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Abstract

The excellent optoelectronic properties and the band gap tunability combined with ease
of fabrication make perovskites the most promising materials for producing high effi-
ciency solar cells, light emitting diode, laser, photodetector and radiation detectors. 3D
perovskites, present a strong ions migrations and an easy moisture degradation that make
them no ready for industrial use. 2D perovskites show a better resistance to moisture,
but they are less efficient materials compared to 3D. 2D/3D perovskites could be the
best compromise between 3D and 2D perovskite in order to achieve high optoelectronic
performance. 2D /3D perovskite structure combines the stability and high resistance to
moisture of 2D perovskites with good optical and charge carrier transport properties of
3D perovskites.

The aim of this work is to find the best process to fabricate 2D/3D MAPbBr; per-
ovskites structure and to verify if the construction of a thin 2D perovskite layer on the
3D surface has passivated the surface defects and has improved the charge transport in
3D perovskite. The study on fabrication process of 2D /3D perovskites was performed at
Neel Institute (CNRS), Grenoble (France). It consisted on verifying through optical and
SEM microscope image, absorbance, PL. and XRD measurements the formation of 2D
perovskite layer on surface MAPbBr3 thin films after being treated with three different
2D perovskite solutions (PEA+Toluene, PEA+IPA and PEABr+IPA) for three diverse
reaction time (30”7, 3" and 10’). The study on the charge transport and defect states
was carried out at the Department of Physics and Astronomy (DIFA) of University of
Bologna (Italy). It consisted on performing I-V and PICTS measurements on pristine
and treated with PEA+Toluene thin films for 15”, 1" and 10’ and single crystals for 15"
and 1’. The times of treatment were chosen for such samples in order to study a case in
which the treatment does not form a 2D perovskite and a case in which it forms with
one or two layers of 2D perovskite. Current voltage characteristics and photocurrent
analyses allowed for a detailed investigation of charge transport phenomena in 2D /3D
perovskites.
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Introduction

Hybrid Perovskites are a class of semiconducting materials which have proven to be ex-
cellent active layers for optoelectronic devices like solar cells, light emitting diode, laser,
photodetector and the radiation detectors. The 3D hybrid perovskites have high absorp-
tion coefficient, moderate mobility, long carrier diffusion length, direct and tunable band
gap with simply halogen substitution and easy and low-cost process of fabrication, which
make promising for many optoelectronic devices. However, these excellent properties are
hindered by issues that make them no still ready for industrial use. The 3D perovskites
are highly reactive to water and oxygen molecules in the atmosphere, leading to device
instability and long term degradation under real operational conditions. The ion migra-
tion under external stimuli like light and applied voltage is another source of instability
which leads to decrease of device performance. 2D perovskites, due to high resistance
to moisture and the substantially suppression of ions migration, were intensively studied
for replacing 3D perovskite. However, the strong quantum confinement at high num-
ber of layers, make them less efficient materials for fabricating optoelectronic devices.
2D /3D perovskites have been recently studied as the best compromise between 3D and
2D perovskite in order to achieve high optoelectronic performance. 2D /3D perovskite
structure combines the stability and high resistance to moisture of 2D perovskites with
good optical and charge carrier transport properties of 3D perovskites. The aim of this
work is to find the best process to fabricate 2D /3D MAPbBr; perovskites structure and
to verify if the construction of a thin 2D perovskite layer on the 3D surface has passi-
vated the surface defects and has improved the charge transport in 3D perovskite. The
study on fabrication of 2D/3D perovskites was performed at Neel Institute (CNRS),
Grenoble (France) and consisted on characterize MAPbBrj thin films after being treated
with PEA+Toluene, PEA+IPA, PEABr+IPA for a time of reaction equal to 30 second
(30”), 3 minute (3’) and 10 minute (10") through optical microscope and S.E.M image,
absorbance, PLL and XRD measurements. The analysis on the charge transport and
defect states was carried out at the Department of Physics and Astronomy (DIFA) of
University of Bologna (Italy) and consisted on performing I-V and PICTS measurements
on thin films and single crystals treated with PEA+Toluene respectively for 15”7, 1" and
10" and for 15” and 1’. This thesis is structured in three chapters:

Chapter 1 gives an overview of the structural and optoelectronic properties of 3D, 2D and
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Chapter 2

Chapter 3

2D/3D perovskites. The defects, which hinder the performance of 3D perovskite,
are described. A general description of main application of hybrid perovskites is
presented.

describes the synthesis of MAPbBr3 thin films, the growth of MAPbBr; single
crystals and the fabrication of 2D/3D MAPDBr;. It illustrates the experimental
techniques (UV-Vis Spectroscopy, Florescence Spectroscopy, XRD, GIXRD) which
allowed to verify the formation of 2D perovskite after being treated the 3D surface
of thin films with a 2D perovskite solution and the method used to study the charge
transport and the defect states (I-V and PICTS measurements) of thin films and
single crystals treated with PEA+Toluene.

describes the experimental results which have lead to select the best process to
fabricate the 2D/3D MAPDBr3 perovskite structure. The experimental analysis
performed to characterize the defects states and charge transport of thin films and
single crystals after being treated with PEA+Toluene is also described.



Chapter 1

Properties of Hybrid Perovskites
and Applications

This chapter gives an overview of the structural and optoelectronic properties of 3D,
2D and 2D/3D perovskites and describes the defects present in 3D perovskites. The
main optoelectronic applications of hybrid perovskites are illustrated at the end of this
chapter.

1.1 Structural Properties

1.1.1 3D Perovskite

The 3D perovskites are a class of materials with chemical formula ABXj3, where A is a
monovalent cation, B a divalent metallic cation, and X a halogen monovalent anion. The
3D perovskites with the A-site occupied by a small monovalent organic cation such as
methylammonium ([CH3NH;]", MA™) or formamidinium ([CH(NHsz)s] ™, FA™) are called
hybrid perovskites because of their organic-inorganic nature, whereas those with Cs* in A
site are said inorganic perovskites. The divalent metallic cation B is usually lead (Pb**)
or tin (Sn?") whereas the halogen monovalent anion X is iodide (I7), bromide (Br™),
chloride (C17). The 3D perovskites with A= MA™, B=Pb?" and X=I", Cl~ are usually
called lead halide perovskites. The cubic crystal structure of 3D perovskite is shown in
Figl.la-b. The A is at the corner of the unit cell, B at center and X at the face center.
In such crystal structure, the B atom is sixfold coordinated with the X atoms, creating
a BXg octahedron that is interconnected via all corners to form a three-dimensional
perovskite network (Fig.1.1a-b). In the perovskite structure the size of cation A must
have a small size. Large dimension tilt the MXg octahedra or contract the lattice and
leads to a modification of band gap. The cation at the B site influences the optoelectronic
properties and the stability of perovskite. Usually the lead is preferred to tin as B site



Figure 1.1: 3D Perovskite: a) Crystal Structure b) Unit Cell.

because tin, although it is less toxic, does not guarantee the high optoelectronic properties
and good stability of lead. The halogen X is the part of perovskite structure which allows
to tuning the band gap and optical absorption by simply substitution of halide. Moreover
the halogen X, due to its higher electronegativity, enhances the ionicity of perovskite.
The charge neutrality of hybrid perovskites is expressed as ATB?*(X7)3; where AT is
balanced with BX37. The stability of perovskite crystal is described by the Goldschmidt
tolerance factor t which is a dimensional value calculated by the following formula:

po (ratrx) (1.1)

\/E(TB +rx)

where 14, rp and rx are the ionic radii of A, B and X sites. The perovskites usually have
a t value in the range 0.75-1 [5]. In table 1.1 the ionic radii value of A, B and X site are
reported.

AT ry (A) | B> g (A) | X= | rx (A)
Methylammonium: [CH3NH3|* | 2.17 | Pb*" | 1.19 | CI- | 1.81
Formamidinium: [HC(NHy),]* | 2.53 | Sn** | 1.10 | Br~ | 1.96

Cs™ 1.67 I~ 2.20

Table 1.1: Tonic radii (ry4, rg, and ry) of monovalent A site cation (A™), divalent B-site
cation (B*"), and monovalent X-site anion (X~) in ABXj3 halide perovskites [5]. The
values are calculated by Kieslich and Shannon [2] [3].

The three-dimensional lead halide perovskites exhibit three temperature dependent
phases of the crystal structure which are classified as: i) a phase (cubic), ii) S phase
(tetragonal), iii) v phase (orthorhombic). Fig.2.2 shows cubic structure (o« phase) and
formation of the tetragonal (f) and orthorhombic () phases by the octahedral tilting of
the a. The tetragonal and orthorhombic phase are non cubic structures characterized by
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Figure 1.2: Cubic structure (« phase) and formation of the tetragonal (5) and orthorhom-
bic () phases by the octahedral tilting of the («) phase crystal. The a, b, and ¢ indicate
the axis directions. From Ref[5].

a three-dimensional network of corner-sharing octahedra. In the S phase, only one tilting
angle is different from zero, whereas all the tilting angles are non-zero in v phase. In the
B phase, PbX4 octahedra are rotated only along the c-axis, while in v the octahedra are
tilted in all directions. The MAPDbI; has three phase: the a phase at high temperature
(T>327 K), 8 phase at room temperature and « phase at low temperature (T<162 K)[5].
The MAPDbBr3 has o phase between 330K and 240K. The phase transition from « to
B phase occurs around at 240K, whereas from § to v at 130K[5]. The MAPbLCI; has
a until 177 K where there is phase transition from « phase to §. At 170K MAPbCly
changes phase from S to 7 [4].

1.1.2 2D and 3D/2D Perovskite

The 2D perovskites consist of single (or multiple) inorganic sheets located between or-
ganic spacers held together by Coulombic forces. 2D perovskites have the general formula
RoA,, 1B, X35,41, where R is an additional bulky organic cation that acts as a spacer be-
tween the inorganic sheets (Fig.1.3) and n defines the number of inorganic layers held
together. On the contrary 3D, the layered structure of 2D perovskite allows to relaxes



Figure 1.3: 2D perovskite structure with different number of perovskite layers (n).

Adapted from Ref.[6].

the limit on dimension of A cation and to accommodate the bulky R cations between the
inorganic sheets. This allows to have a wide choice of organic cation and to design it to
have properties suited to a specific optoelectronic application. When n=1, ‘pure-2D’ per-
ovskite, the bulky organic cations isolate single layers of the inorganic framework (figure
1.3). When n>1 a multi-layered structure, ‘quasi-2D’ perovskite, forms and a small or-
ganic cation (A) adds to crystal structure. At n=o00 ‘quasi-2D’ perovskite converges into
3D structure. Usually the phenylethylammonium (PEA™) and butylammonium(BA™)
are employed as bulky R cations in 2D perovskites with n=1. For example the PEA;Pbly
and BA,Pbl, are the currently studied 2D perovskite with n=1 for many optoelectronic
devices [6]. To synthesised ‘quasi-2D’ perovskites with n>1, the MA™ is used as small
organic cation. For example mixing PEA™ and BA™ with MA™ the ’quasi-2D’ perovskite
PEAsMA,,_1Pb,I3,11 and BAoMA,,_1Pb, 13,1 are obtained. Because of the hydropho-
bic nature of R cation, highly oriented structure and dense packing, which reduces the
density of grain boundaries and prevents direct contact of water, the 2D perovskites re-
sult more stable than 3D. However the narrow absorption in visible range, due to strong
quantum confinement at high value of n, limits their use in some optoelectronic devices
like solar cells. The 2D/3D perovskites are obtained by combining the 2D perovskite
with 3D. The aim of this approach is to combining the superior stability of 2D with the
high efficiency of 3D maintaining the structural integrity of the 2D phases. The 2D /3D
structure are usually obtained by reaction of 3D surface with a 2D perovskite solution
so that a 2D perovskite with one or more layers forms upon 3D. Fig.1.4a-b) shows the
2D /3D perovskite formed after the treatment of 3D perovskite with a 2D perovskite
solution. Example of 2D/3D structure are 2D BA;MA,,_1Pb,I3,.1/3D MAPbDI;, 2D
(BA)oPbly/ 3D MAPbDI;.



Figure 1.4: a) schematic representation of thin films treated with 2D solution to form
2D/3D stacked structure b) 2D/3D structure. Adapted from Ref.[17].

1.2 Optoelectronic properties

1.2.1 Band structure

3D hybrid perovskites are three dimensional semiconductors and can be described with an
electronic band structure, where the valence band (VB) maximum and the conduction
band (CB) minimum are separated by an energy gap Eg. The band structure of a
semiconductor can form either a direct or indirect band-gap. In the direct case, the
VB maximum and the CB minimum occur at the same point in the Brillouin zone.
Experimental data and density functional theory (DFT) calculations determined that
the lead halide perovskites are direct band-gap semiconductors[5]. There has been some
evidence of a slightly indirect gap in lead halide perovskites, possibly induced by Rashba-
splitting of the bands [6][5]. The band structure of lead halide perovskites is dictated
by the Pb-X lattice, where an antibonding hybrid orbital between the s orbitals of Pb
and p orbitals of X compose the VB maximum, while the CB minimum is formed by
a non-bonding hybrid state between the p orbitals of Pb and the p orbitals of X. As a
consequence to that, the band-gap of the material can be tuned by changing the halide
composition, from lead iodide perovskites with band-gap around 1.6 eV to wider gaps
around 2.4 eV in lead bromides and 3 eV in lead chlorides, covering the whole visible
range. Fig.1.5 shows the band structure of MAPbCl;, MAPbBr3 and MAPbI;. From
these band structure we can see that the energy band gap is at R points and is equal to
3.11 eV, 2.22 eV and 1.51 eV respectively for MAPbCls, MAPbBrs and MAPbI;.

DFT calculation and experimental measures have shown that 2D perovskites are direct
gap materials. The peculiar characteristics of 2D perovskites is that that the energetic
alignment of band edges change with the number of layers. The energy of the valence
band (VB) maximum increases with a decrease in dimensionality from n =1 to n = oo
and the energy of the conduction band (CB) minimum increases in parallel with the
VB edge. This means that 2D perovskites with low number of layers have large band
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gap, whereas those with large number of layers have narrow band gap. As example,
Fig.2.1 shows the electronic band structure of 2D perovskites (BA)o(MA),,_1Pb,Is,11
with n=1, 3, 4. The energy band gap is 1.99 eV for n=1 , 1.78 ¢V for n=3 and 0.99 for
n=4 [12]. The electronic band structure of 2D /3D perovskites is still matter of study.
Recently some research groups have been shown that the electronic band structure of
2D /3D perovskites preserve the characteristic of that 2D and 3D [6][17][10].

Figure 1.5: Electronic Band Structure of MAPbX3 where X=Cl, Br and I. From Ref [8].

Figure 1.6: Electronic Band Structure of 2D perovskites (BA)y(MA),_1Pb,Is,.1 with
n=1, 3, 4. From Ref [12].

1.2.2 Charge Transport Properties

3D perovskites are characterized by moderate mobility (14-217 cm? V~1s™! for holes and
25-190 ecm? V~!s7! in single crystals MAPbBr3[22]), long diffusion length (> 1uml5])
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and higher resistivity (108-10° Qcm([5]) which make them interesting materials for many
optoelectronic applications. However the main characteristic of 3D perovskites is that
ions move under external stimuli like light or applied voltage. The ions migration is
a temperature dependent process and it is caused principally by native point defects
such as iodine vacancy in MAPbI3 or bromine vacancy in MAPbBr;. lons migration
causes the hysteresis in current density-voltage (J-V) characteristics of 3D perovskite
solar cells which limits their performance and their stability[5][23][9]. As example, the
room temperature J-V characteristics in the dark of MAPbI3-based the solar cell in
Fig.1.7 show the hysteresis which is due to ions migration under applied voltage[9].

Figure 1.7: J-V characteristics of the MAPbIs-based perovskite solar cells in dark and
under 1 sun illumination as a function of the initial applied voltage. From Ref [9].

The conductivity in 3D perovskite consists of charge and ionic conductivity and
depends exponentially on the temperature. At low temperature, ions are fixed and the
ionic conductivity is very low while when the temperature increases, the ions began to
migrate and contribute to the conductivity[19]. The parameter which quantifies the
rate of ions migration is the ion migration activation energy E, and it can be derived
from the temperature-dependent electrical conductivity (o) using the Nernst-Einstein

relation[9][19][24]: 5
o= () -5) i

where o0y is a constant, k, and T are respectively the Boltzmann constant and the absolute
temperature. Lower value of E, means that ions can migrate easily in the lattice giving
a important contribution to charge transport. High value of E, instead means that ions
migration is hampered and electrons or holes contribute principally to transport. Fig.1.8
the conductivity of the perovskite film measured in the dark is plotted versus 1/T in the

12



Nernst-FEinstein formalism. Two conduction regimes are clearly observed: ionic conduc-
tion regime at high temperature and electronic conduction regime at low temperature.

Figure 1.8: Conductivity of the metal halide perovskites as a function of the temperature.
From Ref [9].

The change from ionic to electronic conduction is found at 263 K. This temperature value
is often reported in literature for 3D MAPbI3 or MAPbBr3[9][18][19]. The activation en-
ergies reported for 3D perovskite are typically between 0.2-0.8 eV. This means that ion
migration is much more active in 3D perovskites and that a relevant ionic contribution
to charge transport is expected. The poor stability under real operative conditions of
3D perovskite is main due to this higher ions migration and represents the main issues
which make 3D perovskite based devices non still ready for industrial use. The 2D per-
ovskites exhibit higher activation energy and a substantially suppressed ion migration
compared to 3D[10]. This explains the long-term stability compared to 3D perovskites.
However the 2D perovskites show low conductivity compared to 3D[6] which limit their
use in some optoelectronic applications like solar cells or photodetectors[6]. The effect on
hampering the ions migration by introducing a thin layer of 2D perovskite (n=1) upon
3D surface to form a 2D /3D perovskites is still matter of study. Recent studies have
shown that 2D /3D perovskites are characterized by higher ions migration activation and
a major stability than 3D perovskite[18][19]. Moreover it was demonstrated by some
research groups that 2D /3D perovskites have higher conductivity compared to 2D and
closed to that 3D [7][18][19].

1.2.3 Optical Absorption

When light impinges on a semiconductor with thickness d (figurel.9a), it gets absorbed
and the intensity exponentially decreases as it goes through the material. The relation-
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ship between the intensity of impinging light I and the intensity I of light passed through
the semiconductor (transmitted light) can be expressed through the Beer-Lambert’s law:

I(d) = Ipe®™? (1.3)

where a()\) is the wavelength-dependent absorption coefficient. When the photon, that
impinges on the semiconductor, has energy equal or higher than the energy band gap
E¢ of material an electron can be promoted from the VB to the CB leaving a hole in
the VB. In direct band gap semiconductor, the VB and CB are aligned, and the electron
can be directly excited from VB to CD without change of wavevector K (figure 1.9b). In
indirect band gap semiconductor, the VB and CB are not aligned, and the promotion
of electron from VB to CB involve the interactions of photon and phonons in order to
overcome the distance between conduction and valence bands in K space(Fig.1.9c). This
process which involves three particles (photon, phonon and electrons) is slow and less
efficient than that in direct band gap semiconductor. For this reason the direct band
gap semiconductors are materials widely used in optoelectronic devices (solar cells, LED,
laser).

Figure 1.9: a) Light transmitted through a semiconductors of thickness d b-¢) Photon
absorption in direct (left) and indirect (right) bandgap semiconductor.

3D perovskites are direct gap semiconductor which exhibit high absorption coefficient
(a ~ 105 cm™!) in the visible-ultraviolet (UV) region. Fig.1.10 summarizes the « spec-
tra of methylammonium lead iodide (MAPDI3), formamidinium lead iodide (FAPbI;),
methylammonium lead bromide MAPbBr3, CsFAPb(I; _,Br,)s and FAMA (Sn,Pb)I; with
x=0.0, 0.2 and 0.4. High absorption coefficient is fundamental property for perovskite
solar cells and photodetectors because the spin coating process does not allow to fabri-
cate thinner absorber making difficult the photogeneration and the collection of carriers.
The 2D perovskites are characterized by absorption spectra which depends on the num-
ber of layers. As an example, the Fig.1.11a shows the absorption spectra of 'quasi-2D
perovskite’ BAsMA,,_1Pb,I3,,1 with n=1, 2, 3, 4 and n=o0c. The 2D perovskites with
n< 3, because of strong quantum confinement, have narrow absorption with one or more
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peaks and large band gap [6]. The perovskites with n> 3 have instead a large absorption
in UV visible with one peak and narrow band gap. The absorbance spectra converge to
that of 3D perovskite at n=occ. The absorption spectra of 2D /3D perovskite is combi-
nation of 3D and 2D perovskite absorption spectra. As an example, Fig.1.11b shows the
absorption spectra 2D /3D perovskite (2D BA;MA,,_1Pb,I5,11/3D MAPDI;3) measured
through UV-Vis spectroscopy. The 3D perovskite absorbance peak is slightly reduced
after introduction of 2D layer, and peaks of 2D perovskite with n=2,3,4 are present
together to that of 3D perovskite.

Figure 1.10: « spectra of various hybrid perovskites (MAPbI3, FAPbl;, MAPbBr;,
CsFAPDb(I;_,Br,); and FAMA (Sn,Pb)I; determined by spectroscopic ellipsometry. From
Ref.[5]

Figure 1.11: a) Absorption spectra of 'quasi-2D’ BA;MA,,_1Pb,,I3,,1 perovskites deter-
mined by UV-Vis spectroscopy. The value of band gap are also listed. From Ref.[6] b)
Absorption spectra 2D /3D perovskite (2D BA;MA,,_1Pb,I3,.1/3D MAPbI3) by UV-Vis
spectroscopy. From Ref[11].
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1.2.4 Photoluminescence

Photoluminescence (PL) is a physical process in which light is emitted from a material
after the absorption of photons. In semiconductors, this process is observed only in those
with direct bandgap, since the emission of photon in indirect band gap is less probable
due to non aligned VB and CB. The emission of light from a direct gap semiconductor
can be explained considering the band diagram in Fig.1.12. When light with energy equal
or higher than energy band gap of the material impinges on a semiconductor, electrons
and holes are generated in CB and VB (figurel.12a) which rapidly fall to conduction
band bottom and valence band top by thermalization, typically within the timescale of
picoseconds. The radiative recombination of electron and holes leads to light emission
(PL) (figurel.12b).

Figure 1.12: schematic illustration for photoexcitation (optical absorption) and emission
(PL) in direct gap semiconductor.

The 3D perovskites are characterized by PL spectral shape with broad linewidth
(~100meV for MAPbDI3[5]) and by PL emission that changes with halogen substitution
as shown Fig.1.13a. MAPbDbI3, MAPbBr3, and MAPbCI3 have respectively PL energy
peak at 1.6 eV, 2.3 eV and 3.2eV [5]. All this materials display strong room temperature
PL as shown in Fig.1.13b. The halogen substitution(I— Br—Cl) shifts the band gap
energy to the higher energy side, which covers from the near-UV to the near-infrared
spectral region. The top of Fig.1.13a shows PL spectra of MAPbI3, MAPbBr3, and
MAPDBCI; thin films (dotted curves) and single crystals (solid curves). The different
PL spectral shape between thin films and single crystals is attributable to the photon
reabsorption effect. The 3D perovskite are materials which do not show Stokes shift.
As an example, the lower panel of graph in Fig.1.13a shows that there is no difference
between the positions of the band maxima of the absorption and emission spectra. The
2D perovskites are characterized by PL spectral shape with narrow bandwidth and by
PL emission that depends on the number of layers (n). As an example, Fig.1.14a shows
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the room temperature PL spectra of 'quasi 2D perovskite’ BAsMA,,_1Pb,I3,,1 with
n=1,2,3,4 and n=o00. The PL energy peak decreases with increasing of n value from
n=1 to n=c0. This behaviour is due to strong quantum confinement at high value
of n. The 2D/3D perovskites are characterized by a PL spectra which comprise the
emission of 2D and 3D perovskite. As an example, Fig.1.14b reports the PL spectra
of spectra 2D /3D perovskite (2D BAsMA,,_1Pb,I3,.1/3D MAPbDI;) measured through
steady state fluorescence spectroscopy. The 3D perovskite PL curve is the same of 3D
after the introduction of 2D perovskite, and 2D perovskite PL peak with n=3 and n=4
is present together to that of 3D perovskite.

Figure 1.13: (a) PL spectra of MAPbl;, MAPbBr3, and MAPDbCI; thin films (dotted
curves) and single crystals (solid curves). Optical absorption spectra are also plotted in
the lower panel. (b) Photographs of MAPbI3, MAPbBr3, and MAPbCI; single crystals.
From Ref.[5].

Figure 1.14: a) PL spectra of ’quasi-2D’ BA;MA,,_1Pb, 13,1 perovskites. From Ref.[12]
b) PL spectra 2D/3D perovskite (2D BAyMA,,_1Pb,I5,.1/3D MAPbDI3). From Ref[11].
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1.2.5 Excitons

Excitons are quasi-particles resulting from the Coulomb interaction between an electron
and hole pair. The exciton is regarded as an elementary excitation of condensed matter
which can transport energy without transporting net electric charge. The value of the
exciton binding energy E, is particularly relevant for both photodetectors and solar cells
because determine the energy necessary to dissociate it and to create free charge carri-
ers. In inorganic semiconductors, the exciton binding energy is low enough (few meV)
to allow the separation of the pair quite immediately with the absorption of light, thus
creating free charge carriers at room temperature. These excitons are called Wannier
exciton and are characterized by a low binding energy and wavefunction strongly delo-
calized. For this reason such quasi-particles are also called a free excitons. In organic
semiconductors, the light does not create immediately free charges, because excitons have
binding energy(of order of several eV) much larger than the thermal energy(~25 meV).
These excitons are called Frenkel excitons and characterized by a large binding energy
and wavefunction strongly localized at a specific atom or molecule. 3D perovskites are
hybrid materials (both organic and inorganic) and although their excitation binding en-
ergy lies in a regime intermediate between tightly bound organic Frenkel exciton and the
loosely bound inorganic Wannier one, the majority of excitations in perovskite materials
are free carriers like in low-gap inorganic semiconductors [7]. Values for E, for halide
perovskite reported in literature are comprised between 2 meV and 60 meV, with lower
values for lead iodide perovskites compared to lead bromides[7]. Unlike 3D perovskite
stable excitons form in 2D perovskites at room temperature, with large exciton binding
energies up to hundreds of meVI[6]. The large binding energies are due to the mismatch
between the dielectric constants of the organic and inorganic layers and the low dielectric
screening from the organic sheets. The exciton binding energy progressively decreases
with increasing n, that is, on going from a pure 2D to a fully 3D perovskite structure[6].
In 2D /3D perovskites, due to mixed structure, excitons of the same type as 3D and 2D
perovskites are formed[6][10].

Several research groups have demonstrated that the peak presents in both absorp-
tion and PL spectra can be attributed to absorption of exciton states and to exciton
recombination[7][8]. Fig.1.15 reports the experimental measured absorbance and PL
spectra of MAPbBr3 fitted using Elliott formula and line shape analysis which reveal as
the peak in absorbance an PL spectra are due to exciton absorption and recombination,
rather than the band-to-band transition.
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Figure 1.15: Absorption and photoluminescence spectra of MAPbBr; films with line-
shape analysis. a) Absorption spectrum with Elliott theory fitting. b) Photolumines-
cence (PL) spectrum with line-shape analysis. The red lines through the experimen-
tal data (blue symbols, indicating the obtained continuous-wave PL, named PL-CW
in the legend) represent the best fit. The single PL components are also highlighted
for free/localized excitons (EX/ EX oc in the legend, indicated by the light-orange-
shadowed areas) and for free carriers (FC in the legend, indicated by the dark-orange-
shadowed area). The contribution of the single components to the total PL area results
to be 66% (25%) for free (localized) excitons, and less than 9% for free carriers. From

).

1.3 Defects

Defects in semiconductors can be categorized as crystallographic defects and impurities.
Crystallographic defects are interruptions to an otherwise perfect crystal lattice and
can be classified in point defects such as atomic vacancies, interstitials and anti-site
substitutions (atoms occupying the wrong site in lattice) and higher dimensional defects
such as grain boundaries, dislocations and precipitates. Defects introduce electronic
states within the forbidden gap of the semiconductor. The activation energy (E,) is
defined as the energy difference between the defect state and the corresponding band.
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The capture cross section o quantifies the ease with which a defect level capture a mobile
carrier. Typically, defect states are classified as shallow and deep. The shallow defects
are close to the band edges (either conduction band or valence band) and have low
activation energy and capture cross section. When a shallow defect capture a charge
carrier (electron or hole), this will be easily remitted back to the nearest energy band
due to thermal excitation. The shallow traps act as a trap and not recombination center.
Deep defects are positioned deeper in the band gap and have higher activation energy and
large capture cross section. When a carriers is captured by deep defect, it will recombine
non radiatively emitting of a phonon. The non-radiative recombination process is one of
important loss mechanism in solar cells. Fig.1.17 describes the schematic representation
of the ideal tetragonal perovskite crystal lattice with AMXj3 formula and defects present
in it. In the following two sections the point defects and grain boundaries in metal halide
perovskite are described.

Figure 1.16: schematic representation of an ideal perovskite lattice with AMX3 formula
and the possible defects in it (green, black and blue dots represent the A-, M- and X-site;
Red and grey dots represent the impurities). From Ref. [13].

1.3.1 Point defects in 3D Perovskite

The point defects in halide perovskite can be interstitial (I), vacancy (V) or substitutional
defects. These are ionic defects which are not static, but they move in response to
external stimuli such as voltage or light. In MAPDI;3, the possible types of defects are
vacancies Vyra, Vpp and Vi, interstitials MA;, Pb;, and I; and anti-site MApy,, Pbya,
MA/, Ips4 and Ipy. The energy levels associated with the ionic point defects in MAPDI;
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are shown in Fig.1.17 where shallow traps are indicated by grey and deep traps indicated
by orange colour. The interstitials (Pb;, I;, Ip;4) and anti-site (Pby, 1p,) defects are
positioned at the deep electronic levels resulting in non-radiative recombination. Defects
like I; or MA;, with relatively low formation energy, form shallow levels. A similar
behaviour is found for the bromide perovskite.

— Shallow = Deep Pb?— inter-plane bridging Pb; - in-plane bridging
21-(b) . R = = CBM|
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g —
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Figure 1.17: Energy levels associated with the defect states corresponding to neutral and
charged vacancies (Vpy, Vi, Vara), neutral and charged interstitials (Pb;, I;, MA;), and
neutral and charged states associated with anti-sites (Pb; and Ipp). From Ref.[13].

1.3.2 Grain Boundaries in 3D Perovskite

Grain boundaries (GBs) are defined as an interface that separates grains with different
crystal orientations and they are regions in which dangling bonds, impurities or point
defects can bond. GBs are planar defects or 2D defects in the crystal structure and
they introduce a defect states within the forbidden gap of semiconductors. The local
electronic states formed by grain boundaries are strictly dependent on their distinctive
crystallography and chemical bondings. Fig.1.18 shows the typical top view of poly-
crystalline perovskite thin film. The grain size of 3D perovskites polycrystalline thin
films varies between several tenths of nanometers to millimeters depending on process-
ing conditions such as temperature, a solution concentration, processing environment,
posttreatment, and additive incorporation. The interior of grain boundary is known to
be less influenced by such factors. Many studies have been performed on the effect of
GBs on charge transport and their influence on the device performance. Up to date,
two distant results and conclusions have raised: (i) GBs play a benign role, promote
charge separation and collection compared with grain interiors (GIs) and enhance the
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Figure 1.18: schematic of a typical top view of perovskite thin film illustrating different
grains and grain boundaries. From Ref.[5].

overall charge transport (ii) GBs play a detrimental role, promote the non-radiative re-
combination and lower density of GBs are preferred to enhance charges transport. For
example, in polycrystalline silicon, GBs are known to trap the majority carriers and to
create mid-gap states within a bandgap that promote non-radiative recombination. The
role that the grain boundaries play on charge transport in 3D perovskite is still matter
of study. Experimental and theoretical results have shown that iodide vacancies can
accumulate or be trapped at GBs. However it is not clear if GBs promote or not the ions
movement within the crystal structure. Some research group have experimentally shown
that number and density of grain boundaries influence the ions activation energy|[21]. In
particular these studies have proven that ion migration in polycrystalline MAPbBr; is
reduced in the case of large grains. Other groups, through Kelvin probe force microscopy
(KPFM) have demonstrated that charge potential barrier, like that depicted Fig.1.19,
exists across the GBs in polycrystalline thin films and it could hamper the ions migration
and enhance the charges transport at GBs. Depending on the polarity of ionic species,
the barriers can be either positive (downward band bending) or negative (upward band
bending).

Negative potential barrier Positive potential barrier

GB
i 2
eAVgg 1
E U E
....... R

Ey !
Grain A \'/ Grain B Grain A Grain B
(a) (b)

Figure 1.19: schematics of the electronic band diagram in the vicinity of GBs for (a) a
negative and (b) a positive potential barrier. Defect states (arbitrary) at the GB are
indicated by a sequence of small dashes. AVgp and w denote potential barrier height
and barrier width respectively. From Ref.[5].
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1.4 Applications

High absorption coefficient, moderate mobility, long carrier diffusion length, direct and
tunable band gap with simply halogen substitution and easy and low-cost process of fabri-
cation make 3D perovskite the most promising materials for fabricating high efficiency so-
lar cells. The performance of 3D perovskites solar cells (3D PSCs) has grown at incredible
rate, reaching nowadays a value of power conversion efficiency (PCE) (> 26%) which is al-
most comparable to those of commercially available solar cells technologies[27](Figl.20).
However 3D PSCs are not still ready for photovoltaic market because of some issues that
limit their stability under real operative conditions. There are two main problems which
affect the stability of 3D PSCs. The first is that 3D perovskites are more reactive to
water and oxygen molecules in the atmosphere, leading to device instability and long
term degradation when operated in air. The second is that ions move inside the lattice
when the 3D PCSs is illuminated by sunlight leading to not only a degradation of PCS,
but also to modification of device behaviour, contributing to the anomalous hysteresis
observed in the current-voltage characteristics.
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Figure 1.20: Chart of the highest confirmed conversion efficiencies for research cells for
a range of photovoltaic technologies, plotted from 1976 to the present. From [27]

Recently the 2D perovskites, due to higher resistance moisture and substantially sup-
pressed ions migration, have been considered as suitable candidate for PSCs. However
the performance of 2D perovskite solar cells is still poor compared to 3D. This is mainly
ascribable to strong quantum confinement at high number of layers which lead to broad
band gap and so to low absorption in visible range. Combining low-dimensional per-
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ovskites with 3D perovskites in layered 2D /3D composites has been proposed recently
as the best strategy to overcome the PSC stability issues. The aim of this approach is
to combine the high efficiency of 3D perovskites with the superior stability of 2D per-
ovskites while maintaining the structural integrity of the two phases. The stability test
have shown that this configuration has the same resistance to moisture of 2D perovskites,
but compared to those the PCE do not depends strictly on the number of layers and is
closed to 3D one(20%)[6][17][28][29]. As example, the group [28] have reported that the
PCE of 2D/3D perovskite MAPbI3/(PEA)sPbyly is 19.19% and that this value remains
stable for 14 days at room temperature with 50% of humidity. Due to outstanding opto-
electronic properties, the 3D perovskites have proven to be excellent active layers also in
light emitting diodes, photodetectors, lasers, and radiations detectors. However the per-
formance of these devices are limited by the same issues described for solar cells. Recently
2D /3D perovskites have been employed as active layer in X-ray detectors showing better
performance compared to 3D one. For example, it was reported by a research group that
MAPDBr3 bases X-ray detectors show better stability and higher X-ray response after
being treated with PEABr to form 2D /3D structure [18].
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Chapter 2

Materials and Experimental
Techniques

The first part of this chapter describes the synthesis of MAPbBrs polycrystalline thin
films, the growth of MAPbBr; single crystals and the fabrication of 2D/3D MAPbBr;.
Then the experimental techniques (UV-Vis Spectroscopy, Florescence Spectroscopy, XRD,
GIXRD), used to verify the formation of 2D perovskite after treating the 3D per-
ovskite surface with one of 2D perovskite solutions (PEA+Toluene, PEA+IPA and
PEABr+IPA), are presented. This entirely part was carried at Neel Institute (CNRS),
Grenoble (France), under the supervision of Dr.Thibault Lemercier. In the last part,
the experimental methods (I-V, PICTS) used to study the charges transport and the
defect states MAPbBr3 polycrystalline thin films and single crystals after being treated
with PEA+Toluene, are illustrated. This work was done entirely at the Department of
Physics and Astronomy (DIFA) of University of Bologna(Italy).

2.1 Synthesis of 3D Perovskites

2.1.1 MAPDBBr; Thin Films

The polycrystalline thin films (THFSs) were obtained by spin-coating technique. A so-
lution of 1.2 mol/L of MAPbBrs in DMSO (Dimethyl sulfoxide-CAS 67-68-5)-GBL
(Gamma-Butyrolactone-CAS 96-48-0) in ratio 4:1 v, was spin-coated onto the clean glass
substrate using as anti-solvent chlorobenzene. Fig.2.1 shows a THF obtained thorough
this technique.
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Figure 2.1: Image of a MAPbBr3 thin film.

2.1.2 MAPDBr; Single Crystals

The experimental set-up, used for the growth of single crystals, is shown in Fig.2.2.

Figure 2.2: a) Set-up b) Vial containing MAPbBrj; solution in DMF ¢) Heat plate used
to single crystal growth. In zoom the MAPbBr3 seeds placed on silicon wafer. d) Spiral
growth for single crystal.

The starting point for crystal growth was a vial containing a concentration of 1 mol/L
of MAPbBr3 in DMF. The temperature inside it was setted at 57.3 °C and monitored
through a temperature controller. At exact 57.3 °C, 3.5 ml of MAPbBr3 in DMF was
taken out using a micropipette and poured onto a vial containing the seed of MAPbBr;
and placed on heat plate at 65.5 °C. The temperature of solution and heat plate were
chosen in order to avoid formation of small crystals while the solution is poured on the
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vial. The last step for growing single crystals consists on temperature ramp procedure.
Through lab view interface a spiral growth was selected and starting from 65.5 °C the
temperature of heat plate was brought at 85.5 °C in 20 hour through an exponential
growth (Fig.2.2d). The small seeds of MAPbBr3, used for growth, were obtained by a
solution containing 1.1 mol/L of MAPbBr3 in DMF and it was checked they do not have
internal strain in order to guarantee an efficient crystal growth. Each seeds were glued
using a CAF4 silicon glue on a silicon wafer(Fig.2.2d) in order to have a uniform well
shaped single crystals.

Figure 2.3: Passarelli treatment steps.

The seed of grown crystals was mechanically removed and the surface of each sam-
ples was cleaned through Passarelli treatment. This consists of four steps (Fig.2.3) in
each of which the volume concentration of DMF is progressively reduced. Each single
crystals are immersed for 10 second in a bath of DCM(Dichloromethane- CAS-75-09-2)-
DMF (Dimethyl sulfoxide-CAS 67-68-5) and dried with Argon flow at pressure of 2 bar
before to be put on the following. In Fig.2.4 a single crystal(SC), obtained though the
procedure described before, is shown.

Figure 2.4: Image of a MAPDbBr3 single crystal.
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2.2 Fabrication of 2D /3D Perovskites

In first part of this section, the synthesis of 2D ligand PEABr and the solvents and
2D ligands, used to prepare the 2D perovskites solutions, are described. This part was
carried at Neel Institute under the supervision of Dr.Julien Zaccaro. In the last part the
procedure for the fabrication of 2D /3D perovskites are illustrated.

2.2.1 Synthesis of 2D Perovskite Solutions

To synthesize the PEABr, PEA(Phenethylamine-CAS 64-04-0) and HBr (Hydrobromic
acid-CAS 233-109-9) react in a volumetric flask according to the reaction PEA+HBr —
PEA™ + Br~. The volumetric flask was immersed in ice within a becker and the over-
all system (Fig.2.5a) was located on a magnetic stir plate, which helps to mix the two
solutions. In this work 10 ml of PEA and 11.25 ml of HBr were used to form 16 g of
powder of PEABr. Moreover during the procedure of solution mixing, it was added in
sequence 0.5 mL of HBr until a basic solution of PEABr was obtained. The PH of final
powder of PEABr was equal to 9 and it purity was estimated to be 100%. The powder
obtained was dried by a rotavapor (Fig.2.5b) which was brought from a pressure of 240
mbar to 25 mbar in order to remove all residual water drops. Finally diethyl-ether (CAS
60297) was added and successively removed for four time in order to dry completely the
powder.

Figure 2.5: a) System used to produce the powder of PEABr b) Buchi Rotavapor used
to dry it.

The 2D perovskite solutions used in this work to fabricate 2D/3D perovskites, are
PEA+Toluene(PT), PEA+IPA(PI), PEABr+IPA(PBI) (2D ligand+solvent). This kind
of 2D perovskite solutions were chosen because of polar crystal structure of 3D MAPbHBr;.
All solutions were prepared inside a glove box in order to avoid environmental contam-
ination. In table the values of PEA (Phenethylamine-CAS 64-04-0), PEABr, Toluene
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(CAS-108-88-3), IPA (Isopropanol-CAS 67-63-0) used to prepare 20 ml of PT, PI and
PBI solution are reported.

2D Perovskite solution | Concentration | 2D Ligand Solvent
PEA+Toluene(PT) 0.1 v% 0.02 mL PEA | 19.98 mL Toluene
PEA+IPA(PI) 0.1 v% 0.02 mL PEA | 19.98 mL IPA
PEABr+IPA(PBI) 1.6 mg/mL | 0.04 g PEABr | 18.96 mL IPA

Table 2.1: 2D ligands and solvents used to prepare 20 ml of PT, PI and PBI solution.

2.2.2 Fabrication of 2D/3D MAPbDbBTr;

The fabrication of 2D /3D perovskites comprises a sequence of steps which are illustrated
in Fig.2.6 and can be listed as:

15 step: A 3D MAPDbBr; sample is immersed in a 5 mL of one of 2D perovskite solutions
for a given time;

2" step: The sample is dipped in a few mL of toluene in order to remove the excess of
treatment solution;

37 step: The sample is immersed for 5 minute in a solution containing 40 mL of Toluene;

4™ step: The sample is dried for 10 minute in hot plate at 100 °C.

Figure 2.6: Steps for fabrication the 2D /3D perovskites.

In the first part of this work, in order to find the best treatment to fabricate the
2D/3D perovskites, only THFs were treated with one of the 2D perovskite solutions for
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a time of reaction equal to 30 second (30”), 3 minute (3') and 10 minute (10”). In the
last part, to study the charges transport and defect states of 2D/3D perovskites with
[-V and PICTS measurements, THFs and SCs were treated only with PT. The time of
reaction was chosen equal to 15 second(15”), 1 minute (1’) and 10 minute (10") for THFs,
whereas for SCs 15 second(15”), 1 minute (1’). The list of treated samples studied in
this work are reported in the table 2.2.

Name Type Treatment time
THF_PT_15" | THF | PEA+Toluene | 15 sec
THF_PT_30” | THF | PEA+Toluene | 30 sec

THF_PT_.1" | THF | PEA+Toluene | 1 min
THF_PT_3 THF | PEA+Toluene | 3 min
THF_PT_10’ | THF | PEA+Toluene | 10 min
THF_PI_30” | THF PEA-+IPA 30 sec
THF_ P13 THF PEA-+IPA 3 min
THF_PI_10’ | THF PEA-+IPA 10 min
THF_PBI_30” | THF | PEABr-+IPA | 30 sec
THF_PBI.3 | THF | PEABr+IPA | 3 min
THF_PBI_10” | THF | PEABr—+IPA | 10 min
SC_PT_15" SC | PEA+Toluene | 15 sec
SC_PT_1 SC | PEA+Toluene | 1 min

Table 2.2: Samples treated with 2D perovskite solutions and analysed in this work.

2.3 Electrodes Deposition

In order to perform I-V and PICTS measurements, chromium electrodes were evaporated
on surface of THFs and SCs treated with PT. As drawn in figure 2.7a the contacts
geometry for SCs is top-bottom with top (30 nm) less ticker than bottom (90 nm),
whereas for THF is coplanar and the thickness is 30 nm (Fig.2.7b). The electrodes were
evaporated at speed of 0.1 nm/s, pressure of 107® mbar and temperature 100°C.
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Figure 2.7: a) Top-Bottom electrode geometry for single crystal b) Co-planar electrode
geometry for polycrystalline thin films.

2.4 UV-Vis Spectroscopy

In this thesis work, absorbance measurements were performed on THFs pristine and
on THFs treated with one of the 2D perovskite solutions for a given time. To acquire
absorbance spectra it was used a PerkinElmer Lambda 900 UV /VIS/NIR Spectrometer,
which work principle is illustrated in Fig.2.8a. In Fig.2.8b the sample holder with an
aperture of 3 mm used to perform absorbance measurements is shown together with the
relationship between absorbance, incident and transmitted beam.

Figure 2.8: a) schematic diagram of UV-Vis spectroscopy system b) Sample holder used
to perform absorbance measurements and relationship between absorbance, incident and
transmitted beam.

In this work the absorbance spectra were acquired scanning wavelengths from 250 to

800 nm. This range was chosen because MAPbBr; and 2D perovskite have a maximum
of absorbance respectively at the wavelength of around 500 nm and 400 nm.
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2.5 Fluorescence Spectroscopy

The Photoluminescence (PL) spectra in steady state of THFs and SCs pristine and
treated were acquired using the fluorometer Horiba Fluorolog-QM which is shown in
Fig.2.9a.

Figure 2.9: a) Horiba Fluorolog b-c) polycrystalline thin films and single crystals position
with respect to impinging light and detector.

In this work, the fluorescence measurements of THF pristine and THF treated with
one of the 2D perovskite solutions for a given time were performed placing a given
sample inside a holder at 60° with respect to the incident light as shown in Fig.2.9b.
The emission spectra of each sample, after being excited at wavelength of 360 nm, was
recorded at wavelengths from 390 to 700 nm. The emission spectra was acquired in this
range because the MAPbBr; and 2D perovskite have an emission spectrum respectively
between 500 and 600 nm and between 400-450 nm. The emission slits were chosen of
2 mm aperture in order to increase the number of photons collected from the sample.
The fluorescence measurements of SC pristine and SC treated with PT for 15” and 1,
were performed placing a given sample upon two 10.00 mm quartz glass cuvette at 30°
with respect to incident light exactly as shown in Fig.2.9c. This was done, because
the quartz glass background has less influence on the acquired PL spectra compared to
sample holder used to THFs. The emission spectra of SCs were acquired in the same
spectral range and with the same excitation wavelength used for THFs. The aperture
of emission slit was chosen equal to 4 mm in order to maximize the number of detected
photons.

2.6 X-Ray Diffraction and Grazing Incidence X-ray
Diffraction

The crystal structure of THFs pristine and THFs treated with one of the 2D solutions
for a given time, and SCs, pristine and treated with PT for 15” and 1’, was determined
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through X-Ray diffraction (XRD) measurements using Bruker AXS D8 Advance diffrac-
tometer shown in Fig.2.10a.

Figure 2.10: a) Bruker AXS D8 Advance used for XRD measurement b) Bragg-Brentano
Geometry ¢) Bruker AXS D8 Discovery used for GIXRD measurement.

This diffractometer is equipped with a monochromator and it has Bragg-Bretano
geometry as that shown in Fig.2.10b, which allows to have, compared to other geometries,
high signal/noise ratio and high resolution of detected beam. In this work the X-rays,
generated in the x-ray tube, before to impinges onto a given samples, are filtered by
the monochromator at wavelength of CuK, equal to 1.5418 A. The X-ray diffracted
beams were collected while the sample rotated at angle 20 between 0° to 60°. The
indexes of lattice plane of a given sample was determined using DIFFRAC.EVA software
which allowed to compare the intensity peak detected at given angle with that reported
in Crystallographic Open Database(COD). The COD 1545320 and 2224096 were used
respectively for identifying the MAPbBrs and 2D perovskite diffraction peaks. In order
to investigated the 2D crystal structure formed on the surface of 3D perovskite after the
treatment, Grazing Incidence X-ray Diffraction (GIXRD) measurements were performed
on THFs and SCs treated with PT respectively for 15”7, 1, 10" and for 15", 1’. The
GIXRD measurements were acquired at incidence angle of 1° using the Bruker AXS D8
Discovery diffractometer shown in Fig.2.10b.

2.7 Current-Voltage Characterization
The optoelectronic characterization of THF's, pristine and treated with PT for 15”, 1" and

10/, and SCs, pristine and treated with PT for 15", 1/, was performed by acquiring in air
and in vacuum the Current-Voltage (I-V) characteristics in dark and light. Moreover in
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order to assess the ions contribution to electrical conductivity in such samples I-V mea-
surements at different temperatures in vacuum were performed. All I-V characteristics
were acquired using the experimental set-up shown in Fig.2.11.

Figure 2.11: schematic representation of the experimental set-up for I-V measurements.
a-b) Thin Film and Single Crystals placed on cold finger of cryostat.

In such experimental apparatus a given sample is mounted on the cold finger at the
bottom of Janis VPF-800 cryostat. Two copper clamps are screwed on the electrical cop-
per pads which bring electrical signal, through gold narrow wire, to chromium electrodes
of THFs and to top electrode of single crystals. Two wires are soldered to the clamps
and bring the electrical signal to BNC output at the top of the cryostat. In the case of
THF's the contact on left is connected to the core of BNC whereas that in the right to
shield of BNC. Instead in the SCs case the top contact is connected to BNC, whereas the
bottom to shield of BNC. The KEITHLEY 2401 Source Measure Unit (SMU), connected
to BNC output, measures a given current when a voltage is given by LabView software.
In this work the I-V measurements were performed in a voltage range from -20V to 20
V. To acquire I-V in light, a given sample was illuminated by a LED with wavelength
(475nm) above the band gap of the sample through a glass windows found at bottom of
cryostat where the sample is placed. To turn on the LED during the I-V measurements,
the GW Instek MFG-2110 function generator was used. This provides a square wave
voltage signal to LED at frequency of 1MHz. To perform I-V at different temperatures,
a given samples was put in vacuum through a rotary vacuum pump connected to the top
of cryostat. This, which pumps around 10~ mbar vacuum, simultaneously guarantees
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a good thermal isolation from environment and avoids condensation when, at low tem-
perature, liquid nitrogen (Nj3) is poured inside the cryostat. In this work the I-V were
acquired in a temperature range from 330K to 240K in order to avoid phase transition
of 3D crystal lattice.

2.8 Photoinduced Current Transient Spectroscopy

In this work photoinduced current transient spectroscopy (PICTS) was used as technique
to characterize defects of THFs and SCs pristine and treated with PT respectively for 15”,
1’, 10" and for 15”, 1’. In the following the working principle of PICTS and experimental
set-up are presented.

2.8.1 Working Principle*

PICTS is an experimental technique which consists on measuring photocurrent tran-
sients as function of temperature. Compared to golden standard techniques for defects
characterization, like DLTS (Deep-level transient spectroscopy), it does not require the
construction of schottky or p-n junctions to extract the defect parameter such as ac-
tivation energy and capture cross section. The fact that PICTS is not a capacitance
based technique, make it particular suitable for high resistivity materials like hybrid per-
ovskites, which was studied in this work, because for those materials it is experimental
challenging build a schottky or p-n junctions. PICTS, like DLTS, is a rate-windows
technique and in its classical picture consider only static shallow defect states like that
depicted in Fig.2.12a-b. The PICTS experimental strategy for characterization of defect
levels comprises a sequence of steps which are illustrated in Fig.2.12 a-c. First, starting
from dark condition where the current is zero, a given device is illuminated under a
fixed voltage through its transparent electrode with a near monochromatic light pulse
of duration t, and photon energy hv >E, where E, is the band gap energy of materials
(Fig.2.12a). In presence of volume of photogenerated, the defect levels present in the
materials capture some of the photocarriers (Fig.2.12a). For a sufficient long t,, a steady
state is reached under illumination, with a constant photocurrent traversing the devices
and a constant density of charge carriers populating the defect levels (Fig.2.12a-c). Once
the light pulse ends, mobile carriers quickly recombine or drift out the device, leading to
a rapid drop in overall current (Fig.2.12c). However, carriers populating the defect levels
are thermally re-emitted into the respective bands at much slower rate thereby resulting
in a long-lived current tails (Fig.2.12c in zoom). The current flowing through the device
after the light pulse terminates provides a window on which it is possible determine the
defects parameters. The current, which is thermally re-emitted from a defect, has an

*This section is entirely based on article [14] and [15]
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Figure 2.12: a) Defect-level filling during illumination in PICTS experiment. 1i,,, o,
E, refer to photocurrent, capture cross section and energy depth of a electronic defect
level. b) Defect level emptying after the termination of a light pulse. ipr; and e, are
defect-level emptying current and emission rate. c¢) Ideal Photocurrent transient t, is
the duration of light pulse.

exponential behaviour and it can be expressed by the following equation:

1 t
ipr; = €AE [, T,n — exp (——) (2.1)
T T

where e is the elementary electron charge, A is the device area, E is electric field that
collects the current, u, and 7, are the electron mobility and life-time, n; is the density
of occupied traps at any instant, 7 is the decay rate of the current and depends on
temperature. 7 is linked to emission rate e, of the defect level through the following
Arrhenius equations:

% = e, = ov,N,exp <— /5%) (2.2)
where ¢ is the capture cross section of defect level, v,, is average thermal velocity of free
electrons, N, is the effective density of states in the conduction band, E, is the activation
energy, which is the energy difference between the defect state and the conduction band,
k, is Boltzmann constant, T is absolute temperature. In the previous equation, the
thermal velocity v,, of free electrons and the effective density of state N, in the conduction
band can be write in function of temperature as:

Uy = /3kT/m* (2.3)

2mm* kT ) 3/2

N, = 2M, (T

(2.4)
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where m*, M., h are electron effective mass, the number of conduction band minima
and Planck constant. Substituting the equations 2.3 and 2.4 in equation 2.2, we find the

following equation:
2

ln<f—n> =0 + kf% (2.5)

where v = 2v/3M,(27)*3k*>m*h~3 is a constant.

The equation 2.5 is fundamental for defect characterization. Indeed plotting the exper-
imental data of the emission rate as In(7?/e,) vs 1/T (Arrhenius plot) a straight line
is found from which through a linear fit, using the equation 2.5, the activation energy
E, and capture cross section o of a defect states are calculated as slope and intercept.
In PICTS analysis to characterized the defect state it is important to determine the
straight line of Arrhenius plot, called trap signature, rather than E, and o because it
allows to classified the kind of defect state and compare it with trap signature reported
in literature. To build the Arrhenius plot the emission rate as function of temperature
must be determined. To do so, a double gate rate windows method is used for PICTS
analysis. It consists on choosing two instant times t; and t,, as in figure 2.12¢, called
gate, which defines a rate widows of duration t;-to. The PICTS signal for a given rate
window is defined as current at time t; and ts, calculated in function of temperature:
Ai(T)=i(t1,T)-i(t2,T). The PICTS spectra is found by plotting such PICTS signal as
function of temperature. A generic PICTS (Fig.2.13) spectrum presents a peaks for
each distinct defect levels, which are parametrized with respect to the rate windows e*
represented in figure with colour bar. The i-th peak of such spectrum is maximum at
a given temperature T,, at which the associated defect level has an emission rate equal
to the rate window: e(T,,) = e*. By tracking the position of a given peak for different
rate window values, the emission rate of the corresponding defect level as a function of
temperature e(T) is determined allowing to build the Arrhenius plot.

Figure 2.13: PICTS map example. P1 and P2 peaks corresponds to two distinct defect
levels.

The PICTS physical model described above considers only the case of static defects of an
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electronic nature which is not the case of samples studied in this work. To characterize
the defects of MAPbBrj it is necessary to adapt PICTS model to the case of ionic defects
which move in response to external stimuli such as voltage or light. In the following,
the PICTS model, which, keeping the same backbone of classical PICTS to analysed
the data, allows to interpreter the PICTS photocurrent transients in term of ions migra-
tions, is illustrated. The band structure diagram of MAPbBr3 can be represented as the
metal-perovskite heterojunctions.

Figure 2.14: (a—c) Photocurrent model to describe transient photocurrent in MAPbBr;3
where ions dominate the charge transport. E, . is vacuum level energy, ¢ is work function,
Wp is the depletion layer, Er is Fermi Energy, Ey 5 and Esp are conduction and valence
band edges. (d) Experimental photocurrent transient at room temperature.

In dark and at zero bias (figure 2.14a) the valence (VB) and conduction (CB) bands
bend downward due to accumulation of fixed positive charges (ions) at metal-perovskite
interfaces. This downward band bending causes a negative space charged region (scR)
at perovskite-metal electrode interface. When a negative voltage it is applied, as in the
case of samples treated in this work, holes and positive ions move towards the semi-
transparent negative contact, whereas electrons and ions towards the positive one. After
applying a negative voltage (figure 2.14b), only elementary charge (holes and electrons)
are collected at negative or positive electrode, whereas ions accumulated at perovskite-
metal interfaces enlarging the band bending. When above band gap photons impinging
on perovskite-metal interfaces (Fig.2.14c) induced electron-holes pairs are created in few
hundred nanometres inside the perovskite layer. Due to the downward band bending,
photogenerated electrons initially are not collected at positive electrode, but they are
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confined at negative electrode interface where they get trapped by the fixed positive
ions. The negative charge of this localized electrons is screened by holes attracted by
external circuit to negative contact. This movements of holes toward positive electrode
gives rise to reverse current spike (RCS). Subsequently the photogenerated electrons are
able to compensate and neutralize the fixed ions. This allows to flatten the band so that
they can move towards the positive electrode. But also the ions, when the light is turn,
can move toward the negative electrode and modifying the band bending. At given time,
the light it is turn off and the electron trapped by ions are thermally realized. This give
us a window to characterized the defects as in PICTS classical model. This de-trapped
electrons recombine with holes that move in opposite direction. This movement of holes
yields to arise again a RCS signals. Now the mobile positive ions are no more neutralized
and they go back to the downward banding condition. Due to this local change of band,
the mobile ions can return back as at initial condition (dark and no applied voltage).
To summarize, under negative bias, the light, generating the photoinduced carriers, in-
duce a change in band banding and the ions can migrated. When light it is turn off,
the ions turn back to their initial position, recovering the starting band configuration.
Fig.2.14d the photocurrent transient in the case of ions migration is shown. Compare
photocurrent signal of classical PICTS model(Fig.2.13c) this photocurrent signal shows
a asymmetry in rise and fall time of photocurrent which it is typical of signal due to slow
particles(ions).

2.8.2 Experimental Set-up

The experimental set-up used to perform PICTS measurements is shown in Fig.2.15. As
in set-up for I-V measurements, a given sample is mounted on the cold finger at the bot-
tom of Janis VPF-800 cryostat. Two copper clamps are screwed on the electrical copper
pads which bring electrical signal, through gold narrow wire, to chromium electrodes of
polycrystalline thin films and to top electrode of single crystals. Two wires are soldered
to the clamps and bring the electrical signal to BNC output at the top of the cryostat.
In the case of THFs the contact on left is connected to the core of BNC whereas that
in the right to shield of BNC. Instead in the SCs case the top contact is connected to
BNC, whereas the bottom to shield og BNC. A Femento DLPCA-200 current amplifier
is connected to BNC output. This allows to bias the sample with a voltage equal to
-5V and to amplify the output current. For THFs in order to enhance the noise-signal
ratio of the photocurrent, the current amplifier was set in low noise range (L) with a
transimpedance gain of 10® and it was considered all bandwidth (FBW). For SCs, the
same configuration for current amplifier was chosen, but with a gain of 10%. The output
signal of current amplifier is connected through BNC cable with National Instrument
PCI-6013 digital acquisition board (DAQ) mounted inside a PC. The LabView PICTS
softwer connected to DAQ allows to set the parameter for acquisition data. A LED
with wavelength (475nm) above the band gap of the sample was used to illuminate the
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Figure 2.15: schematic representation of the experimental set-up for PICTS measure-
ments. a-b) Thin Film and Single Crystals placed on cold finger of cryostat c¢) Picture
of PICTS set-up.

sample through a glass windows found at bottom of cryostat where the sample is placed.
A GW Instek MFG-2110 function generator provides a square wave voltage signal to
LED, turning it on and off with configurable frequency and duty cycle. The frequency
was equal to 300 Hz for THFs whereas 0.2 Hz for SCs. A square wave reference signal
with same frequency is sent to the DAQ as trigger. The light intensity of LED was 3
mW /cm?. The photocurrent transients for both THFs and SCs were acquired in a tem-
perature range from 330K to 240K in order to avoid phase transition of 3D MAPDHBr;
crystal lattice. To perform such measurements the sample was put in vacuum using a
rotary vacuum pump connected to the top of cryostat. This, which pumps around 10~*
mbar vacuum, simultaneously guarantee a good thermal isolation from environments and
avoids condensation when, at low temperature, liquid nitrogen (N3) is poured inside the
cryostat.
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Chapter 3

Experimental Results

In the first part of this chapter, the characteristics of MAPbBr3 polycrystalline thin films
and single crystals are presented. In the second part, the analysis, which was conducted
to verify the formation of 2D /3D structure after treating the polycrystalline thin films
with one of the 2D perovskite solutions for a given time of reaction, is illustrated. This
activity was carried out at Neel Institute (CNRS), Grenoble, France. In the last part,
the analysis, performed on the charges transport and defect states of polycrystalline
thin films and single crystals after being treated with PEA+Toluene, is presented. This
activity was done at the Department of Physics and Astronomy (DIFA) of University of
Bologna.

3.1 Characterization of 3D Perovskites

3.1.1 MAPDBBr; Thin Films

The surface morphology of MAPbBr3 THFs was analysed through the acquisition of
optical microscope and S.E.M images (opt and S.E.M micrographs)*. The opt and S.E.M
micrographs of a THF studied in this work are shown in Fig.3.1. The opt micrograph
presents the typical rings of THFs obtained through spin coating techniques which use
as anti-solvent the chlorobenzene. The S.E.M micrograph shows the grain boundaries
of THF and a morphology which resembles that of THFs obtained by spin coating
techniques. To determine at which wavelength A, the THF absorbs photons, absorbance
measurements were performed. Fig.3.2 shows the absorbance spectrum of a THF studied
in this work, and from which it was possible to estimate roughly A, equal to 520 nm.
To determine the exactly Ags, the optical band gap was determined by plotting (a*E)?
against the photon energy (Fig.3.3). The x-axis intersection point of the linear fit of such

*In this work Nikon Eclipse Lv 100 ND optical microscope and Zeiss Gemini S.E.M ultraplus were
used.
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plot, allowed to determine the optical band gap E,, equal to 2.30 eV and A5 equal to
537 nm. The y axis of such graph was calculated in the following way. First from the
absorbance measurement the absorption coefficient, using the Beer-Lambert law, was
calculated as:

(In(10) x A)

a="—7"—" (3.1)

where A is the absorbance and t is the thickness of THF equal to 300 nm. Then this
value was multiplied by the photon energy E and elevated to a coefficient v that in case of
direct gap semiconductor is equal to 2 [16]. Fig.3.4 shows the PL spectrum, normalized
to one, from which the energy band gap E, was determined as PL peak. E; value found
is equal to (2.304£0.01)eV and it is almost compatible with that reported in literature for
MAPbBrs THFs [5]. The THFs studied in this work shows a value of E,,; closed to E,.
This is ascribable to low exciton binding energy in MAPbBr3 which allows to created free
charges, after the photon absorption, which recombine emitting a photon with the same
wavelength of absorbed one[7]. The XRD spectrum, shown in Fig.3.5, corresponds to
the one cubic crystalline structure of MAPbBr3 reported in literature [5]. In particular,
from XRD measurements it was possible to detect not only the lattice plane indexes of
cube face ((100), (200), (300)) but also the diagonal ((110), (210), (220)) of cubic crystal
unit. The detection of diagonal lattice indexes give the orientation of single crystals
which THF is made and which are tilted with respect to substrate.

(a) optical microscope image (b) S.EM

Figure 3.1: a) Optical microscope image b) S.E.M image of THF.
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Figure 3.2: Absorbance spectrum of MAPbBrs THF.

Figure 3.3: Determination of optical band gap of MAPbBr3
THEF.

Figure 3.4: PL spectrum of MAPbBrg THF.
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Figure 3.5: XRD spectrum of MAPbBr; THF.

3.1.2 MAPDBr; Single Crystals

Fig.3.6 shows the opt micrographs of the top and bottom surface of a MAPbBr3 SC
studied in this work. The bottom surface resembles that cleaned with Passarelli treat-
ment after mechanically removal of seed. In this work SCs were characterized by PL and
XRD measurements. In Fig.3.7 the PL spectrum normalized to one of a SC is shown.
On the right side of PL spectra there is a small peak which it is observed in all single
crystals and which nature is doubtful. Its origin may be due to background noise. E,
calculated as PL energy peak is equal to 2.27 4+ 0.01eV and it is closed to that THF'.
The XRD spectrum (Fig.3.8) shows diffraction peaks which corresponds to lattice plane
indexes of face of cubic unit cell of MAPbBrs;.

(a) Top surface (b) Bottom surface

Figure 3.6: optical microscope images of SC: a) top surface b) bottom surface.
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Figure 3.7: PL spectrum of MAPbBr3 SC.

Figure 3.8: XRD spectrum of MAPbBr; SC.

3.2 Analysis on the Fabrication of 2D /3D Perovskite

One of the purpose of this work thesis is to find the best process to fabricate 2D /3D per-
ovskite structure. In the following, the results, obtained treating the surface of MAPbBr;3
THFs with three different 2D perovskite solutions PEA+Toluene(PT), PEA+IPA(PI),
PEABr+IPA(PBI) for three reaction times, 30 second (30”), 3 minute (3') and 10 minute
(10'), are reported. To verify the eventual changes on surface morphology of 3D per-
ovskite and the crystallization of 2D perovskite on 3D surface, the opt and S.E.M mi-
crographs of THFs before (THF pristine) and after the treatment with one of the 2D
perovskite solution for a given reaction time, were acquired. The absorbance, fluores-
cence and XRD measurements are used to verify the formation of the 2D perovskite on
3D surface after the treatment.
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The images of THFs after being treated with PT, PI and PBI for a time equal to
30", 3" and 10’ is shown in Fig.3.9.

Figure 3.9: Images of THF's after the treatment with PT, PI and PBI.

The colour of THFs treated with PT is the same of THF pristine (Fig.2.1) which
means that PT does not degrade the 3D structure. The opt and S.E.M micrographs,
absorbance, PL and XRD spectra on THFSs treated with PT show that:

(1)

The time of treatment 30" is too short to produce the 2D /3D perovskite structure.
In particular the opt and S.E.M micrographs (Fig.3.10a and Fig.3.13a) show the
same morphology of THF pristine (Fig.3.1a). The absorbance and PL spectra
(Fig.3.16 and Fig.3.19) present only the 3D absorbance peak. The XRD (Fig.3.22)
spectrum shows only the diffraction peaks of 3D perovskite.

The time of treatment 3’ is enough to produce the 2D /3D perovskite. In particular
a 2D perovskite with layer n=1 was formed on 3D surface. The S.E.M micrograph
(Fig.3.13b) shows the crystallization of 2D perovskite on the surface of 3D. In
particular, the 2D perovskite, which is white in the image in contrast to the grey
of 3D surface, was formed not only around the grain boundaries of THF, but also in
the interior. The absorbance spectrum (Fig.3.16) does not show the 2D absorbance
peak, but the PL spectrum (Fig.3.19) shows the 2D PL peak which corresponds to
a 2D perovskite with layer n=1. The non detection of 2D absorbance peak may be
due to too thin 2D perovskite to be measured by UV-Vis spectrometer. The XRD
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spectrum (Fig.3.22) shows the diffraction peaks of 2D perovskite with layer n=1
and those of 3D perovskite.

The time of treatment 10’ is enough to produce the 2D/3D. In particular a 2D
perovskite with layer n=1 and n=2 was formed on 3D surface. The opt and S.E.M
micrographs (Fig.3.10c and Fig.3.13¢c) show that the morphology of the surface is
completely changed compared to THF pristine (Fig.3.1a). The absorbance spec-
trum (Fig.3.16) shows a pronounced 2D absorbance peak which corresponds to a
2D perovskite with layers n=1, other 3D one. The PL spectrum (Fig.3.19) presents
2D PL peaks which correspond to 2D perovskite with layers n=1 and n=2. The
XRD spectrum (Fig.3.22) shows the diffraction peaks of 2D perovskite with n=1
and those of 3D perovskite. The no detection of 2D perovskite diffraction peak
with n=2, it may due that it forms only on 2D surface and not to the bulk, where
the sensibility of XRD instrument is low.

The colour of THF's treated with PI changes significantly compared to THF pristine
(Fig.2.1). In particular THF_PI_10" has almost white colour, which means that the
time of treatment 10’ has degraded completely the 3D perovskite. The opt and S.E.M
micrographs, absorbance, PI and XRD spectra on THF's treated with PT show that:

(i)

The time of treatment 30” and 3’ produce a degradation of 3D perovskite crystal
structure and not the formation 2D/3D structure. The XRD spectra of THF _PI_-
3 and THF_PI_10" (Fig.3.23) show diffraction peak of PbBry. This means that
after the treatment with PI the 3D structure collapses onto 0D one. The detection
of PbBr, diffraction peak, allows to interpreter the white dots on the surface of
THF _PI1.3" and THF_PI_10/ in the S.E.M micrographs (Fig.s 3.14a and 3.14b) as
traces of PbBrs.

The time of treatment 10’ is enough not only to degrade the 3D perovskite, but
also to partially remove the THF from glass substrate. The almost white image of
THF after the treatment shows the partial removal of THF from glass substrate.
This in turn justified the flat morphology and the absence of grain boundaries
of THF_PI_10’ S.E.M micrograph which may due to partially acquisition of glass
S.E.M micrograph.

The colour of THFs treated with PBI looks more yellow compared to THF pristine
(Fig.2.1). This means that there is probably an excess of PbBr in the crystal structure
of THF after the treatment with PBI[20]. The opt and S.E.M micrographs, absorbance,
PL and XRD spectra on THF's treated with PBI show that:

(i)

The time of treatment 30” is too short to produce the 2D /3D perovskite structure.
In particular the opt and S.E.M micrographs (Fig.s 3.12a and 3.15a) show the same
morphology of THF pristine (Fig.3.1a). The absorbance and PL spectra (Fig.3.18
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and Fig.3.21) present only the 3D absorbance peak. The XRD (Fig.3.24) spectrum
shows only the diffraction peaks of 3D perovskite.

(ii) The time of treatment 3’ and 10’ are enough to produce the 2D/3D. In particular
a 2D perovskite with a thinner layer n=1 forms after the treatment with PBI. The
opt and S.E.M micrograph of THF PBI_.3' and THF_PBI_10'(Fig.s 3.12b, 3.12¢
and Fig.s 3.15b, 3.15¢) do not show significant change compared to THF pristine
(Fig. 3.1a) and they are similar each others. In particular S.E.M micrographs do
not show 2D perovskite crystallization on 3D surface like those treated with PT.
The absorbance spectra of THF PBI_3" and THF_PBI_10' (Fig.3.18) do not show
the 2D absorbance peak, but the PL spectra (Fig.3.21) present the 2D PL peak
which corresponds to 2D perovskite with n=1. The XRD spectra of THF_PBI_3’
and THF_PBI_10' show the diffraction peaks of 2D perovskite small and broad
compared to that of XRD spectra of THFs treated with PT. This means that the
2D perovskite is not well crystallized on 3D surface.

In conclusion, the analysis of 2D/3D perovskite fabrication has shown that the process
to produce a 2D/3D perovskite with well crystallized and stable 2D perovskite on 3D
surface is obtained by treating THF's with PT. In particular only the time of treatment
3" and 10’ allowed to fabricate a 2D /3D perovskite with 2D perovskite respectively with
n=1 and n=1 and n=2, whereas that 30" leaves unchanged the 3D perovskite structure.
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(a) THF_PT_30" (b) THF_PT_3' (¢) THF_PT_10/

Figure 3.10: Optical microscope images of THFs after treatment with PT.

(a) THF _P1.30" (b) THF_P1_3’ (¢c) THF_PI_10/

Figure 3.11: Optical microscope images of THFs after treatment with PI.

(a) THF_PBI_30" (b) THF_PBL3/ (¢) THF _PBI_10"

Figure 3.12: Optical microscope images of THFs after treatment with PBI.
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(a) THF_PT _30" (b) THF_PT_3' (¢) THF_PT_10/

Figure 3.13: S.E.M images of THFs after treatment with PT.

(a) THF_PI_30" (b) THF P13/ (¢c) THF_PI_10/

Figure 3.14: S.E.M images of THFs after treatment with PL.

(a) THF_PBI_30" (b) THF_PBI_3/ (c) THF_PBI_10/

Figure 3.15: S.E.M images of THF's after treatment with PBI.
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Figure 3.16: Absorbance spectra of THF pristine, THF _PT_30", THF _PT_3’,
THF _PT_10'.

Figure 3.17: Absorbance spectra of THF pristine, THF _P1_.30", THF_PI1.3,
THF_PI_10'.

Figure 3.18: Absorbance spectra of THF pristine, THF _PBI_30”, THF_PBI_3/,
THF _PBI_10".
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Figure 3.19: PL spectra of THF pristine, THF _PT_30",
THF_PT.3", THF_PT_10'.

Figure 3.20: PL spectra of THF pristine, THF _PI_30",
THF_PI1.3’, THF_PI_10'.

Figure 3.21: PL spectra of THF pristine, THF _PBI_30",
THF_PBI.3', THF _PBI_10".
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Figure 3.22: XRD spectra of THF pristine, THF _PT_30",
THF_PT_.3", THF_PT_10'.
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Figure 3.23: XRD spectra of of THF pristine, THF _PI1_30",
THF_PI.3’, THF_PI_10'.
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Figure 3.24: XRD spectra of THF pristine, THF _PBI_30",
THF_PBI_3/, THF_PBI_10'.
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3.3 Analysis on Charge Transport and Defect States
of 2D /3D Perovskite

The study on charge transport and defect states was performed on THFs and SCs treated
with PT. The times of treatment for THF's were chosen equal to (15”), 1 minute (1) and
10 minute (10). The first two times of treatment were chosen in order to investigate the
effect of PT on passivation of surface defect states and hampering of ions movement in
case (15”) in which it does not produce a 2D /2D structure and in the case (1’) in which
it produces a 2D /3D structure with a 2D perovskite with thin layer n=1. The time of
treatment (10’) was chosen in order to study the case in which it produces a 2D /3D
structure with a 2D perovskite with thin layer n=1 and n=2. The time of reaction for
SCs were chosen equal to 15” and 1’, because the kinetic of reaction is fast than that of
THF's. In the following at first the characteristic of SCs and THF's treated with PT are
presented. Then the analysis on charge transport and defect states performed on these
samples through I-V and PICTS measurements is illustrated.

3.3.1 Characterization of 2D/3D MAPbBr; Thin Films
Fig.3.25 shows the images of THF's after the treatment with PT.

Figure 3.25: Images of THFs after treatment with PT.

The opt and S.E.M micrographs (Figs.3.26a and 3.27a), absorbance, PL and XRD
spectra (Figs.3.28, 3.29 and 3.29) PT show that THF _PT_15" has the same characteristic
of THF_PT_1". The time of treatment 1’ produces a 2D/3D perovskite in which the
2D perovskite was formed with layer n=1. However, unlike time treatment 3’, it was
possible to identify the formation of 2D perovskite on 3D only through S.E.M micrograph
(Fig.3.27b) and PL measurements (Fig.3.29). The reason why it was not possible detect
2D crystal structure with XRD measurement, is due to that forms on the surface of 3D
perovskite and not in the bulk where the sensibility of XRD detector is low. To investigate
in deeper the surface of THFs after the treatment with PT, GIXRD measurements were
performed on THFs treated. From GIXRD spectra (Fig.3.31) it can be seen that (i)
THF_PT_15" has only the diffraction peak of 3D perovskite, (ii) THF_PT_1" has the
diffraction peak of 2D perovskite with n=1, other 3D one (iii) THF _PT_10’ has the
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diffraction peak of 2D perovskite with n=1 and n=2, other 3D one. The characteristic of
THF's treated with PI and which were analysed through [-V and PICTS measurements
are summarized in table 3.1.

Sample Characteristic
THF_PT_15" 3D perovskite
THF PT_1 2D /3D perovskite (2D with n=1)
THF_PT_10" | 2D/3D perovskite (2D with n=1, n=2)

Table 3.1: Characteristic of THF's treated with PT.

(a) THF_PT_15" (b) THF_PT_1/ (¢) THF_PT_10/

Figure 3.26: Optical microscope images of THF's after treatment with PT.

(a) THF_PT_15" (b) THF_PT_1’ (¢) THF_PT_10/

Figure 3.27: S.E.M images of THFs after treatment with PT.
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Figure 3.28: Absorbance spectra of THF pristine, THF _PT_15", THF _PT_1’,
THF_PT_10'.

Figure 3.29: PL spectra of THF pristine, THF _PT_15", THF_PT_1’,
THF_PT_10'.
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Figure 3.30: XRD spectra of THF pristine, THF _PT_15",
THF_PT_1’", THF_PT_10'.
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Figure 3.31: GIXRD spectra of THF pristine, THF _PT_15",
THF_PT_1', THF _PT_10".
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3.3.2 Characterization of 2D/3D MAPDbBr; Single Crystals
Fig.3.32 shows the images of SCs treated with PT.

Figure 3.32: Images of SCs after treatment with PT.

The opt micrograph of SC_PT_15" and SC_PT_1" are shown in Fig.3.33. The PL
measurements allowed to detect (i) for SC_PT_15" a 2D PL peak which corresponds to
2D perovskite with layers n=1 (ii) for SC_PT_15" a 2D PL peaks which correspond to
2D perovskite with layers n=1 and n=2. The PL spectra of SCs pristine, SC_PT_15" and
sc_PT_1" are shown in Fig.3.34. The XRD spectra Fig.3.35 of SC_PT_15" and SC_PT_1’
present only 3D diffraction peaks. This means that the 2D perovskite is formed for both
times of treatment on the surface and not in the bulk. To investigate in deeper the
surface of 3D SC after the treatment, GIXRD measurements are performed on treated
SCs. From GIXRD spectra (Fig.3.36) it can be seen that only that of SC_PT_1" has the
diffraction peak of 2D perovskite with n=1. In conclusion, the analysis conducted on SCs
treated shows that (i) the time of treatment 15” produces a 2D /3D perovskite structure
in which the 2D perovskite forms with layer n=1 (ii) the time of treatment 1’ produces a
2D/3D perovskite structure in which the 2D perovskite forms with layers with n=1 and
n=2. The characteristic of SC treated with PI and which were characterized through
[-V and PICTS measurements are summarized in table.3.2.

Sample Characteristic
SC_PT_15" | 2D/3D with (2D with n=1)
SC_PT_1" | 2D/3D (2D with n=1 and n=2)

Table 3.2: Characteristic of SCs treated with PT.
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(a) SC_PT_15" (b) SC_PT_1’

Figure 3.33: Optical microscope image of scs after treatment with PT.

Figure 3.34: PL spectra of SC pristine, SC_PT_15", SC_PT_1".
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Figure 3.35: XRD spectra of SC pristine, SC_PT_15", SC_-
PT_1.
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Figure 3.36: GIXRD spectra of SC pristine, SC_PT_15", SC_.PT_1".
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3.3.3 I-V Characterization of 2D/3D MAPDbBr; Thin Films

The current-voltage (I-V) characteristics in dark and in light of THF pristine, THF -
PT_15", THF_PT_1’, THF_PT_10' measured in air and in vacuum at 300K are shown
respectively in Fig.s 3.37 and 3.38. From such graphs it can be observed that:

(i) the curves of pristine and treated THFs have an ohmic behaviour both in air and
in vacuum (the curve at negative voltage is symmetric to that positive voltage)

(ii) the curves under vacuum condition show current value of 2-3 order of magnitude
lower than that in air (dark and light). This is can be explained considering that
the grain boundaries in polycrystals capture water and oxygen molecules which
filling these or other defects passivate in some sense them and improving in this
way the overall charges transport. When the I-V curves are measured in vacuum
this beneficial effect disappears because the air and oxygen molecules are removed
from vacuum pump and this causes a decrement of current values

(iii) THF_PT_10' is low conductive. The current value measured has the same order of
magnitude (picoamperes) of the instrumental noise.

To verify if the treatments PT 15” and 1’ have improved the charge transport in 3D
perovskite, it was performed the graphs shown in Fig.s 3.39 and 3.40 in order to compare
the current values of THF's pristine and treated. From such graphs it can be observed
that:

(i) In air the values of current of THF_PT_15" in dark and light are high compared to
THF pristine and THF _PT_1’

(ii) In general there is no trend for current value of THF's treated which allows to affirm
that charge transport properties are improved after the treatment.

To assess which effect the treatments PT 15” and 1’ have had on hampering the ions
migration in 3D perovskite the ions migration activation energy E, was calculated by
performing Nernst-Einstein fit. To calculate these, first the resistivity of THFs pristine
and treated were derived by linear fitting the I-V temperature dependent characteristics
at 20V in dark. Then it was performed a linear fit using Nernst-Einstein relation. Nerst-
Einstein fit performed on THF's pristine and treated for 15” and 1’ are shown in Fig.3.41,
whereas the E, values are listed in table 3.3. The E, values are compatible with those
reported for 3D perovskite which are typically between 0.2-0.8 eV [18], but results higher
for a materials in which ions play an important role in charge transport[5][11]. The high
ions activation energy may be due to barrier potential which found at grain boundaries in
the polycrystals which could limit the ion movement, but not that of charge carriers(holes
or electrons)[5]. The increasing and decreasing of E, values with time of treatment
may be due to a change in dimension of grain boundaries [19],[21], observed in S.E.M
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micrographs (Fig.s3.27). By plotting the conductivity versus 1/T in Nernst-Einstein
formalism (Fig.3.41) it seems that there is another activation energy which could be
that of electronic conduction regime [9].

Sample E.(eV)
THEF pristine | (0.58+0.02)
THF PT 15" | (0.69£0.03)

THF_PT_1" | (0.55+0.01)

Table 3.3: Activation energy values for THF's extracted by Nerst-Einstein fit.

THF pristine THF_PT_15"

THF_PT_1 THF_PT_10/

Figure 3.37: I-V curve, measured in air at 300K for THFs.
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THF pristine THF_PT_15"

THF_PT_1 THF_PT_10/

Figure 3.38: I-V at 300K in vacuum for THFs .
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I-V in dark I-V in light

Figure 3.39: I-V at 300K in air of THF pristine, THF_PT_15", THF_PT_.1’, THF _PT_10'.

I-V in dark I-V in light

Figure 3.40: I-V at 300K in vacuum of THF pristine, THF_PT_15", THF_PT_1’, THF_
PT_10'.
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THEF pristine

THF_PT_15"

THF_PT_1

Figure 3.41: Nernst-Einstein fit at 20V for THF's.
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3.3.4 I-V Characterization of 2D /3D MAPbDbBr; Single Crystals

The current-voltage (I-V) characteristics in dark and in light of SC pristine, SC_PT_15"
and SC_PT_1" measured in air and in vacuum at 300K are shown respectively in Fig.s
3.42 and 3.43. From such graphs it can be observed that:

(i) the curves of pristine and SCs treated show current values of the same order of
magnitude both in air and in vacuum. This may be ascribable to the absence of
grain boundaries in SC, that capturing water and oxygen molecules in polycrystals
make higher the current value in air compared to vacuum

(ii) the curves in dark and light of SC pristine and treated for 15” and 1" are asymmetric
with the current at +20V of almost one order of magnitude higher than that at
-20V. This can be explained by considering the top-bottom contact geometry of
the electrodes used to perform I-V measurements and that the mobility of holes is
higher than that of electrons [5][22]. When the top contact is negative polarized,
the holes reach quickly this contact. When instead the top is positive polarized
the electrons to reach this electrode employee more time causing this asymmetry
between positive and negative voltage.

To verify if the treatments PT 15” and 1’ have improved the charge transport in 3D
perovskite, it was performed the graphs shown in Fig.s 3.44 and 3.45 in order to compare
the current values of SCs pristine and treated. From such graphs it can be observed that:

(i) In vacuum and air the value of current in dark of SC_PT_1" is higher than that SC
pristine and SC_PT_15"

(i) In general there is no trend for current value of SCs treated which allows to affirm
that charge transport properties are improved after the treatment.

To assess which effect the treatments PT 15” and 1’ have on hampering the ions
migration in 3D perovskite, the ions migration activation energy E, were calculated by
performing Nernst-Einstein fit. To calculate these, first the resistivity of SC pristine
and treated for 15” and 1’ were derived by linear fitting the I-V temperature dependent
characteristics at 20V in dark. Then it was performed a linear fit using Nernst-Einstein
relation. Nerst-Einstein fit performed on SCs pristine and treated for 15” and 1’ are
shown in Fig.3.46, whereas the E, values found through these fit are listed in table 3.4.
The E, values are very similar to each others and compatible with those reported for
3D perovskite which are typically between 0.2-0.8 eV [18]. The low value of E, means
that ions gives an important contribution to conductivity of the materials[5][9][19]. By
plotting the conductivity versus 1/T in Nernst-Einstein formalism (Fig.3.46) shows that
there is only one activation energy which is that of ionic conduction regime [9].
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Sample E.(eV)
SC pristine | (0.31£0.02)
SC_PT_15" | (0.2940.02)

SCPT_1’ | (0.34%0.01)

Table 3.4: Activation energy values for SCs extracted by Nerst-Einstein fit.

SC pristine

SC_PT_15"

SC_PT_1

Figure 3.42: I-V at 300K in air for SCs.
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SC pristine

SC_PT_15"

SCPT_1

Figure 3.43: I-V at 300K in vacuum for SCs.
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I-V in dark I-V in light

Figure 3.44: I-V at 300K in air of SCs pristine, SC_PT_15" and SC_PT_1’

I-V in dark I-V in light

Figure 3.45: I-V at 300K in vacuum of SCs pristine, SC_PT_15" and SC_PT_1".
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SC pristine

SC_PT_15"

SC_PT_1

Figure 3.46: Nernst-Einstein fit at 20V for SCs.
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3.3.5 PICTS Measurements on 2D/3D MAPDbBr; Thin Films

Fig.3.47 shows the photocurrent transients of THF pristine, th. PT_15", th.PT_1" ac-
quired in the temperature range (240-330)K and at negative voltages (-5V). The pho-
tocurrent transient of th_.PT_10" was not detectable because of low conductivity. The
photocurrent transient shape of THF's pristine and treated shown in figure 3.47 is simi-
lar to that reported in literature for electronic defect states (Fig.2.12d) rather than that
due to ions drifts (Fig.2.14d). In fact there is no asymmetry in rise and fall time which
indicate that the PICTS signal is generated by slow charge, the ions[15]. Moreover the
transient decay time, 1073s is too fast compared to that reported in literature for pho-
tocurrent generated by ions drift which is of order of second, and the frequency value, 300
Hz, to photogenerate the charge carriers is higher compared to that reported in literature
3D MAPDBBr; (0.1-100Hz)[15]. All this information suggests that the defects in THF's
could not have ionic nature. The nature of defects cannot be determined through PICTS
measurements because of absence of the PICTS signals from the measured photocurrents
(Fig.3.48). The absence of PICTS signal can be due to no temperature dependence of
the photocurrent.
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THF pristine

THF_PT_15"

THF PT_1

Figure 3.47: Photocurrent transients of THFs.
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THF pristine

THF_PT_15"

THF_PT_1

Figure 3.48: PICTS maps of THFs
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3.3.6 PICTS Measurements on 2D /3D MAPDbBr; Single Crys-
tals

The photocurrent transients of SC pristine and SC_PT_15" and SC_PT_1" measured
in temperature range (240-330)K and at negative voltage (-5V) are shown in figure
3.49. Unlike THFs, the photocurrent transients of SCs pristine and treated show the
asymmetry in rise and fall time which is typical of photocurrent transients produced
by ions drifts. Moreover the decay time of photocurrent, of order of seconds, and the
frequency value, 0.2 Hz, to photogenerate charge carriers are compatible with those
reported in literature for photocurrent transients due to ions drifts[15]. The PICTS maps
of SC pristine and SC_PT_15" and SC_PT_1’, calculated from photocurrent transients,
are shown respectively in Fig.3.48. Using this PICTS maps, it was possible to build
the Arrhenius plot from which the nature of defects and their activation energy can
be determined. The figure 3.51 shows the trap signatures of SC pristine and treated,
and compares them with those reported in literature for ions migration defects in 3D
MAPDBr,; and PEA,PbBry (2D perovskite)[15][23]. In this Arrhenius plot (Fig.3.51) the
signatures of single crystal pristine and untreated lay in a region which corresponds to
signatures measured at medium frequency and negative voltage. This collocation for the
trap signature in the Arrhenius plot is in agreement with the experimental conditions at
which the transients were measured. According to Arrhenius plot of trap signatures for
ions migrations the defects of SC pristine and treated corresponds to positive ions species
[15][23]. These positive ionic species were identified with bromine vacancy[15][23]. The
table 3.5 reports the activation energy calculated from Arrhenius and the tentative of
assignment of PICTS signature. For SC_PT_1" it was not possible to determine exactly
the ions activation energy because of weak PICTS signal from the acquired photocurrent.
The low values of E, for SC_PT_15" and the same type of defect of SC pristine could be
indicate that PT is not efficient to passivate the bromine vacancy in MAPBBr3.

Single Crystal E.(eV) Tentative of assignment
SC pristine | (0.473 4 0.003) Vi:
SC_PT_1% (0.372 4+ 0.005) Vi,

Table 3.5: Experimental value of ions activation energies obtained by PICTS measure-
ments and the tentative assignment of the PICTS signature with ions migration species.
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SC pristine

SC_PT_15"

SC_PT_1

Figure 3.49: Photocurrent transients of SCs.
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SC pristine

SC_PT_15"

SCPT_1
Figure 3.50: PICTS maps of SCs.
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Figure 3.51: Arrhenius plots of PICTS signatures measured on SCs pristine and
treated and those reported in literature[15][22] for ions migration in 3D MAPbBry and
PEA,PbBry (2D perovskite). In this graph the signature are labelled according to light
pulse frequency (low-L, medium-M, high-H) and the sign of applied voltage(N-negative,
P-positive)[15]. Moreover according to Reichert et al. notation[23] the ion migration
defects due to methylammonium interstitials are labelled with 8, whereas those due to
bromine vacancy with -, 9.
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Chapter 4

Conclusion

This thesis work has two purposes. The first is to find the best process to fabricate 2D /3D
perovskite structure. The second is to verify if the construction of a thin 2D perovskite
layer on the 3D surface has passivated the surface defects and has improved the charge
transport in 3D perovskite. The analysis on fabrication of 2D /3D perovskite structure
has shown that only the PEA+Toluene treatment for 3 and 10 minute is efficient to
fabricate a 2D /3D perovskite structure. In particular the time of treatment of 3 minute
is enough to fabricate a 2D perovskite with layer n=1 on the 3D surface, whereas that
of 10 minute a 2D perovskite with layer n=1 and n=2. The analysis performed in the
second part of this work on thin films show that the time of treatment of 15 second does
not produce a 2D /3D perovskite structure, whereas that of 1 minute builds a thin 2D
perovskite with n=1 on the surface of 3D perovskite. For single crystals, instead the
time of treatment of 15 second is enough to produce a 2D perovskite with layer n=1,
whereas that of 1 minute produces a 2D with layers n=1 and n=2.

The I-V measurements do not produce a clear difference between treated and pristine
thin films and single crystals, showing that the charge transport does not improve upon
the treatments. Moreover it was observed that the I-V curves of thin films pristine
and treated have an ohmic behaviour and show current values in vacuum of 2-3 order
of magnitude lower than air. This is due to presence of grain boundaries which in air
capture water and oxygen molecules and improves the overall charges transport. Unlike
thin film, the I-V curves of pristine and treated single crystals show the same current
value in dark and in air and they are asymmetric with the current at +20V of almost
one order of magnitude higher than that at -20V. The same current value in dark and air
is due to the absence of grain boundaries. The asymmetry of curves can be explained by
the top-bottom contact geometry of the electrodes used to perform I-V measurements
and by higher mobility of holes than electrons which allows the holes to reach quickly
the contact compared to electrons. The ions activation energies for thin films, calculated
by Nernst-Einstein fit, are higher compared to those found for single crystals. This can
be explained by a potential barrier at grain boundaries which limits the ions movement,
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but not that of charge carriers (holes or electrons). Moreover, it was possible to observe
for thin films that ions activation energies show a trend with time of treatment. This is
explained by a change of dimension in grain boundaries observable in S.E.M micrographs.
The low value of ions activation energies in pristine and treated single crystals means that
ions give an important contribution to conductivity. The plot of conductivity versus 1/T
in the Nernst-Einstein formalism has shown that for thin films there is another activation
energy which may be attribute to electronic conductivity.

The PICTS measurements performed on thin films allowed to detect the photocurrent
signal for thin film pristine and treated for 15 second and 1 minute, but not the PICTS
signal. The absence of PICTS signal is related to the lack of a proper temperature
dependence of the photocurrent. However, the shape of photocurrent signal, the decay
time of photocurrent and the frequency at which the photogenerated carriers are created
indicated that the nature of defect states in thin films may not have a ionic nature.
The PICTS measurements allowed to detect PICTS signal for single pristine and treated
from which it was possible to calculate the PICTS maps. By comparing the traces of
Arrhenius plot with those reported in literature for ions migration it was identified the
bromine vacancy as main defects in both pristine and treated single crystals. The same
kind of defect states found for single crystals pristine and treated allowed to conclude
that the PEA+Toluene treatment is not efficient to passivate bromine vacancy.
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