure
S2). The surface of the samples was further analyzed by AFM.
While homogeneous on a large scale (Figure 2c), the MAPI
film surface was found to be rather rough, with a root-mean-
square roughness RRMS of 13 nm and average height zAVG as
high as 50 nm (Figures 2e and S4). The grain size reduction
observed by SEM for the 2D/MAPI/2D heterostructure was
also confirmed by AFM (Figure 2d), where the topography
was characterized by RRMS = 8 nm and a strongly diminished
zAVG of 27 nm (Figure 2f). At the same time, the height
distribution was found also to be narrower, indicating a more
homogeneous surface. Grain size reduction as a result of the
interaction of a 3D perovskite with large cations has also been
observed previously.42,66

To evaluate the potential of a 2D/MAPI/2D perovskite
heterostructure in photovoltaics, we incorporated it in fully
vacuum-deposited PSCs using a p−i−n device layout (Figure
3a). The diodes were prepared on indium tin oxide (ITO),
using molybdenum oxide (MoO3, 5 nm) and N4,N4,N4″,N4″-
tetra([1,1′-biphenyl]-4-yl)-[1,1′:4′,1″-terphenyl]-4,4″-diamine
(TaTm, 10 nm) as the hole transport layer (HTL) and a 500

nm thick MAPI film, fullerene (C60, 25 nm), and bath-
ocuproine (BCP, 8 nm) as the electron transport layers
(ETLs). The devices were completed with the deposition of a
silver electrode (100 nm). The low-dimensional PEA2PbI4
films were vacuum-deposited in between the HTL/MAPI or
the MAPI/ETL interfaces, varying the thickness between 2.5
and 10 nm. All layers were thermally deposited in high vacuum
with a base pressure of 10−6 mbar. The current density−
voltage (J−V) curves of PSCs were recorded under simulated
AM 1.5G illumination (100 mW cm−2, Figure 3), and the
corresponding photovoltaic parameters are summarized in
Table 1 (only for devices with 2.5 nm thick 2D films).
We initially fabricated and tested the triple layer

heterojunctions of the type 2D/MAPI/2D. The heterojunction
device with 2.5 nm thick 2D films showed a short-circuit
current density (Jsc) exceeding 20 mA cm−2, only slightly lower
than that of the reference MAPI solar cell (Table 1 and Figure
S5). While the open-circuit voltage (Voc) was found to
decrease only approximately 6−7 meV compared to the
reference, we observed a strongly reduced FF (65.5%) even
though the two 2D films were only 2.5 nm thick (Figure 3b).
With increasing thickness of the low-dimensional perovskite
films, the FF further decreased to 49.7%, accompanied by a
drastic reduction in the current density, being as low as 8 mA
cm−2 for 10 nm thick 2D films.
Clearly, the 2D/MAPI/2D heterojunction solar cells suffer

from hindered charge extraction, a situation that becomes
more severe for thicker 2D films. This is in agreement with the
formation of PEA2PbI4 films with insulating sheets perpendic-

Figure 3. (a) Schematics of the p−i−n solar cells employing a perovskite heterostructure as the active layer. J−V curve under 100 mW cm−2

illumination of the (b) 2D/MAPI/2D, (c) 2D/MAPI, and (d) MAPI/2D heterojunction solar cells for different PEA2PbI4 layer thicknesses.
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ular to the current flow, as described above. All solar cells
based on the 2D/MAPI/2D heterostructure showed also
hysteresis in the J−V curve when scanning in forward (from
short- to open-circuit) or reverse (from open- to short-circuit)
bias. However, the Voc for the devices employing 5 and 10 nm
thick PEA2PbI4 films was found to increase up to >1080 mV,
meaning that the 2D films are indeed capable of reducing
nonradiative recombination of the MAPI layer.
In order to rationalize the properties of the 2D/MAPI/2D

heterostructure devices, we fabricated and characterized
analogous solar cells based on either 2D/3D or 3D/2D
bilayers as the active materials, with increasing thickness of the
PEA2PbI4 films. The heterojunction device with the 2.5 nm
thick 2D film at the front contact (2D/MAPI, Figure 3c),
shows high short-circuit current density (Jsc, 22.1 mA cm−2)
and very good rectification, with a FF as high as 78.6% and
negligible hysteresis. The Voc is approximately 1.05 V, leading
to a PCE of 18.3%, comparable to that of the reference MAPI
solar cells. Increasing the thickness of PEA2PbI4 to 5 and 10
nm results in lower photocurrent (18 and 16.5 mA cm−2,
respectively) and causes again a drastic reduction of the FF,
which is below 55% for both thicknesses. The cells with thicker
2D films show also hysteresis in the J−V curve. However, when
compared to bare MAPI, the solar cell photovoltage is also
found to increase to about 1070 mV for thicker 2D perovskite
films.

A similar behavior was observed for the solar cells based on
the MAPI/2D heterojunction (Figure 3d), where the
PEA2PbI4 is now deposited on top of MAPI, below the C60
ETL. The current density decreases with increasing thickness
of the 2D perovskite films, from 21.8 mA cm−2 (2.5 nm) to
approximately 14 mA cm−2 (10 nm). The J−V curves for
devices including thicker (5 and 10 nm) 2D films show
hysteresis, with slightly larger current densities (approximately
1 mA cm−2) in reverse bias. Also for MAPI/2D heterojunction,
the FF was observed to scale inversely with the thickness of
PEA2PbI4 but not as drastically as in the case of 2D/MAPI
structures. The FF decreases from 73.5% to 63.9% when the
2D layer thickness is increased from 2.5 nm to 10 nm.
Importantly, with this device configuration, we do observe a
substantial increase in the photovoltage, with the MAPI/2D
solar cells having a Voc exceeding 1.1 V for 5 nm thick
PEA2PbI4 layers. This observation indicates that the 2D
perovskite layer is indeed capable of reducing the nonradiative
recombination within the MAPI film. Interestingly, the fact
that no changes in photovoltage were observed with the 2D/
MAPI heterojunction (as compared to bare MAPI) might
indicate that the interface chemistry of the 2D/3D interface
differs from that of the MAPI/2D one.
Figure 4 summarizes the thickness-dependent photovoltage

and FF measured on the different heterojunction solar cells. In
general, we observe a trend where 2.5 nm thick films of
PEA2PbI4, independent of the side where the MAPI’s are
deposited, do not lead to an appreciable increase in the
photovoltage (for MAPI cells it is 1055 mV), while they
already undermine the charge extraction as the FF diminishes
(Figure 3b). One exception is the 2D/3D heterojunction,
where the Voc and FF are essentially unchanged with respect to
the reference MAPI solar cells, leading to similar PCE
exceeding 18%.
Increasing the 2D layer thickness to 5 nm leads to a general

enhancement of the Voc, with the devices based on the 2D/3D
and 2D/3D/2D structures reaching 1070 and 1084 mV,
respectively, and a peak for the 3D/2D heterojunction solar
cells at 1104 mV. While such a 50 mV increase in Voc might
appear moderate, it corresponds to a 7-fold enhancement of
the external PL quantum yield.67,68 We note that devices with
different thicknesses of the 2D films show comparable dark
leakage currents, indicating that the observed changes of
voltage have no direct electrical origin (Figure S8). Hence, the

Table 1. PV Performance Parameters Extracted from the J−
V Characteristics of p−i−n Solar Cells of the Control MAPI
Absorber Device and of 2D/MAPI/2D-, 2D/MAPI-, and
MAPI/2D-Based PSCs with 2.5 nm Thick PEA2PbI4 2D
Films

perovskite
structure

Voc
[mV] Jsc [mA cm−2] FF [%] PCE [%]

MAPI fwd 1057 22.7 77.2 18.6
rev 1056 22.7 78.5 18.9

2D/MAPI/2D fwd 1050 20.1 65.5 13.9
rev 1050 20.6 66.0 14.3

2D/MAPI fwd 1054 22.1 78.4 18.3
rev 1051 22.1 78.6 18.3

MAPI/2D fwd 1062 21.7 73.5 17.0
rev 1061 21.8 76.6 17.7

Figure 4. Trend of the (a) Voc and (b) FF for the three different heterojunction solar cells as a function of the 2D perovskite (PEA2PbI4)
layer thickness. The dotted lines represent average values for single-layer MAPI devices.
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vacuum-deposited PEA2PbI4 films on top of MAPI are indeed
capable of reducing nonradiative charge recombination,
although at the expense of the FF (70%). For thicker (10
nm) 2D films, we observed a reduction of the Voc, which is
more prominent for the 3D/2D heterojunction with a 10 nm
thick film. Although the incorporation of 2D perovskites at the
interface with MAPI is beneficial in terms of photovoltage, it
leads to a drop in FF, which became more important once the
PEA2PbI4 thickness increased from to 5 and 10 nm (Figure
3b). The loss in FF can be attributed to the unfavorable
orientation of the insulating sheets formed by the bulky
organic cations within the 2D perovskite films (Figure 1),
perpendicularly oriented to the direction of the charge
transport.
Besides the orientation of the 2D perovskite with respect to

the substrate, another factor that can contribute to the loss in
FF is the presence of an energy barrier for the charge
extraction (either hole or electron, or both) at the 3D/2D
heterojunction or at the perovskite/organic interfaces. Such an
energy barrier is related to misalignment of the energy levels,
which is likely to exist at least in one case (either 2D/3D or
3D/2D) as a consequence of the larger bandgap of PEA2PbI4
as compared to that of MAPI. The ionization energy (IE) can
be used to estimate the valence band maximum (VBM) in an
intrinsic semiconductor. We measured via air photoemission
spectroscopy the IE of both 3D and 2D perovskites (Figure
S6). We found an IE for MAPI of 5.0 eV, only slightly smaller
as compared to recently reported ultraviolet photoemission
spectroscopy measurements,69 while a larger IE of 5.5 eV was
measured for PEA2PbI4 films. This implies the presence of an
energy barrier for the hole extraction of approximately 0.5 eV,
which supports the severe drop in FF observed when PEA2PbI4
is deposited in between the HTL and the MAPI (Figure 3b).
Estimating the bandgap of PEA2PbI4 from the absorption
spectrum (2.4 eV) and considering a MAPI bandgap of 1.6
eV,69 the barrier for the electron extraction at the 3D/2D
interface would be 0.3 eV (Figure S6). The lower energy
difference among the electronic affinities at the 3D/2D
interface agrees with the smaller FF losses associated with
using the 2D perovskite on top of the MAPI surface and below
the ETL.
The vacuum-deposited 2D/3D heterostructures were further

studied by means of time-resolved microwave conductivity
(TRMC). Figure 5a depicts the normalized time-dependent
conductance traces for bare MAPI and 2D/MAPI bilayers,
obtained by selectively and homogeneously exciting the 3D
MAPI film at 600 nm from both sides. Due to the lack of
optical absorption at this wavelength, we did not observe any
appreciable signal from the 2D layer. After a fast initial rise
limited by the response time of the microwave cavity, the
signals decayed due to charge recombination or trapping.
Interestingly, the decay kinetics of the MAPI and 2D/MAPI
are very similar and independent of the excitation side and the
presence of the 2D layer. Hence, from this measurement, we
cannot conclude that the MAPI film is effectively passivated by
the 2D layer.
From the maximum change in photoconductance, ΔGmax,

the product of charge carrier generation efficiency per incident
photon, η, and the sum of electron and hole mobility, ∑ μ is
calculated using

∑η μ
β

= ΔG
I e

max

0 (1)

where I0 is the incident intensity, e is the elementary charge,
and β is a geometrical factor. For both the 3D film as well as
the 3D/2D bilayer, the η∑ μ values increase slightly with light
intensity, reaching values close to 10 cm2/(Vs), which is
comparable to values previously reported and discussed on
evaporated 3D perovskite layers.70,71 The slight difference in
maximum mobility can be related to the different substrate on
which the 3D MAPI layer has been deposited. Importantly, the
dependence of the MAPI film with intensity is larger than that
of the 2D/MAPI bilayers, which is almost constant (Figure
5b). Such dependence can be explained by the fact that the 3D
film contains a substantial amount of deep traps, which
become saturated at higher intensities.72 This observation
agrees with the higher Voc values observed for the
heterostructure devices (Figure 4a). Finally, we excited the
samples at 510 nm, which corresponds with the maximum
absorption of the excitonic band of the 2D perovskite (see

Figure 5. (a) Normalized change in conductance for a MAPI film
and a 2D/MAPI bilayer deposited on quartz, measured by TRMC
with an incident laser pulse of 1011 photons/cm2. Maximum
TRMC signal heights expressed in charge carrier yield times
mobility for excitation at (b) 600 and (c) 510 nm. The annotation
(sub.) denotes that the light is shined through the quartz substrate.
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Figure 5c). The 2D layer exhibited very low signal, which can
be explained by the high exciton binding energy preventing
dissociation of the excitons into mobile carriers.73 The MAPI
films as well as the 3D/2D bilayer gave signal intensities
comparable to that of excitation at 600 nm, implying that the
charge carrier yield is independent of the used wavelengths.
Interestingly, exciting the 2D/MAPI sample through the 2D
layer leads to a substantial decrease of the signal intensity. This
can be explained by the fact that a substantial part of the
incident light is absorbed by the 2D perovskite itself, and the
excited states generated in the 2D layer do not lead to mobile
carriers in the MAPI film by either charge or energy transfer.
This inefficient charge carrier generation might partially
explain the photocurrent losses observed in the heterostructure
devices (Figure 3).
In summary, we show for the first time the fabrication of

perovskite heterostructures by dual-source vacuum deposition.
This was achieved by vacuum processing thin layers of the 2D
perovskite phenethylammonium lead iodide (PEA2PbI4) below
and on top of a vacuum-deposited methylammonium lead
iodide (MAPI) film. We investigated the morphology,
structure, and optical properties of the 2D and 3D separately,
as well as of the 2D/3D/2D heterostructure, and observed that
vacuum-deposited PEA2PbI4 films tend to grow with the
alternating inorganic and organic sheets parallel to the
substrate. For this reason, when incorporated into devices,
the 2D/3D/2D perovskite heterostructure shows a strongly
hindered charge extraction, a result of an interplay of
parameters among the preferential in-plane orientation of the
2D film, the low carrier mobility, and the mismatch in the
transport energy levels. By separately studying the 2D/3D and
3D/2D bilayers, we identified a trade-off between the solar cell
photovoltage and FF, with 3D/2D heterojunction solar cells
having open-circuit voltage as high as 1.1 V. By TRMC, we
observed that the density of deep traps in the MAPI active
layers is reduced in the presence of the 2D perovskite;
however, the latter leads to a reduced photocurrent as we did
not observe any charge or energy transfer from the 2D film to
the MAPI. In general, our results show a marked difference
between vacuum-deposited and solution-processed 3D/2D
architectures, with unfavorable orientation but high phase
purity obtained by dual-source vapor deposition. Future work
will address the vacuum deposition of vertically oriented 2D
perovskite films in order to promote charge transport and will
focus on their role on the overall device stability.
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las palabras necesarias en cada momento. Eres una de las personas más lindas 
que esta ciudad me ha dado. Gracias por tu dosis de positividad. Mauro, grazie 
per avere sempre creduto in me. ¡Hasta la vittoria, siempre! Giuggi e Boris, 
lontane ma vicine. Grazie per esserci sempre e comunque e per mostrarmi il 
mondo da altre prospettive. Many thanks to Benji, Sarah, Sthefanie and all those 
people without whom Valencia would not have been the same. 

Ringrazio la mia famiglia per il supporto che mi ha dato. Per avermi insegnato 
ad essere tenace e sempre onesta con me stessa e con gli altri. Grazie a voi sono 
quella che sono oggi e se questo traguardo è stato raggiunto lo devo anche a voi. 

 
~Maria Grazia~ 
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