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Abstract

Photovoltaic devices are going to play a big role in mitigating fossil fuel usage. Organic metal halide
perovskites will contribute in expanding the usage of these photovoltaic devices, however a lot of
phenomena in perovskite solar cells are still not clearly understood, such as recombination at
perovskite solar cell (PSC) interfaces. In this research, a step towards looking at these interfaces is
made by creating a 2D/3D heterojunction perovskite device and finding out what the effect of this
2D/3D heterojunction is on the charge carrier dynamics compared to an analogous 3D perovskite.
These devices will be made on a patterned interdigitated back-contact (IBC) structure in order to study
spatially resolved photoluminescence of the device. An interlayer of 2D perovskite is selectively
synthesised on top of IBC contacts with a nickel oxide hole transport layer in a two-step process. First,
selective electrodeposition is used to form lead dioxide on nickel oxide. Secondly, the lead dioxide is
converted to (PEA),Pbl, by chemical vapour deposition. On top of this 2D perovskite layer, deposition
of a 3D perovskite layer has been attempted, through different deposition methods such as spin
coating, stamping and thermal evaporation of which thermal evaporation produced the desired 2D/3D
heterojunction. By SEM imaging, XRD and PL mapping, it was concluded that a 2D/3D heterostructure
can be formed. However, during the formation of this heterojunction a higher dimensional n=2
perovskite layer is formed as well. TRPL measurements show that the charge carrier lifetimes of the
heterojunction are increased compared to the 3D perovskite analogue.
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1. Introduction

The most recent scientific report on climate change has unequivocally shown that human influence
has warmed the atmosphere, ocean and land.! Most of this warming originates from greenhouse gas
emission, primarily from combustion of fossil fuels for energy use. Until 2050, the global energy use is
expected to increase compared to 2020, which mostly results from economic growth and population
growth in developing countries (Figure 1a).2 In order to prevent the rise in emission of greenhouse
gasses associated with this increase in energy consumption it is of the utmost importance that more
sources of sustainable energy are researched and implemented in the coming decades. One of the
most important sustainable energy sources that can be used is the sun. Photovoltaic devices can
harness the power of the sun and these devices have seen a significant rise in commercial usage over
the past years.! Since solar power will be a big part of the energy mix of the future (Figure 1b), research
in improving photovoltaic materials has high priority in both academic and industrial setting.

World grid-connected electricity generation
by power station type

Units:EJ/yr Units:PWh/yr

World primary energy supply by source

1990 2000 2010 2020 2030 2040 2050 1990 2000 2010 2020 2030 2040 2050
Wind Il Bioenergy I Natural gas Wind B Biocenergy M Gas-fired
Solar Geothermal [l Oil Solar Geothermal Il Oilfired
Bl Hydropower Bl Nuclearfuels Il Coal Hl Hydropower B Nuclear Hl Coal-fired

Figure 1: (a) World primary energy supply by source and (b) world electricity generation by power station type. Figure from:
DNV AS 2021.2

Metal halide perovskites are one of the promising classes of photovoltaic materials that have recently
attracted significant amount of attention for application in optoelectronic devices.? Similar to other
photoactive semiconductors, in perovskites the charge carriers (electrons and holes) are generated by
light absorption which is subsequently converted into electrical energy by extraction of those charge
carriers. In particular, these materials are excellent light absorbers because of their high dielectric
constant, direct band gap, high carrier mobility, long carrier lifetime, and facile processing at low
temperature.*® Recently, a power conversion efficiency (PCE) of 25.5% was achieved for a single-
junction perovskite solar cell, which is close to the feasible theoretical limit for single-junction solar
cells (33.7%).” These perovskites were originally made up of a composition of ABXs, consisting of A =
small cationic species (e.g. methylammonium, formamidinium, or cesium), B = divalent metal (e.g. lead
or tin), and X = halide (e.g. iodide, bromide, or chloride). The metal and halide components form an
octahedral structure, while A-site cations are occupying the interstitial space between these
octahedrons (Figure 2). By material engineering more complicated structures with multiple cationic
species or halides can be synthesised.



Figure 2: Structure of perovskites with ABX3 composition. Figure from: Wang et al., 2019.8

When perovskites are used in a photovoltaic device, a so called perovskite solar cell (PSC), it usually
consists of multiple, stacked layers: electrodes, a hole transport layer (HTL) and electron transport
layer (ETL) and the perovskite absorber layer, which is usually sandwiched between the two charge
transport layers. This results in either a conventional (n-i-p) or inverted (p-i-n) device structure. A
schematic overview is shown below in Figure 3. Through the energy level alignment of the charge
transport layers with the other layers charges (either holes or electrons) are extracted selectively.
Depending on the type of semiconductor the holes (p-type) or the electrons (n-type) can be the
majority carriers of the current. The majority carriers can be extracted to the electrode through the
transport layer without major losses by providing a high corresponding electric conductivity.® Minority
carriers can be blocked by a high bandgap which acts as an energetic barrier. At the other transport
layer this effect is exactly the other way around.

Conventional (n-i-p) Inverted (p-i-n)
!
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Figure 3: General composition of multi-layered planar PSC devices. Figure from: Ossila, 2021.7° In these devices the
transparent conducting oxide layers are working as electrodes, just like Au and Al.

When the transport layer is not aligned well enough with the perovskite absorber this can lead to a
barrier to majority carrier transport across the interface region, leading to low effective conductivity.
It could also lead to current flow of minority carriers to the interface/into the transport layer, which
could lead to non-radiative recombination between minority and majority carriers. In turn these losses
lead to a lower open-circuit voltage (Vo) and fill-factor (FF). Therefore suppressing these losses
between the perovskite and the charge transport layers is important to maximise the Vo and FF of PSC
devices.!



Despite their beneficial properties, perovskites/PSCs have several fabrication challenges that need to
be addressed before upscaling and commercialization can take place. These challenges include poor
morphology control, energy level alignment mismatches, and the presence of bulk and interfacial
defects. The interfacial defects are the main contributors to non-radiative charge recombination in the
PSC.1>"% Non-radiative recombination in full-stack PSCs mostly takes place at one or both of the
perovskite/transport layer heterojunctions.®>** In addition, the interfacial recombination can occur
across the interfaces between charges in the transport layer and minority carriers in the perovskite, or
within the transport layer itself.16718

Studies on surface engineering to decrease the interfacial recombination have led to the use of
additives and additional (atomic) layers, which are employed in two different ways: reducing the
number of defect states via chemical passivation or reducing the interfacial transfer rate through an
energetic barrier for minority carriers (e.g. wide-gap interlayers). Most research has focused on the
former to improve PCE.° However with the latter, a thin insulating layer can be used as a tunnelling
layer to avoid direct contact between the majority carriers in the transport layer from the minority
carriers in the bulk perovskite.’®2° A way to create a wide-gap interlayer is the application of two-
dimensional (2D) perovskite layers. The two-dimensionality is referring to the layering of the corner
sharing inorganic octahedra.?! These layers of inorganic material are separated by bulky organic
molecules that replace the small cationic species at the A site (Figure 2). The bulky organic molecules
are bound to the inorganic octahedra through hydrogen bonds, which causes the hydrophobic chain
to be directed away from the inorganic perovskite layers. In this way organic bilayers are formed that
separate neighbouring sheets of perovskite octahedra, which creates a repeating pattern.?? The
dimensionality, n, indicates the amount of inorganic sheets in between each organic bilayer. In this
way pure 2D perovskites are denoted as n = 1. At n 2 2 the small A-site cations are also included in the
perovskite formula which means a quasi-2D structure is formed where a higher number of layers of

inorganic octahedrons can reside between the organic bilayer (Figure 4).22 At n = ©° 3D perovskite is
formed. 2D perovskites are different from their 3D counterparts by their high stability towards
moisture and low ion migration.?* Additionally, 2D perovskites exhibit excellent structural diversity,
and their properties can be tuned by the layer thickness and the spacer cation.?? However,
simultaneously the 2D perovskite hinders charge carrier separation and extraction due to the presence
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Figure 4: Dimensionality engineering. Effects of perovskite phase evolution on chemical and physical properties. Figure from:
Nazeeruddin et al., 2019.%3



of these layers of larger organic molecules which leads to higher exciton binding energies. It would be
expected that a long chain cation would lack the ability to transfer charges efficiently through the
layers of the spacer molecules due to the difference in dielectric constant with the inorganic layer.®
Therefore, 2D perovskites can be seen as naturally formed quantum wells, where the organic spacers
act as the barriers and the inorganic layers as the wells.?® This leads to higher bandgaps (~2.36 eV) and
therefore a lower emission wavelength of roughly 520 nm.

By inserting a very thin interlayer of this 2D perovskite material between the 3D perovskite and a
charge transport layer the beneficial properties of both types of perovskite can be combined while
simultaneously diminishing the cons of the 2D perovskite.?” Progress has been made with the 2D/3D
perovskite heterostructure based on different spacer cations to reduce the interfacial recombination
and subsequently the efficiency and stability of the solar cells.?® Nonetheless, detailed understanding
of the mechanism by which 2D perovskite limits interfacial recombination and increases stability of
perovskite solar cells still has to be developed.

Usually the 2D/3D interface is created by mixing 2D precursor with 3D precursor solutions which are
then spin-coated together.2°3! Other solution based processes include dip coating of the 3D perovskite
in a solution of an 2D precursor solution and spin-coating of a 2D precursor solution on top of an
existing 3D perovskite layer.323% Even though these solution-based processes form a 2D/3D structure
they have the drawback that unintentionally quasi-2D phases or different (non-crystalline) phases are
formed, therefore a mixed material is formed rather than a clear interface that has a clear-cut
distinction between phases. This results in poor transport of charge carriers and makes it more difficult
to investigate the interfaces between the two dimensions.®® Two different solvent free pathways to
create a clean 2D/3D heterojunction have been investigated recently to deal with this problem: multi-
source thermal evaporation of a 2D/3D heterojunction®** and solid-phase in-plane growth.?®* When
this 2D/3D interface is investigated this commonly is done in either a stacked PSC or in incomplete
devices. Furthermore, these methods have been employed to make 2D perovskite on top of 3D and
not so much 3D perovskite on top of 2D perovskite. In order to study the interfaces between the
different PSC layers, interdigitated back contacts (IBC) can be employed.

In an IBC device the electrodes are located on the backside of the solar cell in an interdigitated fashion,
meaning that the hole and electron selective electrodes are alternating and interlocking in a comb like
structure.® In this way the perovskite layer is the top layer of the device, which is helpful to prevent
surface damage in further manufacturing steps. Due to the structural design of the IBC properties of a
heterojunction can be studied spatially and characterised in-operando.*® Another advantage of the IBC-
devices is the flexibility in processing and passivation treatments.** However, to create an interlayer
between the transport layers and the 3D perovskite in an IBC the 2D perovskite has to be created
underneath the 3D perovskite. This is something that has not been studied often, even in conventional
sandwich structures.*? Methods such as spin-coating usually don’t work here because it would lead to
mixed perovskite phases.

Besides conventional methods of perovskite film formation, such as the aforementioned spin-coating,
there have been developments in film formation such as thermal evaporation and electrodeposition.
Typically in an electrodeposition process solid metals are deposited on a surface by electrochemical
reduction of a desired metal precursor (e.g. dissolved metal salts).** The process is performed by direct
transfer of electrons from a working electrode, on which a potential can be applied to influence the
rate of electron generation, as well as crystallite nucleation and growth. Electrodeposition is a versatile
technique for the production of surface coatings, due to the operation at ambient temperature, rapid
deposition rate, and relatively low cost.** Furthermore the thickness can be controlled by adjustment
of the deposition time and the current density.* This method can be used for deposition of perovskite
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on a wide range of complex shape substrates as long as they are conductive.*®*” This enables
deposition of perovskite with high spatial controllability. The electrodeposition method is used to
deposit the lead precursor films (e.g. Pb® PbO, PbO,) which in turn can be chemically converted into
the perovskite by different two-step conversion processes.**~*° The electrochemical deposition and
vapor conversion method of Lee et al. will be adapted in this research to selectively create a 2D
perovskite layer on top of IBC contacts with a HTL. On top of the 2D perovskite layer a 3D perovskite
layer will be deposited, which will be compared to a regular 3D perovskite layer. Therefore this
research has two different aims. First it will be investigated if this 2D/3D heterostructure can be formed
and characterised on an IBC patterned substrate. Second, it will be investigated what influence this
interlayer has on the charge carrier dynamics of the 3D perovskite.



2. Theoretical background

This chapter discusses the theoretical background for the techniques and the methodology used to
create the 2D/3D perovskite heterojunctions. The process consists of four consecutive steps to create
a patterned 2D perovskite underneath a 3D perovskite layer. Before discussing these steps a short
overview of the used perovskite materials will be given. After that the local deposition area is
discussed. Which is followed by the concepts of electrochemistry and PbO, deposition, based on
previous research in the field*>47>0 including a description of the electrochemical cell used in this
work. Subsequently the conversion of PbO, to perovskite with chemical vapour deposition will be
explained. Finally, the various methods of deposition of a 3D layer on top of the 2D layer will be
touched upon.

2.1 Perovskite structures

The 2D perovskite that will be used in this research is phenylethylammonium lead iodide ((PEA)2Pbls)
(Figure 5). PEA*is an aromatic cation that facilitates formation of layered 2D perovskite due to the
phenyl moiety size and ring rigidity.? The incorporation of the aromatic ring is believed to be beneficial
for charge transport compared to the commonly used 2D perovskite cation butylammonium (BA*).
These aromatic rings are parallel to each other because of m—m stacking, while between the sheets, the
rings adopt a face-to-edge configuration. Due to the mono-ammonium moiety a Ruddlesden-Popper
configuration, which offsets the stacking of the inorganic slabs in the a and b directions.’* This
perovskite has a bandgap of ~2.3 eV and a PL emission wavelength of 525 nm.>2 This large bandgap ,
compared to the bandgap of 3D perovskites, might be one of the reasons why it is so effective in
reducing non-radiative recombination at the interface of the 3D perovskite.
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Figure 5: Crystal structure of (PEA)2Pbl,. Figure from: Kanatzidis et al., 202126

The 3D perovskite used in this research is a double cation (cesium, formamidinium), double halide
(iodide, bromide) lead perovskite (FAo7Cso3Pb(losBro.1)s), which has shown improved stability over
conventional MAPbIs and a bandgap of ~1.74 eV.>® This compound has shown to be stable towards
photoinduced halide segregation. Furthermore it is possible to synthesize this perovskite with different
techniques (e.g. solution processing and evaporation techniques).

An important factor to be able to indicate formation of a 2D/3D heterojunction is the ability to see
different properties of both perovskites simultaneously. The difference in emission wavelength and



energy levels were the main reason to select the aforementioned 2D and 3D perovskites. The
differences in energy levels lead to a straddling gap and due to the differences in bandgap PL studies
can be used to characterize both perovskites.

2.2 Local deposition of NiOx/Au contacts

In order to prepare electrodes for the local deposition of 2D perovskite, physical vapour deposition
(PVD) through a shadow mask is employed. In this way a NiO,/Au electrode can be deposited on the
quartz substrate in an interdigitated fashion as shown in Figure 6. The use of a shadow mask is facile,
since no lithographic steps have to be taken. This means that multiple electrodes can be prepared
during one deposition cycle without need for etching or lift-off. For the electrochemical deposition
step a continuous electrode should be deposited, which can also be done easily with the shadow mask.
However, the precision of the dimensions of the deposited features depend on the manufacturing
process of the shadow mask. The mask used in this work was made laser cutting, of which the features
are limited to a range of ~0.2 mm. Therefore the edges of the mask are not completely sharp on um
scale. Another limitation that is of influence on the deposition feature sharpness is the distance
between the mask and the substrate. When substrates are put in a sample holder for PVD they might
not be in direct contact with the shadow masks, which results in an effect called overspray. With this
overspray an uneven thin film with sloped edges are formed, changing the total area of the deposited
film.

a Mask/Substrate Separated b Mask/Substrate in Contact

by Distance D >0 with Distance D=0
1 Substrate Substrate
LSS LIS
- - mﬂ 'lm \\\\\\\\\\\\\\‘ ~ - .\\\\\\.\\\\\\\\"
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Separation D ‘." "‘.‘ ;" o “.l
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Figure 6: Thin film height profile for deposition with shadow mask separated by distance D from substrate (left) and shadow
mask in close contact with substrate (right). Figure from: Fisher et al., 2016.5%

The initial experiments were performed on bulk NiO,/ITO substrates to optimise the electrodeposition
and conversion of PbO,. Additionally, the transparency of ITO enables backside illumination of the bulk
samples to help in the characterisation of the 2D/3D junction with photoluminescence (and
absorption) measurements.
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The insights obtained from the production of the bulk samples were finally transferred to the sample
of interest i.e the interdigitated NiO«/Au contacts on top of a non-conductive quartz substrate. In
Figure 7a a schematic overview of an interdigitated back-contact device is shown. The blue circle
indicates the region that is exposed to the electrolyte solution during the electrochemical deposition.
Furthermore, the dimensions of the interdigitated ‘fingers’ are shown as well as the mask design on
the back of the electrochemical cell (Figures 7b and 7c).

b 1.75mm

1 0.3mm

1 0.3mm

Figure 7: schematic overview of IBC sample (a), with the dimensions of the interdigitating area (b) and electrochemical cell
mask design (c). The blue circular area in (a) shows the deposition area for electrochemistry.

2.3 Electrochemistry

The first step in the sample synthesis is electrochemical deposition of PbO,. In electrochemical
deposition redox reactions are facilitated due to electrically induced charge transfer between the
interfaces of a conductive environment, which is provided by a liquid electrolyte and two conductive
solids that act as electrodes. On either of the two electrodes a reduction or oxidation reaction can take
place. In a conventional electrochemical setup, the desired reaction takes place at the working
electrode. The counter electrode supplies or extracts the electrons needed in the reaction. The counter
electrode is mostly made up of a material that is inert and does not corrode (i.e. graphite, gold, or
platinum). Furthermore, the counter electrode generally contains a higher surface area than the
working electrode to ensure enough current can be generated. An additional reference electrode can
be added to measure the potential between the electrolyte and the working electrode. This reference
electrode must have a stable, well-known potential. Ag/AgCl is an almost ideal non-polarizable
electrode that can be used for this purpose, due to its low half-cell potential and very low impedance.>®
In this research an electrochemical cell with a three-electrode setup was used that was designed and
used in previous research by Alarcon-Llado et al. and shown in Figure 8.°° The three electrodes used
here are a platinum mesh as counter electrode, an Ag/AgCl (leak less miniature ET072-1) as reference
electrode and the conductive samples as working electrodes.
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Figure 8: Electrochemical Cell used in this research. Figure from: Alarcon Llado et al., 2020.5¢

In this work, we aim to deposit lead dioxide since this is a naturally formed product during oxidation
that is very workable in ambient temperatures and ambient pressures and it is easily converted into
perovskite. Lead dioxide is an inorganic compound that is found in two polymorphic structures (Figure
9): a-Pb0O,, which possesses an orthorhombic structure and B-PbO,, which possesses a tetragonal,
rutile structure. Both consist of a lead(lV) centred ion in a distorted octahedron of oxygen atoms. The
polymorphs vary due to a difference in the octahedra packing. In B-PbO; the neighbouring octahedral
share opposite edges, resulting in linear chains. In contrast, neighbouring octahedra in a-PbO; share
non-opposite edges, leading to the formation of zig-zag chains.®’

Figure 9: crystal structures of orthorombic a- (a) and tetragonal 8- (b) phases of lead dioxide. Figure from: Persson, 201458

The formation of lead dioxide has been widely studied and the most accepted mechanism of PbO;
nucleation and growth was proposed by Velichenco et al., which involves the adsorption of OH on the
substrate as a key intermediate.®® When using a lead nitrate electrolyte the lead dioxide
electrodeposition follows the following three step pathway:

H,0 - OHy 4o + HY + e~ [1]
Pb?* + OH 4, —» Pb(OH)?** 2]
Pb(OH)?** + H,0 - Pb0O, + 3H* + e~ 3]
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The first step of this mechanism is the splitting of the water molecule and the formation of oxygen-
containing species such as adsorbed OH (1), followed by an intermediate complexation between the
lead species and the adsorbed OH, forming a soluble cationic intermediate species containing lead(lll)
(2). This lead(lll) species is subsequently oxidized to lose another electron to form a molecule of PbO,
on the working electrode (3). To monitor the progress of the electrochemical reaction a potentiostat
was used, a device that can control the potential or current of an electrochemical system. Two
different applications of the potentiostat were used in this work; cyclic voltammetry and
chronoamperometry.

Cyclic voltammetry is a technique that can provide insights in both the number and nature of redox
reactions taking place in an electrochemical system. The potentiostat applies a triangular wave
potential to the system sweeping the potential back and forth between two potentials E1 and E2. The
potential variation over time is called the scan rate. During this potential sweep the current response
is measured. When a certain potential threshold is reached (the onset potential), the current response
will go up at which point the activation barrier is crossed and the oxidation (or reduction) reaction can
take place. When the reaction is reversible reduction (or oxidation) occurs during the reverse sweep.
A typical CV curve for PbO, electrodeposition can be seen in Figure 10.%° There, two cathodic current
peaks are observed on the negative scan (R; and R;) of the voltammogram, corresponding to Pb (IV)
and Pb (lIl) species reduction. In the positive scan of the cyclic voltammogram, two anodic current
peaks are observed (A; and A;). These peaks correspond to the oxidation potentials of Pb(ll) species
(equation (2)) and Pb(lll) species (equation (3)), respectively.
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Figure 10: A typical cyclic voltammogram of electrodeposition of PbO, from 0.1 M Pb(NQOs), solution onto a copper
substrate. Figure from: Kim et al, 2007. %0

Chronoamperometry (CA) is a technique which, in contrast to cyclic voltammetry, employs stepwise
voltammetry with instantaneous switching of the potential. When this potential is kept constant over
a certain time a current response like in CV can be measured. An example of a typical CA curve is seen
in Figure 11. With this technique high charging currents are generated, which decay exponentially over
time. When the area of this I-t curve is integrated the total charge that is transferred to the working
electrode is obtained. By using Faraday’s law (Q = nF) it is then possible to calculate the theoretical
conversion of the intended electrochemical deposition. In this work, CA is used to control the growth
of the PbO,.
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Figure 11: Ideal chronoamperometric curve, with a current response (in mA) as a function of E,. Figure from: Brown et al.,

2016.51 After initial application of the voltage E,, a high current is generated immediately that decays exponentially until E,
is removed.

A constant anodic potential (overpotential) is applied to the system based on the highest oxidation
peak found in the CV curve (A2). Due to this anodic overpotential the equilibrium is pushed towards
the oxidation reaction and PbO, is deposited on the substrate. By changing the time that the
overpotential is applied the total amount of PbO, deposited can be controlled.”® It was found that
adhesion, surface morphology and ratio of a/B forms can be influenced by many parameters, including:
substrate choice, pre-treatment of substrate surface, pH ranges (alkaline or acidic), electrolyte anion,
lead(Il) concentration, current density, deposition potential, charge density.>®%7° |n this work nitrate
electrolytes with a low pH have been employed to deposit lead dioxide on pre-treated nickel oxide
substrates, since nitrates are an often used electrolyte that do not require many additives. Typically,
using these conditions would result in lead dioxide deposition with a high proportion of the B-phase.*
Although the B-phase is not a requirement for the conversion to the perovskite. According to Popov et
al. the uniformity of the film coverage is more important.*
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2.4 Chemical Vapour Deposition.

As shown above the electrodeposition method is used to deposit the lead precursor films. In turn, the
films can be chemically converted into the intended final perovskite by different two-step conversion
processes.**” Conversion of electrodeposited lead dioxide to perovskite was first shown by Chen et
al. in 2015.% Here a two-step dip coating conversion with hydrogen iodide (HI) and methylammonium
iodide (MAI) was employed. In the first step the Hl is used to convert the deposited lead dioxide film
to lead iodide. In a subsequent dip coating step the lead iodide film is converted to methyl ammonium
lead iodide (MAPI). The Hl is believed to reduce the Pb(IV) species in PbO; to Pb(ll) in Pbl, with the
following equation:

Pb02(5)+4HI(g) —)Pb12(5)+12(g)+ H20 (4]

This method was adapted by Popov et al. to convert the lead iodide film to perovskite. Here, instead
of the dip coating conversion, chemical vapour deposition (CVD) of MAI was employed.*> CVD is a
technique in which an organo-halide material (e.g. FAI, MAI, PEAI, butylammonium iodide (BAI) or
related bromine analogue) are sublimed and its vapour is transported to the desired substrate by an
inert carrier gas (e.g. Ar, N2).”* At the substrate this vapour reacts with the pre-deposited precursor
layer (e.g. metal halide, metal oxide). This technique usually employs low-vacuum conditions, during
which lower temperatures are needed to reach fast sublimation of the organo-halide compound than
during ambient pressure vapour deposition. In a typical CVD process a tubular flow reactor is used
because these allow for a simple and customizable experimental setup. These reactors are often
composed of a long quartz tube surrounded by a heating furnace that offers a controlled temperature
zone (Figure 12). Generally, the tube contains a carrier gas inlet on one end and a vacuum pump outlet
on the other end. Understanding and controlling the nucleation and growth mechanisms of perovskite
films in vapour deposition techniques is equally as important as for solution-based processing. The
growth process is influenced by parameters such as deposition chamber pressure, substrate
temperature, substrate material surface properties and morphology, as well as carrier gas flow rate.

Heating element Source material Substrate

Alumina tube l Powder holder Substrate holder

FIOE ] m

= | = =d |

Vacuum pump

Argon

Figure 12: Illustration of carrier gas assisted CVD setup in a tubular furnace. Figure from: Sberveglieri et al., 2015.72

The aforementioned processes all used HI vapour, although working with HI adds complexity to the
experiment and is usually avoided due to toxicity.*® Therefore Lee et al. developed a method that did
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not involve the intermediate step of lead iodide formation. Here the electrodeposited PbO; is first
reduced to PbO by annealing in a H,/Ar gas atmosphere, since it was believed that this would lead to
smoother film formation.*>*07374 This PbO layer is then converted to MAPI with the CVD technique.
The proposed mechanism of conversion comprises of two steps (eqgs. 5-7). During the sublimation in
of CHsNHzsl, HI and MA are formed (eq. 5). The HI can then react with the PbO in a ligand exchange
reaction to form Pbl; and water (6). Subsequently the formed Pbl; can be converted to perovskite by
direct reaction with MAI vapour (7). This mechanism has been proposed by Cui et al *

CH;NH;I — CHyNH, + HI 5
PbO‘l‘ZHI—) PbIz+H20 [6]
Pblz + CH3NH3I - CH3NH3Pb13 [7]

However, recently Heydari et al. have shown that this reduction step was not necessary to convert
PbO, to perovskite. In their process an electrodeposited PbO, layer was converted to MAPbBr; by
direct evaporation of MABr on the substrate.”” They propose a similar two step conversion. Due to the
direct conversion without need for extra reduction steps this CVD method was adapted in this work to
directly convert a PbO, film to (PEA),Pbls. Direct electrodeposition of PbO was not performed since
this would require unstable hydrogen peroxide solutions, or dimethyl sulfoxide addition, elevated
temperatures and degassing of the solution to remove dissolved oxygen.*

2.5 3D perovskite deposition

Three different methods for the formation of the 2D/3D heterojunction were used. The first is dynamic
spin-coating, where the 3D precursor solution was spin-coated on top of an existing 2D perovskite
sample. However, the use of solvents will have influence on the 2D perovskite layer by (partial)
dissolution of this layer. Therefore two different solvent free pathways to create a clean 2D/3D
heterojunction have been investigated recently to deal with this problem: multi-source thermal
evaporation of a 2D/3D heterojunction®**3® and solid-phase in-plane growth. After various trials on
all three methods, the mutli-source thermal evaporation was chosen as the technique to form a thin
3D perovskite film on our 2D junction. In multi-source thermal evaporation all precursors are vacuum
evaporated with independent heating of every precursor. When optimized, this technique leads to
high control of film deposition thickness and composition.

Since a lot of steps have to be taken in this project to form the final samples a schematic overview of
the bulk sample formation is shown in Figure 13. In three steps a 2D/3D heterojunction will be formed.
By first electrodepositing PbO, on NiO,/ITO substrate, which is converted by CVD in the next step. The
final step is to deposit a 3D perovskite layer on top of this by multi-source thermal evaporation.

1 2 3 3D Perovskite

PbO, PEA,PbI, PEA,PbI,
NiOx NiOx - NiOx
-
ITO ITO ITO

Figure 13: Schematic formation of bulk 2D/3D heterojunction samples by (1) PbO; deposition, (2) CVD conversion to 2D
perovskite: PEA,Pbl,, (3) 3D perovskite deposition.
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When these bulk samples are formed the knowledge will be transferred to the patterned substrates In
Figure 14 the 7 subsequent steps with which the patterned device is created are shown. The first step
is to clean a quartz glass substrate, on which a patterned contact is formed by sequential electron
beam deposition of titanium (2), gold (3) and nickel oxide (4). On this patterned contact the
electrochemical deposition of PbO, occurs (5), which is converted to (PEA),Pbls (6). In the final step
multi-source thermal evaporation is used to create the final device.

1 2 3
Cleaned glass substrate Mask based deposition of Deposition of gold
Tiadhesion layer electrodes

.

7 6 5 4
&& *-— &\& E &\& € &\&
. . Conversion of PbO, to Electrochemical deposition NiOx deposition
3D perovskite deposition PEAPI of PbO,

Figure 14: Synthesis plan of IBC samples. On a clean glass substrate (1) a titanium adhesion layer (2), gold electrodes (3)
and a nickel tranpsort layer are deposited sequentially by e-beam deposition with a shadow mask. This nickel layer is
annealed to form nickel oxide (4). During electrochemical deposition a lead dioxide layer is formed on a selective area of the
NiOy/gold contact (5). This is converted to PEA,Pbls by CVD (6). In the final step a 3D perovskite layer is deposited on top of
the sample (7).

3. Results & Discussion

In this section the results of the research will be discussed. The goal is to use electrodeposition for the
local formation of 2D perovskite to use this as a passivation layer underneath 3D perovskite. This will
be started with the 2D formation of the bulk samples, electrodeposition of PbO, will be discussed,
followed up with the conversion to 2D perovskite by CVD. The translation of these findings to the
patterned gold substrates is shown next. After that the heterojunction formation will be discussed.
This section finishes with TRPL measurements TRPL to see how heterojunction influences charge
carrier dynamics in 3D perovskite.

3.1: Electrodepostion of PbO; on NiOy/ITO films

To confirm that lead dioxide could be grown on a NiOy layer a first electrodeposition was performed
on a substrate with a thin layer of NiOx (~15 nm) on ITO. Formation of a dark brown film was observed.
The CV curve of this deposition shows two peaks at 0.5V (Ri) and 1.3V (R;), as shown in Figure 15.
These peaks could be attributed to the expected oxidation of Pb(ll) to Pb(lll) (R1) and subsequent
oxidation to Pb(IV) (R2).
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Figure 15: CV curve of 0.1M Pb(NO3), on NiOx/ITO

Based on the CV curve, the deposition potential for CA was set to 1.5V vs Ag/AgCl. With this potential
a deposition series was performed where CA time was varied. The circular deposition area of the
sample turned from colourless to dark brown after the electrochemical deposition. The current vs.
time graph of the deposition is shown in Figure 16. The graph shows an initial peak in the current of 5
mA/m?2, after which the current follows an S-curve. The increase of current density after t=20 is likely
caused by dendritic growth, due to changes in the resistance of the material.”® This change can come
from increased electrolyte temperature, increase in true electrode surface area or an unsteady mixing
regime. Therefore it only occurs after a prolonged deposition time.

I (mA/cm2)

2 1 — 30s _

0 T T T T T T T T T T T
5 10 15 20 25 30 35

time (s)
Figure 16: Chronoamperometry graphs of electro-deposition on NiO,/ITO substrates for different deposition times at 1.5V vs
Ag/AgCl.
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In the SEM images in Figure 17a it can be seen that there is a boundary between the area where PbO;
has formed and the underlying NiO,/ITO can also be seen. This is due to the circular deposition area of
the electrochemical cell. In Figure 17b it is shown that a continuous film is formed, the grains are
roughly 50-100 nm in size.

)

a

Figure 17: SEM images of PbO, sample Wfi’h- (a)bb-undary between PbO; and NiO,/ITO and (b) central area of the film.

As shown in the XRD graph in Figure 18 two distinct phases of PbO; are present in the film. The peaks
at 28.0 and 30.2 show the presence of the a-phase and the peaks at 25.5, 32.1, 36.3 and 49.2 indicate
the presence of the B-phase of PbO,. No information of the proportion between the two can be taken
from the XRD spectra. The XRD spectra confirmed that PbO, film formation was possible on a NiO,/ITO
substrate. When films with lower deposition times were fabricated only the (110) peak could be found
on the XRD spectrum, which could imply that the films were too thin for the machine to pick up any
signal of the other orientations. However, visually the brown colour of the film could still be seen.
Therefore, based on the combination of the XRD spectra, optical observations and CA data it was
assumed that the deposited films were composed of PbOs.
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Figure 18: X-ray diffractogram of PbO, deposited film. Different lead dioxide phases are highlighted in blue and red.

In this section it has been shown that PbO; could be deposited electrochemically on top of a NiO,/ITO
substrate, confirmed optically and by XRD and CA data. A deposition time of 5 s and accompanying
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thickness of 37 nm PbO; was chosen as final parameter. Therefore the next step in the research could
be taken, conversion of PbO, to the 2D perovskite (PEA),Pbl,.

3.2 PbO; conversion to (PEA)2Pbls by Chemical Vapour Deposition

CVD of PEAI was used to convert the PbO; films to (PEA),Pbls. For this conversion some parameters
were optimized (i.e. gas flow, pressure, temperature and conversion time). The gas flow was set to 35
ml/min, which was the lowest rate at which the Nitrogen or Argon flows where stable. In literature no
reports were found on the CVD of PEAI. However, MAI has been evaporated at pressures below 0.7
bar and temperatures of 170 °C.””7® PEAI is a bigger molecule with a phenyl moiety instead of a methyl
group, which means that the temperature of evaporation is higher than that of MAI. To help the
diffusion of the heavier PEAI the pressure was lowered and the temperature was increased. Therefore,
pressure was set to 70 mbar and the temperature to 180 °C. Furthermore the evaporation time was
set to 6h. In the conversion of PbO, to MAPI the conversion time was set to 2h, however this was a
conversion from Pbl, to MAPI, and not a direct conversion from PbO,. It was expected that the
conversion from PbO; to Pbl; would take some time before the conversion to PEA,Pbl, could start. In
the first few stages it was noticed that the conversion did not occur in one step from PbO, to (PEA),Pbla.

After 6h of CVD The sample turned from brown to yellow by eye and when illuminated with a 425 nm
UV lamp no luminescence was shown. This indicated that there might have been formation of Pbl,
instead of the desired 2D perovskite. Therefore a second CVD step was performed with the same
parameters as the first step. This resulted in a differently shaded yellow film, which showed green
luminescence under illumination with the 425 nm UV lamp. The XRD spectrum in Figure 19 shows that
after the first CVD conversion a peak at 12.7 20 is observed, which is indicative of Pbl, formation.”®
After the second CVD conversion a (002) peak of the converted PbO, film and its repetitions can be
seen, which suggests (PEA),Pbl, formation.3%8°

Bulk PbO2 After first conversion
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Figure 19: X-ray diffractogram of PbO; converted film on bulk NiO,/ITO.

In the UV-VIS absorption spectrum after the second conversion the peak at 520 nm can be attributed
to (PEA),Pblsand in the PL spectrum the peak at 525 nm is characteristic for (PEA),Pbl, 2D perovskite
emission (Figure 20).>% In the PL map of Figure 21 it can be seen that the film has a gradient of intensity
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at 525 nm. This could indicate that there are thickness differences across the sample or a difference in
PLQY for different regions in the sample due to a different morphology, which could induce trap states.
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Figure 20: UV-VIS absorption and PL (normalized) spectra of converted bulk sample. Dashed lines show reference absorption
of (PEA),Pbl,at ~520 nm.>?
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Figure 21: PL map of an area at the edge of the sample. Optical image of the area (a) and PL map of the highlighted green
area (b). CCD counts were plotted for a wavelength of 525 nm.

When thickness of the films was measured with a profilometer very large differences in thickness were
found. The base of the measured areas of the bulk sample was close to 2 microns. Height differences
could occur due to formation of other structures or due to the gaps in between the grain clusters. The
average film thickness is shown in Table 1 and increased up to a factor 13.5 when compared to the
thicknesses of the PbO; films. For conversion of PbO, into 3D perovskite films expansions of 4.5 times
have been reported and PbO; to Pbl, conversion the thickness generally doubled.”® Since the 2D
perovskite is bulkier than the 3D perovskite, especially in n=1 conformation, the factor 13.5 increase
seems plausible, yet unlikely.
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Table 1: Thicknesses of PbO, films before and after conversion to 2D perovskite based on different
electrodeposition times.

Deposition Time (s) Film thickness after EC (nm) Film Thickness after CVD (nm)
50 300 2000

30 120 1400

20 68 780-800

10 37 500-750

5 24 -

3 17 -

2 12-20 -

After the first conversion step it was found that the CVD resulted in plate like structure formation
(Figure 22b) In the SEM images of Figure 22c it can be seen that large plates of material are formed. In
Figure 22d a zoomed in view shows that in between the gaps of these plates some smaller plates are
formed, stacked on top of each other. On top of the large plates small dots are formed which might
possibly be attributed to precursor material recrystallization, for which an XRD peak at 4.5 26 could
sometimes also be seen such as in Figure 19.

Figure 22: SEM images of PbO; films before (a) and after a first (b) and second conversion step(c-d).

22



One way to explain the specific morphology of these films is Volmer-Weber growth (Figure 23a), which
is the typical growth mode for perovskite films from the vapor phase.®! In Volmer-Weber growth small
molecular clusters are directly nucleated on the substrate, therefore forming different islands which
can differ greatly in height. This growth can occur when deposited molecules are more strongly bound
to each other than to the substrate. Although, since it looks like there are some layers underneath the
height differences it might be more likely that Stranski-Krastanov growth has taken place (Figure 23c).
In this growth type a combination of layer by layer growth and island growth occurs. These growth
modes can be induced by changing processing parameters.®! The specific dynamics of the growth mode
is difficult to be understood in processes that include more steps than just vapor deposition, as is the
case for this research. Inter-diffusion processes may also occur during the perovskite growth or the
morphology of the PbO; precursor film could influence the growth mode of the perovskite.

Stranski - Krastanov (Layer plus island)
Figure 23: Cross sectional views of three primary modes of thin-film growth. (a) Volmer-Weber or island growth (b) Frank-
van der Merwe or layer by layer and (c) Stranski-Krastanov or layer plus island. Different surface coverage is gained from
each technique with different uniformities. Figure from: Perez, 2018.82

With the combination of the XRD, UV-VIS and PL graphs and the SEM images it has been shown that
the PbO; thin film has been converted to (PEA),Pblsin two CVD steps. With conversion to Pbl, during
the first CVD step and full conversion to (PEA),Pbl, after a second step. This implies that a similar
mechanism could take place as in the conversion from PbO, to MAPI (section 2.4). A proposed
mechanism for 2D perovskite formation is shown below. The first step is sublimation of the PEAI salt
(8) and HI and PEA are formed. Here, 4 equivalents of Hl reduce the PbO; to form Pbl,, iodine gas and
water vapour (9). The third step also differs from the mechanism of MAPI formation, since the formed
Pbly is converted to perovskite by reaction with two equivalents of PEAI instead of one, due to the
formation of the 2D structure (10).

C6H562H4NH3I - C6H5C2H4NH2 + HI [8]
Pblz + C6H5C2H4NH3I - C6H5C2H4NH2PbI4 [10]

It must be taken into account that this mechanism was not checked by using different conversion
times. Furthermore it cannot be excluded that this conversion does take place in one step but the end
product turns into Pbl, due to degradation of the product due to the high temperatures. According to
a recent paper by Ham et al. (2021), degradation of the 2D perovskite can occur during CVD if
temperatures go beyond a certain optimum.® They show that perovskite flakes based on
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butylammonium (BA) form the desired cubic phase at 160 °C. However, when temperatures are
increased to 170 °C BA was supplied excessively and therefore destroys the rectangular crystal
morphology and leave a liquid-like curved morphology. A different set-up for CVD is used there, with
three separately controlled temperature regions. The third region is set to 100 °C to provide just
enough thermal energy for the large organic moiety to diffuse well on the substrate. In this research,
only one temperature region was employed. This meant that the ‘growth zone’ was roughly the same
temperature as the heating zone (i.e. 180 °C). Therefore degradation of the (PEA),Pbl, to Pbl, might
occur during the reaction. Additionally, Ham et al. employed a different reaction, namely simultaneous
vapor deposition of Pbl, and BA on a silicon/silicon oxide wafer.®> Which might mean that they have
different reagent interactions. A temperature of 165 °C was suggested for the CVD of PEAI on Snla.

In this section it has been shown that PbO; films could be converted into (PEA),Pbl, with CVD. Based
on the SEM, XRD, UV-VIS and PL data it was shown that this conversion could take place, albeit in two
steps with Pbl; formation sometimes. This meant that the knowledge from the bulk samples could be
transferred to the patterned substrates.

3.3 Electrodeposition and CVD on patterned NiOx/Au contacts.

After formation of bulk 2D perovskite films on a NiO,/ITO substrate the patterning of the 2D perovskite
with the aforementioned shadow mask was performed. In Figure 24 the CA graph of PbO, deposition
on evaporated NiO/Au contacts is shown. For different deposition times similar CA curves are
observed, when compared to the CA graphs of the bulk PbO, deposition the current density has
increased. This might be due to the differences in resistance of gold and ITO. No notable increase in
current density occurred, which could be attributed to the different electrode or the smaller surface
area.
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Figure 24: CA graph of different deposition times of PbO; on top of IBC contacts (NiO/Gold) at 1.5V vs Ag/AgCl.

During the PbO, deposition the patterned deposition area changed from gold to a dark brown colour
(Figure 25 a+b). In the SEM image it can also be seen that a small grained film was formed on top of
the contact (Figure 25e).
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Y

(PEA),Pbl,

Figure 25: Optical and SEM images of NiO,/gold contact (a), PbO, on top of NiO,/gold contact (b+e), converted (PEA),Pbl,
film (c+f), under illumination of 405 nm light (d), zoom of centre area of 2D film (g) and of cross-section of a similar sample

(h).

After the electrodeposition step, the patterned film was converted to 2D perovskite with CVD. The
brown area turned yellow (Figure 25c) and showed green luminescence during illumination with a 405
nm lamp (Figure 25d). Figure 25f+g show that the formed 2D perovskite has some different
morphologies than the converted bulk samples in Figure 19. It can be seen that the growth has been
confined on top of the contact area (Figure 25f). However, there are multiple clusters of grains growing
on top of or next to each other. Furthermore a large height difference within the sample been observed
and some gaps between the different clusters of grains can be observed (Figure 25g). The cross
sectional SEM (Figure 25h) shows height differences and some vertical features of the film. This looks
similar to the Stranski-Krastanov growth mode mentioned before in Figure 20c.
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Figure 26: X-ray diffractogram of patterned NiO,/Au contacts with (A) PbO; deposited film and (B) converted (PEA);Pbl,
films.

The formation of PbO; after electrodeposition was also indicated by XRD measurements, the peaks at
25.5, 32.1, and 49.2 indicate presence of the B-phase of PbO, (Figure 26A). After CVD conversion a
(002) peak and its repetitions can be seen, which suggests (PEA),Pbls formation (Figure 26B). Similar
to the bulk samples, the peak at 520 nm in the UV-VIS absorption spectrum after the conversion can
be attributed to (PEA),Pbl, and in the PL spectrum the peak at 525 nm is characteristic for (PEA),Pbl,
2D perovskite emission (Figure 27).%2
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Figure 27: UV-VIS absorption and PL (normalized) spectra of converted bulk sample. Dashed lines show reference absorption
of (PEA),Pblsat ~520 nm.52

Optical images of different parts of the patterned 2D perovskite (Figure 28a+c) are shown alongside
their respective PL emission maps (b+d). It can be seen that the perovskite film follows the shape of
the contacts underneath. Some areas in Figure 28b+c are higher in intensity, which might come from
the deviations in film thickness and therefore could be generating more photons upon excitation.
Some damage to the films can also be seen in both the optical image and the PL map. These are likely
to be coming from the handling of the sample after the production process.
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Figure 28: Optical image with a PL map of 2D perovskite on top of the patterned NiO,/gold contact area. PL intensity is
shown in the legends on the right side of the image. CCD counts were plotted for a wavelength of 525 nm.

When thickness of the films was measured with a profilometer very large differences in thickness were
found. The base of the measured areas of this IBC sample was close to 1.6 microns. However, spikes
occurred to heights of 2 microns over a measured area of 400 microns in length. This could occur due
to formation of other structures or due to the gaps in between the grain clusters. The average film
thickness is shown in Table 2 and similar to the bulk samples this increased up to a factor 12 when
compared to the thicknesses of the PbO; films.
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Table 2: Thicknesses of PbO, films before and after conversion to 2D perovskite based on different
electrodeposition times.

Deposition Time (s) Film thickness after EC (nm) Film Thickness after CVD (nm)
60 528 Not converted

30 268 Not measured

10 128 1590

5 73 600-900

3 35 500-700

2 18 450-600

Based on the optical, SEM, XRD, UV-VIS and PL data it has been shown that patterned PbO; films could
be electrochemically deposited and subsequently converted into (PEA),Pbl, with CVD. The 2D
perovskite remained confined on the electrode areas and did not form on top of the quartz substrate.
Therefore the final fabrication step in this research could be performed, the formation of the 2D/3D
heterojunction.

3.4 2D/3D fabrication

In this section the fabrication and characterization of the 2D/3D heterojunction is discussed. This will
be divided in three subsections based on the methods used. Firstly, spin-coating will be discussed,
followed up by a so called ‘stamping’ technique which did not lead to a satisfactory result. Finally, the
successful thermal evaporation of 3D perovskite will be elaborated upon.

3.4.1 Spincoating

Figure 29: optical image of spin-coated 2D/3D structure, circle highlights yellow spot on sample where no 3D perovskite had
formed and underlying 2D layer was still visible.

Spin-coating of a 3D perovskite layer on top of an existing 2D perovskite was explored as a first option
to form the 2D/3D heterojunction. The spin-coating technique is well known for 3D perovskites and
therefore relatively easy to reproduce. Usually when a 2D/3D heterojunction is formed by spin-coating
a 2D layer on top of a 3D perovskite layer two different techniques are used.?® An excess of Pbl, for the
3D precursor can be used during spin-coating. After formation of the 3D perovskite film an organic
spacer, dissolved in a suitable solvent such as isopropanol, is spin-coated on top of this film. The
organic spacer can then react with the excess Pbl, in the 3D perovskite film.2* On the other hand a
standard precursor solution for 2D and 3D perovskites can be used with subsequent spin-coating steps
where the 2D perovskite is deposited on top of the existing 3D perovskite layer.®> However, for
formation of 3D perovskite on top of an already existing 2D perovskite layer this method was not
straightforward. Two problems came up during this synthesis. The first problem involved the precursor

28



solution. The precursor solution that was used for the 3D perovskite consisted of a mixture of DMF
and NMP as solvents. These liquids dissolved the 2D perovskite, which lead to both formation of quasi-
2D perovskite structures during the crystallization phase and disappearance of the 2D perovskite. An
optical image of a film resulting from this process is shown in Figure 29, which shows that a part of the
2D perovskite was not covered by 3D perovskite (encircled area). The rest of the film had a gradient of
black and red colours. Outside of this area no 2D perovskite remained underneath this 3D layer as seen
by observations of the black colour of the sample. To try and decrease the impact of this dissolution
the method was adapted from a static to a dynamic spin-coating process. In this way the contact time
between the solvents and the 2D perovskite was minimized. The second problem was the morphology
of the (PEA),Pblslayer. The large height differences that were discussed in section 3.2 lead to problems,
since some parts of the 2D perovskite where way thicker than others, due to this the 3D crystallization
process was be influenced and therefore no homogeneous film could form. This was confirmed by the
PL measurements, which did not show any emission of 2D perovskite outside of this one small yellow
area. The PL emission maps (figure 30) show mostly 3D perovskite emission, but at certain locations
on the sample a wavelength indicative of n=2 (PEA),Pbls (570 nm) could also be observed. This could
be due to deposition of PEAI precursor during the CVD method. Besides the yellow area no n=1
emission of (PEA),Pbls could be observed, which indicates that the 2D perovskite dissolved during the
spin-coating process. Therefore another technique was investigated.
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Figure 30: Optical image (a) of 3D perovskite spincoated on top of 2D perovskite. PL maps (b-d) of different wavelengths
indicating n = 1 2D perovskite (b), n = 2 2D perovskite (c), and 3D perovskite (d) PL intensity is shown in the legends on the
right side of the image.

3.4.2. Stamping

The stamping method applied in this research was based on the previously mentioned solid in plane
growth (SIG).*® In SIG a 2D layer is spin-coated and subsequently (partially) transferred on top of an
existing 3D perovskite film. Herein, this method was adapted to transfer a 3D perovskite on top of the
existing (PEA),Pbl, layer and will be referred to as stamping. Initially it was tested if a 3D perovskite
was transferable between two different substrates. When the sample was annealed after spin-coating
(such as in a regular perovskite spin-coating procedure) the film appeared to be non-transferable while
applying heat and pressure. However, when a spin-coated film was stamped on top of a cleaned glass
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substrate directly after the spin-coating (i.e. without annealing it first) the perovskite was partially
transferred to said glass substrate (Figure 31e+f). A possible hypothesis for this difference could be
that the perovskite structure is not fully formed before the annealing step, therefore some perovskite
could still be dissolved in remaining solvent. By evaporation of these solvents due to the applied heat
and pressure recrystallization could be induced. This might also be a reason for the partial transfer of
the film. Another possible reason for the partial transfer could be that the pressure wasn’t distributed
evenly across the sample. However, this transfer mechanism wasn’t investigated in further detail.
When it was shown that this method could work it was applied to the 2D perovskite samples.

Figure 31: Stamped perovskite films with pre-annealing of 3D film before stamping (a+b), 3D stamp (a), 2D perovskite after
stamping (b). Stamped perovskite films without pre-annealing the 3D film before stamping (c+d). Stamped 3D perovskite on
clean glass substrate (e+f)

The two different methods for stamping described above where used in the fabrication of the 2D/3D
heterojunction. As shown in Figure 31a+b the 3D film that was annealed for 10 minutes before
stamping only showed transfer of some 2D material onto the 3D film. However when stamping took
place directly after spin coating more of the 2D film got transferred, and almost none remained on the
previous substrate (Figure 31c+d). As shown in the PL maps of Figure 32, the stamped areas show
emission centered at wavelengths of 525, 572 and 780 nm. This indicates that besides the n=1 (525
nm) and 3D perovskite (780 nm), also n=2 2D perovskite (572 nm) is present on the sample. With both
methods mostly the 2D perovskite is transferred towards the 3D and not the other way around. Due
to morpholigical differences in the 2D samples (as shown in section 3.2) not all areas of the 3D
perovskite came into contact with the 2D perovskite films. Therefore only some areas are transferred.
The fact that the 3D perovskite sample without pre-annealing shows more transfer and more
formation of n=2 perovskite could possibly come from the remaining solvent dissolving the 2D
perovskite or the excess PEAI precursor left from CVD. Why no emmission wavelengths of higher
dimensional 2D perovskite (n>2) were observed in the PL measurements is unclear.

30



1.979E4 CCD cts

0CCDects

4451 CCD cts

0 CCDcts
572 nm 780 nm

2.268E4 CCD cts

0CCDcts

Figure 32: Optical image (a) Of 3D perovskite film with 2D perovskite on top (after attempt to stamp 3D perovskite on top of
2D perovskite). PL maps (b-d) of different wavelengths indicating n = 1 2D perovskite (b), n = 2 2D perovskite (c), and 3D
perovskite (d) PL intensity is shown in the legends on the right side of the image.

3.5 Thermal evaporation:

Since it has been shown that neither the spin-coating nor the stamping techniques formed the desired
2D/3D heterojunction another technique was investigated: thermal evaporation of a thin 3D
perovskite layer on top of the existing 2D perovskite. For this step samples were sent to the University
of Cambridge. During their process the 3D perovskite is usually annealed for prolonged time at 135 °C
in order to get the correct crystal structure of FAo7Cso.3Pb(lo.sBro.1)3.8 However, due to the (PEA),Pbl,
layer this annealing step was put on hold. Annealing the sample might result in changes in the
dimensionality of the 2D perovskite material, or it might induce degradation of the material. Four
different kind of samples were created; two reference 3D samples (i.e. one on NiO,/ITO and the other
on quartz with the patterned NiOx/Au contacts). One 2D/3D sample on NiO,/ITO and one 2D/3D
sample on quartz with the patterned NiOy/Au contacts.

3.5.1 3D reference sample on NiO,/ITO:
Visually the deposited 3D perovskite layer looked yellow, which could be caused by the low film
thickness (~50 nm). The peaks at 14.0 and 28.0 indicate the formation of 3D perovskite (Figure 33).
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Figure 33: XRD graphs of as deposited 3D perovskite before and after annealing.

However, in the PL emission spectra the expected peak emission wavelength of 770 nm was not
observed immediately after excitation with the 405 nm laser. Instead, a broad emission wavelength
was observed between 520-640 nm (Figure 34). During prolonged excitation with the 405 nm laser a
red shift of the peak was observed towards ~750 nm together with an increase in intensity. Due to this
peak shift during laser excitation it was believed that the laser locally annealed the sample to form the
correct crystal structure of the 3D perovskite. Therefore the sample was annealed on a hot plate for 2
hours at 100 °C to form this conformation. After the annealing the sample changed from yellow to
light brown. In Figure 34c the time series of the perovskite film after annealing is shown. The emission
initially goes down, but in the final 50 seconds of the measurement it remained stable. The emission
wavelength shifted to the expected value after annealing. The change in intensity is caused by the
different laser intensities used in the measurements. Before annealing a higher laser power was used
and therefore the intensity decreased after annealing.
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Figure 34: PL emission time series of evaporated 3D perovskite film on top of NiO,/ITO (a), zoom of highlighted area in a (b)
and time series after annealing for 2h at 135 C (c).

3.5.2 2D/3D samples on NiO,/ITO

For the bulk samples the PL emission spectra the expected peak of 770 nm was also not observed
immediately after excitation with the 405 nm laser. During prolonged excitation with the 405 nm laser
a red shift of the peak was observed towards ~750 nm together with an increase in intensity. It was
suggested to anneal the 2D/3D samples at 90 °C for 20 minutes, since this annealing temperature was
regularly used by Dr. Borchert after evaporation of 2D perovskites. It was expected that this would
induce the least changes in the 2D perovskite layer. After annealing the colour of the sample changed
from yellow to red, which would indicate a transition from n=1 to n=2. In Figure 35 the peaks at 5.5,
11.0 and its repetitions show the presence of the (PEA),Pbl,; and the peaks at 14 and 28 indicate the
presence of the 3D perovskite layer. The n=2 perovskite peaks were not seen in the XRD, it is unclear
why not.
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Figure 35: XRD graph of bulk sample before (black) and after deposition of 3D layer (red).

During PL measurements three distinct peaks were observed at 520 nm, 575 nm and 745 nm (Figure
36). These wavelengths correspond with n=1, n=2 (PEA),Pbl, and 3D perovskite respectively. The peak
at 575 nm of the n=2 perovskite can explain the colour change from yellow to red. Furthermore, some
areas showed red colour, implying the presence of n=2 2D perovskite, even though no 2D perovskite
was deposited in that area. This could come from PEAI deposited during CVD, that came into contact
with the 3D perovskite and then formed some quasi 2D structure. During the PL time series the
emission wavelength of the 3D perovskite blue-shifted and peak intensity increased over time. In
contrast the n=1 and n=2 peaks decreased in intensity. This could possibly be indicative of energy
transfer from the 2D layer to the 3D layer.®”
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Figure 36: PL emission time series of 2D/3D perovskite on NiO,/ITO substrate.
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3.5.3 Reference 3D perovskite on IBC samples

The IBC samples showed the same yellow colour across the 3D layer. Similar to the 3D bulk sample,
the IBC reference 3D sample showed signs of annealing during laser excitation. In Figure 37 it is shown
that the PL emission of the 3D perovskite on top of the contacts and on top of the quartz substrate
differ significantly, the wavelength on the contacts is centred around 700 and 740 nm, while on top of
the glass substrate the wavelength is centred around 600 nm and the intensity is an order of magnitude
smaller. This indicates that the 3D perovskite has formed differently on different substrates. Although
neither of these higher wavelengths are the expected wavelength of the 3D perovskite, which should
be centered around 770 nm.
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Figure 37: Optical image of 3D perovskite on IBC sample (a) and PL linescan across the contact and quartz substrate (b).

3.5.4 2D/3D perovskite on top of NiOy/Au patterned contacts.

Evaporation of 3D perovskite on top of the patterned 2D perovskite devices lead to a 2D perovskite
layer that was still clearly visible by eye and was contained on the NiO,/Au contacts. The yellow 3D
perovskite could be seen both on top and next to the contacts, optical microscopy images supported
these observations (Figure 38).

X
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Figure 38: Optical images of IBC sample with 3D perovskite on glass (a) and on top of 2D perovskite layer on Au/NiOy
contacts (b).
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Similar to the bulk 2D/3D samples, the XRD graphs (Figure 39) showed peaks of both 2D and 3D
perovskite layers. A gold peak at 38 26 was also observed here. Additionally a small Pbl, peak was seen
at 12.7 26, both before and after annealing.
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Figure 39: XRD graph of 2D/3D heterojunction on quartz substrate with NiOy/Au contacts.

Additionally, when looking at the PL spectrum a similar trend to the bulk 2D/3D sample was observed.
Before annealing, the 3D perovskite layer showed contributions from two different broad peaks, one
located at 580 nm and the other around 700 nm. During a time series this first peak shifted towards
605 nm and the second peak shifted towards 745 nm (Figure 40a). On the 2D deposition area (on top
of the NiO«/Au contact) A sharp peak at 520 nm was observed as well as a broad peak centred around
700 nm which shifted towards 770 nm during laser excitation. In a time series measured on top of the
contact (Figure 40c) it was shown that the peaks at 520 nm and 700 nm went down in intensity over
time, while a new peak at 575 nm formed and the peak at 770 nm began to grow in intensity over time.
Therefore it was assumed that these shifts could be attributed to film annealing during laser excitation,
as was seen before for the other films as well. The same annealing time and temperature as for the
2D/3D bulk sample was used (20 min, 90 °C). In another time series (Figure 40d) the sample showed
similar behaviour as before annealing although the peak at 770 nm could be observed from the start
of the time series measurements. The peak at 770 nm that showed from the start of the time series
indicated that 3D perovskite did form and the shift of the intensities come from funnelling of emission
from the higher to the lower bandgap material (i.e. the 3D perovskite). The formation of a peak at 575
nm indicated once more that n=2 (PEA),Pbl; had formed during the annealing. This might come from
thermally induced intercalation of PEA* into the 3D perovskite film.
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Figure 40: time series 3D perovskite on quartz (a), before and after annealing (b), time series on top of 2D/NiOy/Au contact
area before (c) and after annealing (d).

3.6 Transient PL on 2D/3D heterojunctions

The 2D/3D heterojunctions were used to measure transient photoluminescence (TRPL). First an
evaporated 3D sample was measured in two different spots to find the reference decay time. Then a
2D/3D bulk structure was measured at three different spots, two on top of the heterojunction and one
were only 3D material is present (Figure 41). To compare the two different measurements only the
photoluminescence of the 3D perovskite should be captured by the CCD, therefore a 650 nm longpass
filter was used to filter out any emission from the 2D perovskite.

d Spot 1and 2 b Spot 1 and 2 Spot 3

I I }

3D reference 2D3D heterojunction

Figure 41: illustration of the different TRPL measurement locations of the samples
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The TRPL maps (Figure 42a-d) show the different locations of the samples that have been measured.
For the original decay curves the fitted background values were subtracted and subsequently the decay
trace was divided over the maximum value of the decay trace. The fits are made by fitting the raw data
and then normalizing with the same maximum value of the raw data traces. Therefore the fits do not
start exactly at 1.00. This fit was performed with a double exponential function (eq. 11), where i is 2,
to is the start time of the fit (which is not necessarily 0 during the measurement), A[i], t[i] and Bkgrpec
are fitted parameters.

n-1

yO=) Alilexp(~'

i=0

t
. 0 ) + Bkg:l’ Dec [11]
[1]

The fitted decay traces from these maps are shown in Figure 42e, and the coefficients for each fit are
shown in Figure 42f. Here it can be seen that the PL lifetime increased for spot 1 and 2 of the 2D/3D
heterojunction when compared to the 3D reference sample. From this it is implied that this increase
in lifetime might come from passivation of the 3D perovskite layer by the 2D perovskite underneath,
or from the increased amount of charge carrier from absorption of the 2D perovskite layer and
subsequent transfer of these charge carriers to the lower bandgap 3D perovskite layer.3®> The 3D
perovskite has a limited thickness of 50 nm and the general penetration depth of a 405 nm laser is
higher than that.3>® The third spot of the heterojunction showed lower lifetimes, which could indicate
that 3D perovskite alone is less passivated, however it is not clear if the composition of the material at
that spot was pure 3D perovskite or a mix of PEAI material with 3D perovskite materials. To check if
charge carrier transfer occurs, TRPL measurements with a laser below the bandgap of the 2D and
above the bandgap of the 3D (i.e. A = 640 nm) perovskite could be performed. With this laser the 3D
perovskite can be excited selectively, therefore excluding the possibility of charge carrier generation
in the 2D perovskite and subsequent transfer to the 3D perovskite.
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Figure 42: TRPL data. Emission maps of (a) 3D reference, (b) 2D3D heterojunction spot 1, (c) 2D3D heterojunction spot 2,
and (d) 2D3D heterojunction spot 3. These maps were all made with a 650 nm longpass filter. (e) Normalized TRPL decay
traces and fitted data. (f) lifetimes of the function of eq. 11

In this section it has been shown that a 2D/3D heterojunction was made by evaporation of the 3D
perovskite layer on top of the 2D perovskite. Despite difficulties with creating a clear 2D/3D
heterojunction without formation of n>1 phases, one of these samples showed indication of increased
PL lifetimes when compared to a reference 3D perovskite sample.
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4. Conclusion and Future Outlook

In this research two main aims were formulated. First it was investigated if a 2D/3D heterostructure
can be formed and characterised on an IBC patterned substrate. As a proof of concept PbO, could be
deposited electrochemically on top of a NiO,/ITO substrate. Subsequently these PbO, films could be
converted into (PEA),Pbl; with CVD. Based on the data it was shown that this conversion could take
place, albeit in two steps with Pbl, formation sometimes and low control over the morphology.
Afterwards a 2D/3D heterojunction was formed. Whilst solvent based methods showed that the 2D
layer would dissolve and the solid in-plane growth method did not transfer enough material from one
substrate to the other. In the end it has been shown that a 2D/3D heterojunction was made by
evaporation of the 3D perovskite layer on top of the 2D perovskite. Therefore the knowledge from the
bulk samples could be transferred to the patterned substrates. The 2D perovskite remained confined
on the electrode areas and did not form on top of the quartz substrate. Subsequently the 3D perovskite
could be evaporated on top. Although, this required annealing of the sample which altered the 2D/3D
heterojunction to form an n=2 layer. The second aim was to investigate what influence this 2D
perovskite interlayer had on the charge carrier dynamics of the 3D perovskite. With TRPL these
samples indicated increased PL lifetimes when compared to a reference 3D perovskite sample.
Although it remains unclear whether this is due to passivation.

It would be interesting to do more studies into the role of this 2D perovskite layer as passivation layer,
a way this could be done is to look at the morphology of the 2D perovskite with different techniques
such as AFM. Additionally, optimizing the thickness of the 2D perovskite interlayer would be interesting
to see if an actual interlayer could be made instead of a very thick 2D perovskite layer that acts more
as a barrier for charge transfer and extraction than as a passivation layer. A second way to study the
role of the 2D perovskite as a passivation layer would be to make an IBC substrate with a more intricate
pattern with less space between the two contacts. Therefore it would be possible to do conductivity
studies. Besides looking at passivating effects making perovskites on these intricate patterns could also
be a way to investigate other properties, such as the ability to grow the perovskites in a vertical
orientation instead of horizontal layers. Another way for that would be making an asymmetric device
i.e. changing one of the two electrodes to contain an electron transport layer instead of an hole
transport layer like nickel oxide. Finally, different organic spacer cations could be introduced instead
of phenethyl ammonium that includes a heteroatom besides nitrogen (e.g. sulphur or fluorine). In this
way, when cross-sectional SEM is performed on a 2D/3D device energy-dispersive x-ray spectroscopy
could also be performed to characterize the two different layers. This could help when a very small
interlayer is formed. Furthermore, it would be interesting to study the charge transfer effects in more
detail. As mentioned before in section 3.6 TRPL measurements with a laser below the bandgap of the
2D perovskite and above the bandgap of the 3D perovskite could be performed (i.e. A = 640 nm). With
this laser the 3D perovskite can be excited selectively, therefore excluding the possibility of charge
carrier generation and transfer in the 2D perovskite.

These future studies give an opportunity to gain more insights in the 2D perovskite as a passivation
layer. Additionally, patterning of perovskite layers through the combination of electrodeposition and
vapour deposition could be of great use for other studies when the control over thickness and
morphology is optimized.
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6. Experimental

Sample fabrication
Preparation of NiO,/TCO substrate

A 15 mm x 15 mm piece of tin-doped indium oxide (ITO) on glass was used as a base substrate (unless
mentioned otherwise). These were cleaned with a brush and detergent and sequentially ultra-
sonicated in demineralized water, acetone, isopropanol and dried with nitrogen and then cleaned by
UV/ozone for 30 minutes before use. A 7 nm Ni layer was deposited by electron beam physical vapor
deposition. This Ni layer was subsequently annealed to NiOy in two heating steps. In the first step the
substrate was heated to a temperature of 250 °C with a ramp of 10 °C/min and kept there for 30
minutes. In the second step the temperature was increased to 300 °C with a ramp of 5 °C/min and kept
there for 5 minutes

Electrodeposition of PbO, films on NiO,/ITO

Pb(NOs), powder (1.655 g, 5 mmol) was weighed and transferred to a beaker. Subsequently water (50
mL) was added. The aqueous Pb(NOs) solution (0.1 M) was transferred to an NaOH solution (0.1M) to
increase the pH. All solutions were prepared in water from a Millipore Milli-Q system.
Electrodeposition was performed without stirring at ambient temperature with a Biologic SP-300
potentiostat and a three-electrode arrangement. 15 mm x 15 mm NiO,/ITO glass substrates were
ozone cleaned for 20 minutes and used as the working electrode. The circular active deposition area
being ~0.38 cm?. A circular platinum mesh was used as the counter electrode and an eDAQ ET072
Ag/AgCl electrode as the reference electrode. The deposition time ranged from 1 to 120 s. After the
deposition, the PbO, films were rinsed with Milli-Q water and dried with nitrogen. Depositions were
done potentiostatically at a potential of 1.5 V unless stated otherwise.

Preparation patterned contacts

14 mm x 16 mm pieces of quartz were used as substrates. These substrates were cleaned in the same
way as the ITO substrates (see Preparation of NiO/TCO substrate). A shadow mask with interdigitated
patterns was used for the deposition of the conducting metals. Sequentially 5 nm Ti, 30 nm Au and 7
nm Ni were deposited by electron beam physical vapor deposition. The Ni layer was annealed with the
same heating profile as used for the Ni/ITO substrate. Electrodeposition of PbO, films on NiO./Au
contacts followed the same procedure as the electrodeposition of PbO, films on NiO,/ITO (see
Electrodeposition of PbO2 films on NiOx/ITO). The active deposition area was 13.4 mm?and the
deposition times ranged from 1 to 60 s.

Conversion of PbO,to (PEA).Pbl, (Chemical Vapor Deposition)

The PbO; substrate was placed into a vacuum tube furnace and a ceramic crucible with PEAI powder
was placed on the left of the PbO, substrate. The tube furnace was purged with Ar or N, and
subsequentially brought down to a pressure between 60 and 80 mbar with an Ar or N; flow of 30-35
mL/min. Subsequently the furnace was heated to temperatures ranging between 160 °C to 180 °C for
2 to 24 hours with a two-step heating program to 100 °C with 10 °C/min and to the desired
temperature with 5 °C/min. After cooling the samples were stored in a N> environment.

Precursor solution preparation

A typical 3D perovskite precursor solution of Csg.1sFAg.s2Pbl2.s2Bro.1s was prepared in a 9:1 DMF:NMP
solvent mixture. For preparation of this solution Pbl, (0.662 g), formamidinium iodide (0.189 g), and
cesium bromide (0.052 g) were dissolved in DMF (0.9 mL) and NMP (0.1 mL). This solution was stirred
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overnight to yield a 1.1M precursor solution. Right before spin-coating the precursor solution was
heated to 100 °C for 15 minutes and allowed to cool down to room temperature.

Spin-coating of 3D on top of 2D:

65 uL precursor of Cspi1sFAos2PblasaBrois was spin-coated dynamically on 1TO/glass substrate
containing a layer of (PEA).Pbl. for a total time of 40 s. The first step is 2000 rpm for 10 s with a 200
rom/s ramp, followed up by a step of 5000 rpm for 30 s with a 2000 rpm/s ramp. After 2 s from the
start the 65 L precursor is poured on the substrate. After 15 s from the beginning an N gun is used
for quenching of the perovskite for 15 s with 5 bars pressure at 4-8 cm vertical distance from the
substrate. Afterwards, the sample is immediately placed on the hot-plate at 100 °C for 10 min.

Spin-coating of 3D before stamping:

65 uL of Cso.18FA0.s2Pbl282Bro1s precursor was spin-coated statically on glass substrate with two steps
for a total time of 40 s. The first step is 2000 rpm for 10 s with a 200 rpm/s ramp, followed up by a step
of 5000 rpm for 30 s with a 2000 rpm/s ramp. After 15 s from the beginning the N, gun is used for
qguenching of perovskite for 15 s with 5 bars pressure at 4-8 cm vertical distance from the substrate.
Afterwards, the sample is immediately placed on the hot-plate at 100 °C for 10 min, unless mentioned
otherwise.

Stamping:

After spin-coating the 3D perovskite on a glass substrate the sample was placed on top of a (PEA),Pbl,
sample. On top of these two samples another glass substrate was placed to prevent breaking. This
sample stack was placed underneath a press for 12 hours whilst heating to 100 °C. The samples were
taken apart afterwards and investigated for transfer of perovskite material.

Evaporation:

3D perovskite deposition was performed by Dr. Juliane Borchert at the University of Cambridge,
England, according to a previously published procedure.® This perovskite consists of a double halide
and double cation composition of FAq7Cso3Pb(lo.9Bro.1)s.

Characterization:

For the cyclic voltammetry measurement a Biologic SP-300 potentiostat and a three-electrode
arrangement were used. 15 mm x 15 mm NiOy/ITO glass substrates were ozone cleaned for 20 minutes
and used as the working electrode. The circular active area being ~0.38 cm?. A circular platinum mesh
was used as the counter electrode and an eDAQ ET072 Ag/AgCl electrode as the reference electrode.
The scan rate was 100 mV/s and ran from -2V to +2V vs Ag/AgCl.

X-ray diffraction (XRD) patterns of PbO,, Pbl,, PEA;Pbl; were recorded/obtained using a Bruker D2
Phaser. The setup uses a Cu K4 tube to generate X-rays under variable angle 0 (radiation wavelength =
1.5418 Angstrom). The increment used was 0.02 8 per step with time-steps of 0.1 s in a continuous
PSD scan mode. Peaks at specific positions were characteristic for crystallisation properties of the film.

UV-Vis measurements were performed to obtain steady-state absorption spectra using a Perkin Elmer
LAMBDA 750 spectrophotometer. The spectrophotometer is equipped with a photomultiplier tube
(PMT) and an InGaAs detector an integrating sphere a deuterium lamp and a tungsten lamp, therefore
allowing for a wide range of excitation wavelengths. The excitation wavelengths were measured
between 250 and 860 nm.
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Scanning electron microscopy was performed to analyse surface morphology and film thickness with
a FEl Verios XHR SEM with nm resolution. Thickness was measured by cleaving samples in half to make
cross-sections. Samples were mounted on a stub at a 45 ° angle and were tilted another 45 ° to make
cross-sectional images. SEM was operated with a voltage of 5-10 kV and a current of 100 pA unless
mentioned otherwise

Profilometer measurements were performed with a KLA Tencor Stylus Profiler P7 to analyse layer
thickness. Deposited PbO; films and converted PEA,Pbl, films were scratched with sharp tweezers. A
calibrated needle then moved along the film surface and measured the height difference next to and
on the scratched area. Applied scan speed ranged from 20 — 50 um/s and the applied force ranged
from 0.5 to 2 mg.

Steady-state photoluminescence measurements were performed WITec alpha300 RS confocal imaging
microscope system with a 20x magnification, air objective (Zeiss EC Epiplan 9903). The samples were
excited with a continuous-wave laser of with a wavelength of 405 nm (Thorlabs S1FC405). The
reflection was collected in reflection mode with a WITec UHTS spectrometer with a 600 g/mm grating.
The laser light was filtered out during measurements with a 488 nm long pass filter.

Transient PL imaging was done using a home-build time-resolved single photon counting set-up
including a 485 nm laser (PicoQuant LDH-D-C-485). The spatial mapping is performed by focusing the
laser on the sample via a Nikon 60x water immersion objective (PlanAPO VC 60x A/1.2 WI) and the
maps were collected with a piezo stage (PI-P-733.3CL). The luminescence was collected with a silicon-
single photon avalanche detector (Micro Photon Devices, MPD-5CTD) and the set-up is controlled by
a PicoQuant HydraHarp 400 event timer.
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