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Zusammenfassung

Zweidimensionale (2D) organisch-anorganische Hybrid-Perowskite als eine spezielle
Gruppe von Halbleitern mit abwechselnden organischen und anorganischen Schichten
haben grofles Interesse fiir Solarzellen und Leuchtdioden geweckt. Dies liegt an ihren
natiirlichen Vorteilen: den sperrigen hydrophoben organischen Kationen und dem
dielektrischen Einschluss in der 2D-Schicht-Quantentopfstruktur, die im Vergleich
zu ihren 3D-Gegenstiicken die Luftstabilitét erheblich verbessern und die Ionen-
bewegung unterdriicken kann. Dariiber hinaus wirkt sich die chemische Struk-
tur der organischen Kationen stark auf die optoelektronischen Eigenschaften von
2D-Hybridhalogenid-Perowskiten und Bauelementen aus. Die Korrelation zwis-
chen der chemischen Struktur des organischen Kations und dem Ladungstriger-
transport in 2D-Perowskiten wird jedoch weniger beachtet. In dieser Studie unter-
suchen wir mit Hilfe eines Feldeffekttransistors (FET) den Ladungstragertransport
in Sn(II)-basierten 2D-Perowskit-Diinnschichten unter Verwendung von Zinnjodid-
basierten 2D-Perowskiten mit organischen Spacern auf Alkylammoniumbasis. Es
wird gezeigt, dass eine subtile Anderung der Molekularstruktur des organischen
Kations die Kristallinitat und Oberflichenmorphologie erheblich beeinflusst, was
wiederum den Ladungstragertransport in Perowskitfilmen in FETs bestimmt. Schlie-
Blich wird eine klare Korrelation zwischen der Anzahl der Kohlenstoffatome in der
Alkylkette und der Mobilitdt der Bauelemente festgestellt.
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Abstract

Two-dimensional (2D) organic-inorganic hybrid perovskites as a special group of
semiconductors with alternating organic and inorganic layers have attracted exten-
sive interest in solar cells and light-emitting diodes due to their natural advantages
of bulky hydrophobic organic cations and dielectric confinement in 2D layered quan-
tum well structure, which can significantly improve air stability and suppress ion
movement compared to their 3D counterparts. In addition, the chemical structure
of organic cations strongly impacts the optoelectronic properties of 2D hybrid halide
perovskites and devices. However, less attention is being focused on understanding
the correlation between the chemical structure of organic cation and in-plane charge
carrier transport in 2D perovskites. In this study, we apply field-effect transistor
(FET) to investigate the charge carrier transport in Sn(II) based 2D perovskites
thin films by using tin-iodide-based 2D perovskites with alkyl ammonium-based or-
ganic spacers. It is demonstrated that a subtle change in the molecular structure of
organic cation significantly impacts the crystallinity and surface morphology, which
in turn, governs charge carrier transport in perovskite film in FETs. Finally, a
clear correlation between the number of carbon atoms in the alkyl chain and device
mobility is identified.
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Motivation

Two-dimensional hybrid perovskite field-effect transistors are a promising alterna-
tive to organic transistors, which have been explored since 1999. Over the past
two decades, remarkable progress has been made in improving the charge carrier
mobility of 2D perovskite field-effect transistors. Even though the medium for the
charge transfer is inorganic layers in the layered structure of 2D perovskites, the
organic spacers are also known to influence the charge transport properties. How-
ever, the influence of the chemical structure of organic cations on charge carrier
transport is not fully understood. More specifically, the correlation between molec-
ular self-assembly properties and supramolecular structure of various cations and
their influence on charge carrier transport has not been identified. Understand-
ing the correlation between organic spacers and charge carrier mobility will provide
a theoretical basis for selecting suitable novel organic cations for 2D hybrid per-
ovskites. Also, understanding the influence of organic spacers on the micro and
macro structure and surface morphology of thin perovskite film would help reduce
charge carrier trapping at the grain boundaries and improve environmental stabil-
ity. The simple chemical structure of alkyl ammonium cations made it an ideal
candidate for studying the effects mentioned above. In this study, tin-iodide-based
2D perovskites with alkyl ammonium-based organic spacers starting from propy-
lammonium (CHsz(CH,),NH3") to heptanammonium (CHz(CHy)sNH3") are used
to understand the effect on intrinsic and extrinsic factors relevant to charge carrier
transport.
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Chapter 1

Introduction

1.1 Overview

The name perovskite was initially given to calcium titanium oxide (CaTiO3) mineral,
which was discovered in the Ural mountains in 1839 and named after mineralogist
Lev Perovski.[I] In general, any material with a crystal structure of formula ABXj3
is referred to as a three-dimensional perovskite. These materials usually have a
crystal structure of cubic or tetragonal. Here, A and B are cations, and X is an
anion. Based on the crystal structure, perovskites can be future categorized into
two-dimensional and quasi-two-dimensional structure.|2]

Traditional perovskite materials only consist of inorganic compounds, but the new
class of perovskite materials with hybrid organic and inorganic cations with halide-
based anions are also available. Organic-inorganic hybrid perovskite (OIHP) mate-
rials have received considerable attention in the field of photovoltaics due to their
excellent solar power conversion efficiencies (PCE) > 25% on a research scale that is
comparable to commercially available solar cells.[3] In addition, hybrid perovskites
have been actively studied in various semiconductor devices such as light-emitting
diodes, [4][5] photodetectors, [6][7] lasers,[8][9] and field-effect transistors. [10][11][12] [13]

In hybrid perovskites, for the inorganic cations, metals such as (Pb*" or Sn®*")
and for halides (C1", Br~ or 1) are used. The size of organic cation used in 3D
perovskites is limited by the Goldschmidt tolerance factor, which is a guideline
for the stability of the perovskite structure.[14] However, a wide range of organic
cations can be incorporated into cages of quasi-2D perovskites since the requirement
for tolerance factor is relaxed.[15]

There has been a rapid development of lead-based perovskites for applications in
optoelectronics. However, due to the toxicity of lead, alternatives such as lead-free
perovskites are currently being actively explored. Among these candidates, tin-based
materials are considered as one of the promising alternatives. However, the chal-
lenges related to device performance and environmental stability must be overcome
before commercialization.[16][I7] Hybrid perovskite thin-film transistors are another
potential application of organic-inorganic perovskite, which usually have superior
carrier mobility than organic transistors and can be easily fabricated with lower cost,
low-temperature solution-processing methods such as spin coating, dip coating, and
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screen printing.[I8][19] It can also be fabricated on a flexible substrate.|20]

1.2 Hybrid organic-inorganic perovskite

As it was mentioned in previous section, perovskites belong to a large group of ma-
terials that has the crystal structure of ABX3. However, hybrid organic-metal halide
perovskite is popular due to its outstanding optoelectronic properties. Figure 1.1 de-
scribes a complete set of materials that come under the name of perovskite. It can be
categorized into two main subgroups such as inorganic oxide perovskites and halide
perovskites. The initial studies about oxide perovskites are dated back to 1839.[21]
It is considered as an important functional material which is explored in ferroelectric,
dielectric, piezoelectric, energy conversion and storage applications.[22]. The inor-
ganic oxide perovskites are future categorized into intrinsic and doped perovskites.
The other main subfamily under perovskites is halide perovskites. This is future
categorized into alkali-halide and organo-metal halide perovskite. The main appli-
cation for the halide perovskites is in optoelectronics fields. Both hybrid organic-
inorganic halide perovskite and alkali halide perovskites are actively explored in
semiconductor-based devices like photovoltaics and light emitting diodes.[23] This
research mainly focuses on organo-metal halide perovskites and, more specifically, 2D
hybrid tin-iodide perovskites with different alkyl ammonium-based cations, which
will be discussed in detail in next sections.

Figure 1.1: Classification of perovskite material.[24]

1.2.1 Three dimensional perovskites

3D hybrid perovskites under the family of organo-metal halides are known for their
outstanding device performance, such as high power conversion efficiencies and
charge carrier transport but lack of stability over environmental conditions is one of
the main drawbacks.[25] Hybrid perovskite consists of crystal structure ABX3, here
A usually refers to a small organic cation such as methylammonium (CH3NH;™),
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and formamidinium (CHz(NHy),"), B is generally a divalent metal such as Pb**,
Sn*t, Ge?*, Cu?*, Mn*", Cd*", Cr*", and Zn*". X is a anion which is typically
a halide such as I", Br, and Cl". In the presented configuration, cation B is
octahedrally coordinated with anion X and forms a 3D corner-sharing [BXg]*™ oc-
tahedra. The cation A is embedded in the space formed between adjacent [BXg]*
structures.

Figure 1.2: Crystal structure of 3D hybrid perovskite with the chemical formula of
CH3NH;3Snl3, where methylammonium (CH3NH3™) cations embedded in the space
of corner-sharing [Snlg|*” framework.

Tolerance factor

Evaluating and predicting the stability of crystal structure of 3D hybrid perovskites
is essential for their application. This can be facilitated by various procedure. The
geometrical tolerance factor («) is one of the widely used tools to evaluate the stabil-
ity of perovskites, which was introduced by Goldschmidt in 1926 is given by:

o= (TA+Tx)/\/§(TB+Tx) (1.1)

where 74, rg, rx are radii of ions in 3D perovskite ABX3. This parameter explains
ionic size mismatches that perovskite can tolerate without forming different structure
types.[14] Usually o between 0.9 and 1.0 gives cubic perovskites crystal structure.
Distorted perovskites are found between 0.80 and 0.89. Below 0.8 other structures
such as ilmenites (FeTiO3) are determined. The a above 1.0 leads to hexagonal
structures with face sharing octahedra.[20]

The main advantage of this tolerance factor in 3D hybrid perovskite is to under-
stand the size of organic cations that can be introduced to gaps in the 3D inorganic
framework. This is severely restricted to smaller organic cations such as methylam-
monium (CH3NH3*, MA) and formamidinium (CH(NHy),*, FA). This restriction in
3D perovskites motivates us to explore more flexible lower-dimensional perovskites
where large cations can be introduced without any restriction.
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1.2.2 Lower dimensional perovskites

Lower dimensional (LD) perovskites are developed to have higher environmental sta-
bility. In addition, LD perovskites can have more versatile structures than 3D per-
ovskites, and this enables optimizing the optoelectronic properties through changing
the structural compositions.[27] LD perovskites can be classified into three categories
based on different crystallographic slicing along 3D perovskites such as (100), (110),
and (111) oriented structures, according to Miller indices (Figure 1.3).

(110) (111)
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Figure 1.3: Three different types of LD hybrid perovskites based on crystalograpic
slicing of 3D perovskite through different crystal planes such as (100), (110), and
(111).[28]

Among these, the most common (100) structures (layered structure) can be future
categorized into different phases (Figure 1.4) based on interlayer spacer cations such
as Ruddlesden-Popper (RP),[29] Dion-Jacobson (DJ),[30] Aurivillius,[31] and the
alternating cation (ACI)[32] phases.

b mxZ 9000 I\
- “\ ‘J: N .:
& v -OSd ' "4

R 1 E b 0 V1—A

. ?, .
%9' : Qﬁ ! .
E‘ ﬁ'ifﬁ + V%

$ ol
>DS OO, OO
(R-NH,).MX, (NH.-R-NH,).MX, (R-NH,).MX,-A
(a) (b) ()

Figure 1.4: The most popular (100) type LD perovskites, these can be future cat-
egorized into (a) RP, (b) DJ and (c¢) ACI phases based on type of organic spacer
cation. Where RP phase contain single monoammonium cation as organic spacer,
DJ phase consist of diammonium cation as organic spacer and ACI phase is a mix-
ture of monoammonium and diammonium cations. [33]

Ruddlesden—Popper perovskite

LD hybrid perovskites with RP phase are first reported back in around 33 years,
where pure 2D layered structure made of lead iodide inorganic framework with
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alkyl ammonium spacers (Ci9Ha1NH3)oPbl, were used.[34] This new type of LD
hybrid perovskite was subsequently demonstrated with tin-iodide-based semicon-
ductor devices.[35][I8] The RP phase is considered as the most popular among DJ
and ACI counterparts in perovskite solar cells because of its proven record of long-
term stability.[29][36] Lower dimensional RP phase perovskites are layered system
with general formula of RyA,, 1B, X3,41.[37][38] Pure 2D RP phase perovskites have
a mono layered system with molecular structure RoBX,y, Here R is usually an ex-
tended non-conjugated organic cation R—NH3" (see example in Figure 1.5).

Figure 1.5: Crystal structure of 2D RP perovskite with chemical formula
[CH3(CHs5)3NH;3]oSnl,. The butylammonium cations act as spacers between the
layered inorganic framework.

Dion-Jacobson (DJ) phase perovskite

2D hybrid perovskite with Dion-Jacobson phase is considered as a promising alterna-
tive to RP phase perovskite since a single diammonium organic cation as interlayer
eliminates the weak Van der Waals interaction between the mono ammonium or-
ganic cations. Also, the strong hydrogen interaction between organic spacers and
inorganic layers at both ends of diammonium molecule attributes to high efficiency
and outstanding stability in perovskite-based solar cells than those based on RP
phase.[39] In contrast to the much mature RP phase, DJ phase 2D hybrid per-
ovskite was first reported in 2018 by Kanatzidis et al., where lead iodide-based per-
ovskite material with organic cations such as (aminomethyl)piperidinium (3AMP)
or 4-(aminomethyl)piperidinium (4AMP) have been used as the interlayer.[30] The
low dimensional lead-free DJ phase tin halide perovskites for photovoltaics was first
reported in 2018. However, the power conversion efficiency (PCE) is just around 1%,
which is much lower than the currently reported perovskite-based solar cell efficiency
of 25.2 %.[3] However, the overall efficiency of DJ phase perovskite solar cells is im-
proved dramatically over a short period of time, and a reported efficiency of around
16 % was achieved by a simple spin-coating method with additive engineering.[40]
Also, around 18% efficiency was reported for DJ perovskite solar cells with optimized
interface for perovskite and hole transport layer.[41]
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Generic formula of DJ phase perovskite is RA,, 1B, X3,+1 (Figure 1.6), where R is
a non conjugated organic cation NHs™~R-NH;3™.

Figure 1.6: Crystal structure of 2D perovskite with DJ phase, which consists
of chemical formula [NH3C;0HgNH;3|Pbl,, where Naphthalene-1,5-diammonium
([NH5C1oHgNH;)*t) cations are spaced between inorganic layers, In contrast to RP
phase, Van der Waals gap between the spacer cations has been eliminated due to
single diammonium organic cation which connects between inorganic layers.

Alternating cation interlayer (ACI) phase perovskite

The alternating cation interlayer phase is considered as another type of layered
lower-dimensional perovskite. This unique phase of perovskite blends the chemical
formula of RP perovskite with features of DJ perovskites (Figure 1.7). This leads
to a shift of a (1/2, 0) layer reminiscent of the DJ perovskites. Also, the charge
balance restrictions that change the occupation of the interlayer sides lead to dif-
ferent centering of the unit cell.[32] Initial research in ACI perovskite solar cells
shows higher power conversion efficiency and better environmental stability than
lower-dimensional RP and DJ perovskites.[42] [43]
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Figure 1.7: The crystal structure of 2D perovskite with ACI phase, which has
a chemical formula of [C(NHj)s][CH3NH3|Pbl,, where mixed methylammonium

(CH3NH3"%) and Guanidinium ([C(NHy)3] ") cations are organized between the layers
of inorganic cations.

1.3 Factors affecting the stability of hybrid per-
ovskite

The hybrid perovskites have excellent charge carrier transport properties with higher
efficiency in respect to the organic materials, but stability is the main challenge in
perovskite-based semiconductor devices, especially when it is exposed to moisture,
light, mechanical stress, and reverse bias contributes to degradation. Only a few
methods are currently being studied, such as tuning the composition of perovskites,
hydrophobic coatings, replacing the metal electrodes, and packaging techniques to
improve environmental stability of perovskites.[44]

a b
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Device efficiency and photocurrent Light-absorbing perovskite structure
Methylamine + HI + Pbl, decrease degrades

[ Pristine MAPbI, Degraded MAPbI, == Diffusion path of O, |

Figure 1.8: The perovskite material decomposes into a precursor or 0D hydrate
phase when exposed to heat, moisture, or UV light. The degradation of perovskite
material causes a reduction in device efficiency and light absorption properties. [27]
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1.3.1 Moisture

Based on several studies, moisture contributes to reversible and irreversible degra-
dation. The water molecules can easily penetrate into perovskite structures and
produce an intermediate form of the monohydrate and dehydrate perovskites. How-
ever, this can be reversible back to its original form when it is exposed to dry air for
more than 48 h.[45] The water molecules in perovskite form strong hydrogen bonds
with the organic cations and weaken the bonds of Pblg in CH3NH3Pbl; perovskites
and allow faster deprotonation of organic cations. Water also protonates iodide, and
as a result, it produces hydroiodic acid (HI), and finally, yellow-colored lead iodide
remains as a decomposed product. [46] [47]

3D in situ ToF-SIMS imaging of CH3NH3Pbl3 perovskites revealed irreversible va-
porization of CH3NH, from the perovskite when it exposed to humidity. Instead
of HoO deuterium oxide (Dy0) is used to humidify the chamber. The products
which formed from the deuterium exchange reaction are CH3NH;D, CH3NHD,,
and CH3NDj3. After these initial reactions, D,O eventually replaces the methy-
lammonium cation in the perovskite, and this leads to the evaporation of CH3NH,
molecules and subsequent erosion of perovskite crystal structure and degradation of
optoelectric properties. [4§]

Perovskite solar cells were also observed to degrade within a few hours when exposed
to air with a relative humidity of more than 50%.[49][46] The relative humidity is
considered an important parameter that triggers the degradation process. It is shown
that hybrid perovskite formamidinium lead iodide (FAPbI3) that is exposed to be-
low 30% of humidity demonstrates excellent phase stability over 90 days, but once it
reaches 50% of humidity, formamidinium lead iodide degrades rapidly. The results of
Kelvin probe microscopy reveal that the formation of non-perovskite phases begins
at the grain boundary and propagates towards grain interiors. Also, ion migra-
tion near the grain boundaries is significantly enhanced after the degradation.[50]
Another study also revealed that trapped charges in the grain boundaries are an
essential parameter to enable moisture-induced degradation. This is verified ex-
perimentally by depositing charges of different polarities on the perovskite films in
a humidity-controlled environment. The Kelvin probe force microscopy (KPFM)
studies explained that charges are preferentially trapped along grain boundaries
even with uniform charge deposition and illumination.[51]

1.3.2 Oxidation

Once perovskite material is exposed to the air, the oxygen molecules would diffuse
through the halide vacancies on the surface and penetrate the bulk lattice within an
hour. Metal halide-based perovskites are relatively stable in the dark. However, it
will rapidly decompose in the presence of light and oxygen since, under light illumi-
nation, a high number of iodide vacancies would be generated, and a similar number
of oxygen molecules would diffuse into a bulk perovskite crystal. These absorbed
oxygen molecules would form superoxide (Os ) by electron transfer from the pho-
toexcited perovskite phase, and the superoxide breaks the bonds of perovskites by
deprotonating A-site organic cation (CH3NH3%) and generates products of water,
iodine, A-site organic cation gas (CH3NH;) and lead iodide (Pbly).[52]
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Tin-iodide perovskites are more susceptible to oxidization than lead-iodide per-
ovskites. The tin cations, normally in the form of Sn®' in perovskites, will be
oxidized into Sn*". This degrades the performance of the device and erodes the
perovskite crystal structure.[53]

ASHI, 0,
3 SnO,
Al

I Al Snl ’N\
’ ) A,Snl,

H,O H,O
HI
O, SnO,

Figure 1.9: Degradation mechanism in hybrid tin-iodide perovskite when exposed
to ambient air.[54]

The Figure 1.9 explains the degradation pathways in 3D tin iodide hybrid perovskite
ASnl; (where "A" is organic cation such as formamidinium (FA) or methylammo-
nium (MA)). Oxygen and moisture in the ambient air contribute to the erosion of
perovskite. A cyclic chain of reactions explains the complete degradation process.
(1) Formation of Snl, by a reaction between perovskite and O,. (2) Formation of the
solid-state AoSnlg from the reaction by-products Al and Snly. (3) Hydrolysis of Snly
by HsO and formation of HI and SnOs. (4) Oxidation of HI by O and formation
of Iy and H2O (5) Oxidation of perovskite by I, and formation of Snly.[54]

1.3.3 Light illumination

Perovskite-based materials have an outstanding photoelectric properties, but light
illumination also influence perovskite material. In 3D perovskite material such as
MAPDbDI3, the holes generated under light illumination would protonate halide anions
(iodide) and form neutral atoms (iodine) and halide vacancies. Neutral iodine is
smaller in size than iodide, and it would fit into interstitial sites of the lattice.
During illumination, a significant amount of iodine anions become interstitial atoms.
This effect is reversible, but the exposure to light illumination also changes the
thermodynamic properties of the material. This also increases the effective chemical
potential of neutral iodide during illumination and causes iodine to leave the lattice
permanently. This leads to permanent degradation of perovskite material and forms
products of metallic lead and halogen gas.[55] This degradation is partially reversible
according to X-ray photoemission spectroscopy (XPS) analysis in several studies, but
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an overall deterioration in device performance has been observed, making it more
susceptible to moisture.

1.3.4 Ion migration

Another critical issue in hybrid perovskites is ion migration, which contributes to
many unusual phenomena observed, such as current-voltage hysteresis, higher di-
electric constant, poor transistor characteristics at room temperature, switchable
photovoltaic effect, photo-induced phase separation, and photo-induced self-poling
doping effect in perovskites.[56] Also, it is important to understand the types of ions
that are migrating in hybrid perovskites, based on the experimental and theoretical
analysis of halide ions (X ™) in the inorganic octahedra are known to migrate near-
est halide vacancies. This is similar to well-studied oxide-based perovskites (ABOs3),
where O were the migrating species.[57] In addition, small organic molecules such
as methylammonium are also known to migrate in lead iodide hybrid perovskites at
elevated temperatures around 330 K.[58]

The possibility of an ion migrating inside the solid is influenced by activation energy.
The migration rate (r,,) depends on activation energy (E4), Boltzmann constant
(kp) and temperature (T).

E
Ty OC €XP <_k/;> (1.2)
g

Based on the first principle calculation on activation energy in methylammonium
lead iodide perovskites, iodine vacancies and interstitials may easily migrate due
to lower activation energy in the range of 0.1 eV with less than 1 ps migration
time. When it comes to methylammonium and lead ions, they show energy bar-
riers of around 0.5 and 0.8 eV, with calculated times in the range of 10 ms to
minutes. [59]
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Figure 1.10: (a,b) Schottky and Frenkel defects, (c¢) channel in grain boundaries,
(e) lattice dislocations, (g) softening of the lattice by lamination, and (f) strain-
induced extended defects by piezoelectric effect are ion migration pathways in hybrid
perovskites. [56]

The Schottky and Frenkel defects are the two main types of point defects that usu-
ally exist in the perovskite crystal lattice. The Schottky defects such as Pbl; and
CH;3NH;3I and Frenkel elemental defects such as Pb, I, and CH3NHj vacancies are
the main types of point defects in methylammonium lead iodide (CH3NH3Pbl3) per-
ovskite enables ion migration.[60] In addition to point defects in crystals, ion migra-
tion in perovskites is mainly dominated by grain boundaries in polycrystalline film.
The grain boundaries facilitate channels for ion migration in hybrid perovskites. The
atomic force microscopy measurements provided strong hysteresis for both photo-
current and dark-current at the grain boundaries. This enhancement in ion mi-
gration redistributes ions through the channel of grain boundaries after poling in
contrast to the intact grain area. Also, single-crystal perovskite devices show negli-
gible hysteresis.[61] The polymer grain passivation methods are known to drastically
reduce the hysteresis by suppressing ion migration.[62]. Apart from grain bound-
aries, other types of defects such as lattice distortion by accumulated charges, stain
induced in the crystal structure due to piezoelectric effects, undissolved impurities,
and photo-induced softening of lattice also causes ion migration.[56]
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Effect of ion migration Outcome

Hysteresis Unfavorable

Device degradation Unfavorable

Phase segregation Unfavorable

Giant capacitance at low | Unfavorable in PV but favorable for

frequency photodetectors

Ionic conduction Favorable in  photodetector and
resistance-switching memory devices

Light soaking Favorable in PV performance but cer-
tain time required to stabilize

Interface passivation Favorable in perovskite photoelectronic
devices

Table 1.1: Effects of ion migration in hybrid perovskite are sometimes referred to as a
"double-edged sword" because all the consequences of ion migration in semiconductor
devices are not detrimental.[63]

Lower dimensional perovskites are believed to suppress ion migration which is severe
in 3D perovskites. This is proved by the measurement of ionic conductivity in 3D
CH3NH3Pbl3 and quasi-2D (BA)o(MA)3Pbyly3 perovskite films under dark and 0.25
sun illumination conditions. In 3D CH3NH3Pbl3 perovskite, when the temperature
reaches 260 K, ion conductivity starts to dominate the conductivity, and the transi-
tion temperature for electronic to ion migration dominated conduction reduced from
260 K to 240 K under 0.25 sun illumination condition. However, such transition is
not observed in quasi-2D (BA)2(MA)3Pbyl;5 perovskite until it reaches 330 K under
both dark and 0.25 sun illumination conditions. It is believed that organic spacers
influence suppressed ion migration.[64]

The underlying mechanism for reduced ion migration in layered perovskite is ex-
plained by two key factors. The out-of-plane ion migration is reduced by longer
chain organic molecules that act as spacers between inorganic layers. However, ion
movement in the in-plane direction can not be blocked by organic spacers since these
are unable to prevent the in-plane ion migration paths. Suppression of ion migra-
tion in layered perovskites along in-plane direction can be explained by an increase
in formation energy for vacancies compared to 3D perovskites. The suppressed ion
migration indicates better stability under electrical bias, and semiconductor devices
made of layered perovskites have reduced ion-diffusion-induced degradation of con-
tact electrodes and charge transport layers. [65]

1.4 Improving stability of hybrid perovskites

Several methods have been explored in the past to improve the stability of hybrid
perovskites, such as changing the perovskite composition, encapsulating perovskite
material, optimizing the electron/hole transport layer, surface passivation, and crys-
tal structure optimization such as introducing 2D perovskite materials.[66]

The trap states at the grain boundaries in perovskite films are known to deterio-
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rate optoelectric properties and stability. The introduction of Lewis acid or base
functional group molecules is demonstrated to passivate grain boundaries and im-
prove the device performance as well as long-term environmental stability (in 40
days, degradation of only 13% without encapsulation in a 50% relative humidity
environment).[67] In addition, small organic molecules with cyano units as terminal
groups are also known to passivate grain boundaries and surface defects, also known
to improve environmental stability.[68] There is another interesting method used
to manipulate the grain boundaries in polycrystalline films, such as the introduc-
tion of macrostructure molecules instead of small-molecule-based additives. This is
motivated by the high volatility and diffusivity of small molecules in harsh envi-
ronments. Introduction of macromolecules with special technique forms polymer-
perovskite composite cross-linker, which will bridge the gaps in grain boundaries and
provide excellent environmental stability against light, heat, and moister.[69] There
are also reports about self-sealing polymers to improve stability. The poly(ethylene-
co-vinyl acetate) (EVA) polymer is introduced into anti-solvent during spin coating
of formamidinium tin tri-iodide (FASnl3), which helps to improve grain size, grain
orientation, and surface defects reduction. This provides encapsulation to FASnl;
and acts as a barrier to moisture and oxygen.[70]

The introduction of a 1D capping layer on top of the perovskite layer is consid-
ered an efficient method to passivate perovskite films to improve environmental
stability.[71] However, insulated layers from low dimensional organic cations are
known to decrease the device efficiency in solar cells, and in-situ cross-linking poly-
merizable propargylammonium at the surface and grain boundaries is used to form a
heterostructure known to reduce the residual tensile strain, which helps to improve
the overall device performance and stability.[72] Introduction of heterostructures to
improve the stability also reported in other semiconductor devices such as LEDs,
where surface 2D and bulk 3D heterophase perovskite approach has been used. This
enables significantly reduced trap density, immune to ion migration on the surface,
fast radiative recombination, and improved environmental stability. [73]

The ultraviolet photocatalytic effect of metal oxide layers also degrades perovskite-
based solar cells. Modification in the electron transfer layer is known to improve
long-term environmental stability.[74] In addition to the above-mentioned methods,
an overlooked factor such as residual stress in perovskite films also contributes to
mechanical and environmental instabilities. Carefully selecting lower-temperature
processing methods and polymeric substrates with high thermal expansion coeffi-
cients might help to improve the intrinsic stability of the films.[75]

1.5 Advantages of 2D hybrid perovskite

Although 3D perovskites exhibit excellent optical and electrical properties, the com-
mercialization of perovskite-based semiconductor devices is hampered by environ-
mental stability. There is a growing number of research focusing on 2D perovskites
to resolve this issue. This is verified by an exponential increase in the number of
publications and citations over the past ten years (Figure 1.11). 2D perovskite ma-
terials contain large organic cations between inorganic layers. They are known to
block degradation pathways such as air and moisture from entering inorganic layers
due to the hydrophobic nature of organic spacers. [76]
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Figure 1.11: Over the past decade, there has been an exponential increase in the
number of publications and citations on the topic of “2D halide perovskite materials”.
Data collected from the web of science.[77]

Furthermore, the size of the organic cation that can be introduced into 3D per-
ovskites is limited by the Goldschmidt tolerance factor. However, this limitation is
relaxed in 2D perovskites. Different molecular size organic spacers can be used to
change the interlayer spacing between inorganic layers, which helps to tune intrinsic
parameters such as optical band gap, exciton binding energy, and dielectric constant
in perovskites. [7§]

The geometry of organic cations modulates the electronic properties of 2D per-
ovskites via the strain introduced on inorganic layers, which is governed by the abil-
ity to fit between the interstitial space in inorganic octahedra. On the other hand,
the image-charge effect between the inorganic high-dielectric constant quantum well
layers and the organic low-dielectric constant spacer layers creates dielectric confine-
ment and influences the electronic band gap and exciton binding energy.[77]

Traditionally 3D perovskite devices perform much better than their 2D counter-
parts due to poor carrier transport, large binding energy, and low conductivity in
2D hybrid perovskites but the introduction of new techniques in perovskite film
processing such as vapor-fumigation,[79], self-assembled monolayer,[10] and solvent
vapor annealing [80] significantly improved the device performance.

1.6 Organic spacers for 2D hybrid perovskite

There are many organic cations reported as spacers in layered perovskite structures.
First, this can be grouped into diammonium and monoammonium cations. In gen-
eral, monoammonium cations are used in RP phase, and diammonium cations are
used in DJ phase (described in section 1.2.2). Based on molecular structure, or-
ganic cations future categorized into aromatic, cyclic, and linear molecules. It is
demonstrated that variations in the length of alkyl ammonium spacers, the addition
of m-conjugated segment, and insertion of ammonium dications are used to enhance
electronic coupling between inorganic quantum well layers. [81]

The aromatic molecule phenethylammonium (PEA) is considered the most used or-
ganic spacer in 2D perovskites due to its excellent optoelectric properties. There
is a large group of similar molecules with small changes in functional groups, that
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have been explored in the past to obtain efficient and stable perovskite-based de-
vices. For example, in PEA, substituting by fluorine atom on the para position
forms 4-fluorophenethylammonium (F-PEA). This small change reduces the center-
to-center distance of phenyl ring in organic spacer and produces well-aligned layers
of perovskite. This enhances orbital interactions and charge carrier transport be-
tween the adjacent inorganic layers, and also it increases the charge carrier lifetime
and reduces trap density.[82] It is observed that larger hydrophobic cations im-
prove stability against moisture but at the same time adversely affect the device
performance.[83] In addition, linear alkyl ammonium molecules such as butylam-
monium and hexylammonium have been explored in 2D perovskite structures used
in solar cells and other semiconductor devices.[84][85] However, lead-free tin-iodide
perovskites with alkyl ammonium cations as an active layer in field-effect transistors
are still not reported.

Here are the consolidated summary of around 22 structures reported in pure 2D tin-
iodide based perovskites devices. However, the relation between chemical structure
and charge carrier transport is still not understood:
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Figure 1.12: The organic cations have been reported in the literature as spacers in
2D tin-iodide hybrid perovskites.
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1.7 2D hybrid perovskite field-effect transistor

Source & Drain (Au) Active layer (Perovskite)

Dielectric layer (SiO2)

Gate (Si substrate)

Figure 1.13: The device structure of the 2D perovskite field-effect transistor in this
research.

The field-effect transistor is a device used to amplify or switch electrical signals by
modulating the conductivity of a semiconductor layer with an electric field.[I00] It
is considered as a fundamental building block in microelectronics and widely used
in computers and electronic devices. FET consists of three terminals such as source
(S), drain (D), and gate (G). The source is where charge carriers enter the channel,
the drain is where charge carriers leave the channel, and the gate is used to control
the flow of charge carriers by allying gate voltage.

Currently, silicon and other inorganic III-V semiconductors are widely used as the
active layer and SiO, as the dielectric layer in FETs due to their outstanding semi-
conducting and dielectric properties. However, there are challenges that exist with
these semiconducting materials due to the complexity and cost interrelated with fab-
rication. Organic materials draw attention due to cost-effectiveness, convenience,
and manufacturing scalability, but the low charge carrier mobility related to weak
Van der Walls interactions in organic molecules limits the performance of organic
FETs.

Semiconducting perovskite materials have drawn considerable attention only in the
last few decades, even though oxide-based perovskites have been investigated as in-
sulating layers for a long time. Since hybrid perovskites can combine the features
of organic and inorganic counterparts on a molecular scale, they can be fabricated
with a simple, less expensive, and low-temperature process. In addition, inorganic
frameworks in hybrid perovskites interact through strong covalent or ionic bonds,
which are responsible for higher charge carrier mobility.[I01] Also, similar to or-
ganic materials, hybrid perovskites could be fabricated on flexible surfaces. These
features make hybrid perovskite a suitable candidate for high-volume manufactur-
ing and large-area flexible devices.[I02] Perovskite-based FETs also follow similar
architecture to traditional silicon-based transistors, but the main difference is the
semiconducting active layer which is specifically made of perovskite. Different types
of device structures have been reported in perovskite-based field-effect transistors.
The device structures such as Bottom Contact/Bottom Gate (BC/BG), Top Contac-
t/Bottom Gate (TC/BG), Bottom Contact/Top Gate (BC/TG), and Top Contac-
t/Top Gate (TC/TG) are the most commonly used in researches. [10][13][11]
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Figure 1.14: Tllustration of the reported device structures in the hybrid perovskite
field-effect transistor.[103]

The first perovskite field-effect transistor reported back in 1999 followed a pure 2D
layered structure phenylethylammonium tin iodide ((PEA),Snly), which showed the
behavior of a p-type transistor with charge carrier mobility of u ~ 0.6 cm?V ~ts™!
and current modulation over 10%.[I8] Back in 2016, (PEA),Snl, perovskite devices
show an excellent charge carrier mobility of 15 cm?V ~'s~! due to enhanced crys-
tallinity, improved hole injection by introducing MoQO, hole injection layers and lower
hole trap density near the perovskite-gate dielectric interface. The well-oriented per-
ovskite crystals and reduced hysteresis are achieved with a self-assembled monolayer
of NH3I treatment on the substrate.[10] The same group was demonstrated record-
high carrier mobilities of 40 cm?V ~!s~! or higher in (PEA),Snl, layered perovskite.
Instead of spin-coated polycrystalline thin film, which usually has a large amount
of grain boundaries and structural disorder, they have prepared large single crystals
of perovskite, but this method has a low fabrication yield of (< 1%).[104]

In contrast to 2D perovskites, field-effect behavior in 3D perovskites has only been
explored since 2013.[105] The initial 3D (MA)Pbls perovskite field-effect transis-
tors suffered from serious ion migration at room temperature, and field-effect cur-
rent modulation was only observed at low-temperature measurements.|[106] How-
ever, with the optimization of thin-film microstructure and modification of source
and drain contacts, the instability and hysteresis in (MA)Pbls perovskite are re-
duced significantly and showed an electron field-effect mobility of 0.5 cm?V ~1s~1
at room temperature in 2017.[I07] The method of solvent vapor annealing is used
to future improve carrier mobility via microstructure control, which exhibited hole
and electron mobilities over 10 cm?V ~!s™1 in 2018. Recently hysteresis-free high-
performance transistors with hole mobilities of 20 cm?V ~'s™! and a current on/off
ratio exceeding 107 realized through anion engineering. [108]
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2D hybrid perovskite transistors have a unique advantage over 3D counterparts due
to intrinsically suppressed ion migration results from layered structures.[109] Several
techniques related to organic spacer tuning, additive engineering, and microstructure
optimization have been explored to improve the electrical properties and stability
of the devices.[110][111][112]



Chapter 2

Experiments

2.1 The device preparations

2.1.1 The synthesis of 2D perovskite

Alkyl ammonium spacers

2D hybrid alkyl ammonium-based perovskites have been studied since the 1980s for
structural phase transition behavior, ferromagnetism, and excitonic properties.[113][34]
However, these organic spacers have received considerable attention due to their ap-
plication in 2D-3D hybrid perovskite solar cells in the past decade, where it is used
as organic spacers to reduce environmental degradation. These alkyl ammonium
cations are the simplest molecular structures reported as organic spacers in hybrid
perovskite-based devices.[84] [114] Here we study a series of monoammonium cations
with a gradual increase in the number of carbon atoms in the alkyl chain that could
be used as spacers in RP-phase perovskite. The number of carbon atoms in the
linear alkyl chain increases from 3 to 7.

NH;
1. Propylammonium (PA): /\/
2. Butylammonium (BA): /\/\NH:;’

NH{
3. Pentylammonium (PentA): /\/\/
4. Hexylammonium (HxA): /\/\/\1\11_1:43r

NHi
5. Heptanammonium (HeptA): /\/\/\/

20
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Solvents

The most popular solvents used in perovskites are dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO). DMF is a colorless polar aprotic solvent with a boiling
point of 153 °C' and a melting point of —60.4 °C'. It is miscible with water and
most of the organic solvents.|[I15] DMSO is a colorless polar aprotic solvent that has
a boiling point of 189 °C' and a melting point of 18.5 °C'. It is also miscible with
water and most of the organic solvents.[I16] Pure dimethylformamide (DMF), and
a mixture of DMF and dimethyl sulfoxide (DMSO) in a 1:1 ratio have been used as
the solvent for the synthesis of 2D perovskite solutions in this research.

DMF as a primary solvent and DMSO as a secondary solvent are used to control
the grain sizes in the perovskite films. The grain size in the deposited film increases
when the volume ratio of DMSO increases in the precursor solution.[I17] DMF and
DMSO favor step-by-step reaction from low to high I-iodoplumbate. DMF favors
the formation of low-coordination complexes, but DMSO reduces the reaction of
high-coordinated complexes. Therefore, reaction energies can be better balanced
when using DMSO as an additive in DMF instead of using pure DMF.[I18] This is
also applicable in 2D perovskites where fast volatilization in DMF solvent creates
homogeneous nuclei in perovskites that causes random orientation of crystals in
perovskite films. That can be slowed by using the binary solvent mixture of DMF
and DMSO as there is the formation of intermediate products.[I19]

0
P

I

S
2. Dimethyl sulfoxide (DMSO): PN

Tin iodide (Snly) (at purity of > 99.99%) and solvents DMF and DMSO (at purity>
99.9%) were purchased from Sigma-Aldrich, and organic cations (PA, BA, PentA,
HxA, and HeptA) with > 99.99% purity were purchased from Greatcell Solar.

1. Dimethylformamide (DMF):

Three types of recipes have been used in the synthesis of 2D perovskites:
1. Precursor at 0.1 M concentration in pure DMF (Recipe A).
2. Precursor at 0.2 M concentration in pure DMF (Recipe B).
3. Precursor at 0.2 M concentration in DMF:DMSO (1:1) (Recipe C).

Firstly, tin iodide (Snly) is mixed with monoammonium iodide (RI) in a molar
ratio of 1:2 in a glove box environment (H,O < 0.1 ppm, Oy < 0.1 ppm) at room
temperature. Secondly, 500 ul of solvent is added to the recipe and the solution is
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stirred at 60 °C for about 3 hours. Finally, the solution is filtered with a 0.2 pum
PTFE filter to remove any undissolved and agglomerated particles.

Chemical reaction

SDIQ + 2RI — RQSHI4

2.1.2 Device fabrication

> -
E— S S
Acetone 2-Propan
. . N2 Purging
Substrate cleaning
For 10 minutes
UV Treatment
For 20 minutes
E—
— Coater
< e J
Gold deposition
For a thickness of 50 nm
Annealing Spin coating
For 10 minutes For 60 seconds
At 100°C At 4000 RPM

Figure 2.1: Overall process flow of device preparation.

Substrate cleaning

A silicon substrate (1.5 x 2 cm) with an oxide layer of about 300 nm is used. At
first, the substrate is thoroughly cleaned in an ultrasonic bath for 10 minutes with
acetone followed by isopropanol. As a next step, it is dried with pure nitrogen gas
for a few seconds. Finally, the substrates are treated with ultraviolet rays for about
20 minutes to remove all the residues.

Spin coating

The prepared substrates are then spin-coated in the glove box environment at 4000
rpm for 60 seconds. About 30 pl of precursor solution is used to coat a single
substrate.

Annealing

The substrate is then annealed at 100°C' for about 10 minutes to remove the solvent
from the wet spin-coated film. The temperature is maintained at 100 °C' as it is the
optimum temperature for the formation of a highly crystalline film.
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Gold deposition

The source-drain electrode patterns are deposited on top of the perovskite layer
with a thickness of 50 nm by gold thermal evaporation through a shadow mask.
This used to construct transistor channels of L x 1000 pm (length x width), where
channel length is 10, 30, 50, and 80 pm. Gold is used as the electrode material to
avoid contact problems. Since approximately eight devices can be fabricated in a
substrate, each device must be first isolated by scribing the perovskite layer around
each device. Thereafter, silver paste is used to make connections to the grounded
silicon layer. Now, all the steps of device preparation are completed, and the device
is finally made ready for measurement.

2.2 Characterization of 2D perovskite

2.2.1 Introduction

Figure 2.2: Commonly used characterization methods for perovskites.

Understanding the properties of perovskite material is essential to analyzing opto-
electronic, structural and electrical transport properties. There are multiple tech-
niques used in this research, where XRD and GIWAXS are helpful in understanding
crystal arrangement and preferential growth orientation. The latter qualitatively
describes the degree of order in the film. AFM and optical measurement are used to
analyze surface morphology. On the other hand, absorption spectroscopy is used to
characterize the energy band structure and optical properties of the material. This
will provide a basis for understanding the properties of perovskite, and later this
will be used to establish a correlation between the size of alkyl ammonium spacer
and the charge transport properties with the help of the device measurement.
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2.2.2 X-ray diffraction

X-ray diffraction is one of the well-known techniques used in materials science to
analyze crystal structures. This non-destructive method has several advantages,
such as easy operation, short measurement time, and convenient data collection and
post-processing. In XRD, incident X-rays are radiated into the material at different
angles, and the scattered intensities of the diffracted beam are plotted against the
angle of incidence X-ray beam. These data provide valuable information about the
crystal arrangement. XRD analysis on thin perovskite film is used to understand the
formation of the 2D layered structure and preferable growth orientation reference to
the substrate surface. Pure 2D perovskites usually form in the orientation parallel to
the substrate and show reflection peaks of (001) in the XRD. However, when it comes
to quasi-2D perovskites, which are partially formed perpendicular to the substrate,
replace the (001) reflections in the XRD with (0k0). Also, the other reflections
related to (111) and (202) planes are visible in the XRD analysis.[120]

(a) Schematic of the X-ray diffractometer (b) Visual representation of the
Bragg equation

Figure 2.3: Sample analysis with an X-ray diffractometer. [121]

A scattered X-ray beam produces constructive interference occurs when the following
conditions are met:

1. Incidence angle = Scattering angle.
2. The path length difference is equal to the integer multiplication of wavelengths.
This is known as Bragg’s equation: [122]

nA = 2dsinf (2.1)

Where,

n: Diffraction order,

A: The wavelength of X-ray radiation,

d: Distance between adjacent layers of atoms or molecules,

0: Glancing angle (Defined angle at which constructive interference occurs)

This equation is applied to analyze inter-layer distances in 2D hybrid perovskite. A
silicon substrate (1.5 x 2 cm) with an oxide layer of 300 nm is used for thin film
preparation of XRD measurements. The substrates are spin-coated with recipe C
and annealed at 100°C for 10 minutes. The freshly prepared thin films are analyzed
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with a Bruker diffractometer which is precalibrated using silicon substrate with a
300 nm oxide layer.

2.2.3 Grazing incidence wide angle X-ray scattering

X-ray techniques such as XRD and GIWAXS are widely used in hybrid perovskites
and organic semiconductors to probe information related to internal morphology.
Information specific to in-plain layers can not be observed by using XRD. When
it comes to GIWAXS, it is capable of capturing in-plane and out-of-plane crys-
tallographic information in polycrystalline perovskite films. Information regarding
crystallinity, crystal orientation, crystal size, and layer spacing can be obtained. In
contrast to grazing-incidence small-angle X-ray scattering (GISAXS), which is used
to analyze length scales corresponding to nanophase separation, GIWAXS is used
for scales corresponding to molecular packing.[123]

Compared with GISAXS, GIWAXS is more popular in analyzing perovskites, and
there are several advantages of this technique, such as considerably high signal-to-
noise ratio, non-destructive and non-contact probing, a large amount of structural
information, depth resolution, and in-situ observation. Crystallographic informa-
tion about perovskites affects optoelectronic and material properties. Diffraction
patterns from 2D GIWAXS provide Debye-Scherrer rings for specific crystal planes.
This helps to characterize the structural orientation of perovskite films.|[124]

Geometry of GIWAXS diffraction

—

The incident X-ray (k;) penetrates the sample at a shallow angle («;) and generates
a scattered beam (k}) with an exit angle (ay) relative to the sample surface. The
exit plane has an azimuth angle (¢) relative to the plane of the incident beam.
The direct beam is projected onto the origin of reciprocal space. The projection of
the scattering wave vector (g) onto the (¢, — ¢.) plane has a polar angle (X) with

respect to the ¢, axis. Here, the polar angle (fp) indicates the smallest detectable

X.[125]

. i i » 2
missing wedge
region

2

Figure 2.4: 2D GIWAXS pattern with scattering profile.[125]

X-ray beam k; projected onto the sample at grazing angle of «;, The scattered beam
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k‘} is recorded on the area detector. Scattering wave vector ¢ = k:} — k; is given by
below components:

S 2)7\T(cosafcosg0 — cosq;) (2.2)
qy = 2;\T(cosafsincp) (2.3)

4 =\ %>+ q° (2.4)

qy = Qj\r(sinai + sinag) (2.5)

The shape and intensity of GIWAXS patterns on the reciprocal (¢, — ¢.) plane can
be used to interpret the orientation of the crystal. A thin film without any preferred
crystal orientation shows uniform ring-shaped diffraction. A material with a pre-
ferred out-of-plane direction and random in-plane arrangement shows an arc-shaped
diffraction pattern, and more uniformly arranged thin films show high-intensity spots
as diffraction.

2\ =2 =S == =
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q, q, q,
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Figure 2.5: The shape of GIWAXS diffraction (a). Ring, (b). Arc, (c). Ellipse.[126]

A silicon substrate (1.5 x 2 ¢cm) with an oxide layer of 300 nm is used for thin film
preparation of GIWAXS measurements. The substrates are spin-coated at 4000 rpm
with all the three types of solvent recipes (A, B & C) and annealed at 100 °C for 10
minutes. The prepared substrates are measured at the synchrotron facility (Delta,
Beamline 9) in Technische Universitdat Dortmund. All the substrates are measured
within 24 hours of preparation and transported in fully air-sealed containers to avoid
environmental degradation.
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2.2.4 Ultra-violet visible spectroscopy

The wavelength of light source from ultra-violet to visible is used in UV-visible
spectroscopy. Usually, the samples are illuminated with light, and the absorption
spectrum is recorded according to its wavelength. Since the absorption of light
depends on the change of electronic state in the molecular structure of the sample,
this spectrum is unique to the material. This can be used to distinguish materials
with different molecular structures. Also, the electronic band-gap of the materials
can be calculated.[127]

BA,MA, SN, |1
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<L n=4 1.42eV
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Energy, eV

Figure 2.6: Absorption spectrum of (BA)y(MA), 1Sn,I3,.+1 when n becomes infin-
ity it is considered as 3D perovskite. A shift in the optical bandgap of the material
is observed, with 3D perovskites having a bandgap of 1.20 eV, while pure 2D per-
ovskites have a higher bandgap of 1.83 eV.[12§]

2D organic-inorganic hybrid perovskites are considered as natural quantum wall
structures with organic barriers.[34] Absorption spectrum of 2D perovskite shows
blue-shift hundreds of nanometers than their 3D counterparts, which attributes to
the strong quantum confinement effect. Excitons are more stable in layered struc-
tures than in bulk 3D perovskites and this is proven by the binding energy of 2D
perovskites which is nearly ten times higher.|[129]



CHAPTER 2. EXPERIMENTS 28

(a) In comparison to absorption spectrum of most (b) Absorption spectrum of
commonly used (PEA)9Snly,[130] alkyl ammonium-  (PEA)2SnXy,[17] which shows
based perovskite shows a narrow blue-shift in the the effect of halide anions.
peaks.

Figure 2.7: The absorption spectrum of 2D hybrid Sn(II)-based perovskite with
bench-marked organic cation PEA.

Since peaks in the absorption spectrum are known to originate from inorganic frame-
work, it could be comparable to the other tin-iodide based pure 2D perovskites re-
ported in the literature.[I7] However, when it comes to 3D and quasi 2D tin-iodide
perovskites, it shows a red-shift due to reduced quantum and dielectric confine-
ment effects. Also, tin-based 2D perovskites with different types of halide anions
show changes in absorption spectrum due to structural differences in the inorganic
framework.

A glass substrate (1.5 x 2 ¢cm) is used for thin film preparation of UV-visible spec-
troscopy measurements. The substrates are spin-coated with recipe C and annealed
at 100 °C for 10 minutes. The freshly prepared thin films are analyzed with a UV-
visible absorbance spectrometer which is precalibrated using a glass substrate.

2.2.5 Optical microscopy

Understanding the overall quality of the spin-coated film is important when analyz-
ing the extrinsic factors involved in mobility. By using optical microscopy, structures
as small as hundreds of micrometers can be analyzed. Large impurities and cracks
can also be observed.

A silicon substrate (1.5 x 2 cm) with an oxide layer of 300 nm is used for thin
film preparation of optical microscopy. The substrates are spin-coated with all the
three solvent recipes (A, B & C) and annealed at 100 °C' for 10 minutes. The
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freshly prepared thin films are analyzed with a Leica DM optical microscope at
three different magnifications such as 5X, 10X, and 50X.

2.2.6 Atomic force microscopy

AFM is used to understand the morphology of perovskite films on a micrometer
scale. In contrast to scanning electron microscopy, AFM could be able to produce a
3D surface profile. This technique is useful for investigating the size of crystal grains
and boundaries. In addition, other parameters such as surface roughness of thin film
can be measured. This is used to investigate extrinsic effects which influence the
charge transport of perovskites.

A silicon substrate (1.5 x 2 cm) with an oxide layer of 300 nm is used for thin
film preparation of AFM. The substrates are spin-coated with all the three solvent
recipes (A, B & C) and annealed at 100 °C' for 10 minutes. The freshly prepared
thin films are analyzed with a Bruker dimension ICON scanner in non-contact mode.
The samples are analyzed in scan sizes of 50 um and 10 um.

2.3 Device measurement

The device measurements are performed using Keithley 4200-SCS semiconductor
parameter analyzer. 2D perovskite FETs are measured at three different temper-
atures such as 100 K, 200 K, and room temperature (295 K). At first, fabricated
devices are loaded into an ultrahigh vacuum and low-temperature probe station and
kept for around 20 minutes to reach the vacuum pressure of 50 mTorr. Following
this, the cooling system is turned on for the devices to reach the temperature of
100 K, which takes around 5 hours in approximation. Thereafter, the cooling sys-
tem is turned off to stabilize the temperature. At first, the devices are measured at
100 K, then kept for around 24 hours for the temperature to reach 200 K gradually.
Again device performance is measured at this temperature, then waited 48 hours
for the probe station to reach room temperature. Again at this level, device perfor-
mance is measured. It is vital to kept at ultra-high vacuum conditions to avoid any
environmental deterioration of the perovskite transistor and to reduce the external
noise.

The transfer characteristics are measured in pulse mode and output characteristics
are measured in continuous mode. In pulse mode, short impulses of gate voltage V,
are applied for a 1s duration. Transfer curves are plotted for drain-source current I
against varying the gate voltage V; from +60V to —60V while keeping Vg, = —60V
constant and the output curves plotted I;; against varying drain-source voltage Vs
from 0V to —60V" at different gate voltages V, of 0V, =20V, —40V and —60V".
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Results and discussion

3.1 Optoelectronic properties

Excitons are responsible for optoelectronic processes in semiconductors, which are
the basis for the operation of optoelectronic devices such as LEDs, OLEDs, solar
cells, and others.[131] The term exciton is defined as pair of electron and holes
which is attracted to each by Coulomb interaction, this occurs when the desired
amount of photon energy absorbed by a material, electrons in the valence band
get excited and moves to the conduction band, the energy absorbed during this
process are referred to as exciton binding energy.[I32] In order to understand the
optoelectronic properties of 2D hybrid perovskites, an understanding of excitonic
binding energy is essential. 2D perovskite structures are significantly different from
their 3D counterparts, which have unique quantum-confined thin inorganic layers
and insulating organic spacers. Also, the dielectric properties between inorganic
framework and organic spacers are considerably different.[34] It would be interesting
to understand the correlation between the exciton binding energy of 2D tin-iodide
perovskite with different alkyl ammonium cations using theoretical and experimental
tools.

Inorganic well

Organic barrier

(a) Quantum well structure of 2D perovskite, where (b) Exciton band
the mismatch between the dielectric constants of the structure of a
inorganic layer (e,) and organic spacers (¢p) creates a material.[133]
dielectric confinement effect.

Figure 3.1: Illustration of 2D quantum well structure and exciton binding energy
band diagram.

30
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The model for excitons in semiconductors is known as Wannier-Mott exciton. In
this model, the lowest energy state of the exciton is known as 1s excition, and
binding energy relevant to this is given as £}, ;5. Higher exciton energy value related
to conduction band minimum is referred to as a more stable excitonic state and
this defines the stability of an exciton. The material with higher binding energy is
suitable for light-emitting diodes (LED) and lower binding energy is desirable for
photovoltaics.

The attractive force between the electron and hole in the exciton is given by:

1 2
F=——5 (3.1)

e 12

Where (r) distance between electron and hole, (¢) dielectric constant of lattice and
(e) elementary charge.

Energy expressed in following form for excitonic states:[134][135] n =1, 2, 3,....,

nQEg’D
2
1
(n-3)

Where EZP and EPP are the binding energy of the n'* excitonic states of 2D and
3D structures.

EP = (3.2)

Exciton binding energy calculated for 1s excitons is given by EP = 4E2P. How-
ever, for this to be true, both system conditions should be identical. In the case
of 2D hybrid organic-inorganic perovskite, the dielectric constant (€) of the barrier
layer (¢,) is smaller than the quantum well layer (e,). The difference in dielec-
tric constants between layers is suggested to enhance binding energies.[I36] This
effect is called as dielectric confinement and it was reported by Rytova[l37] and
Keldysh[I3§]. If binding energy is influenced only by quantum confinement, 2D per-
ovskite structures should only have around four times the exciton binding energy of
3D perovskites. However, the excitonic binding energy is 490 £+ 30 meV for pure
2D (C4HygNH3),Pbl, perovskite based on the experimental results.[139] This bind-
ing energy is much higher than corresponding quasi-2D (370 meV') and 3D systems
(37 meV).[140][141] Therefore both quantum and dielectric confinement influence
exciton binding energy.

In the 2D limit, if we assume zero well width and infinite barrier potential for a single
QW, the increase of exciton binding energy in 2D relative to their 3D counterpart
is given by:[13§]

2
E2De — g (&V) E3D (3.3)
€b

It is visible that equation (3.3) is advancement from equation (3.2) by taking con-
2
sideration of difference in dielectric constants by multiplying (‘Z—ZJ) :

The reduction of dielectric confinement in 2D hybrid perovskites and corresponding
exciton binding energy has been reported with large polar organic spacers. This was
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demonstrated in (HOCH;CHsNH3)oPbly where the organic material has a signifi-
cantly higher dielectric constant (¢ ~ 37) compared to conventional organic spacer
PEA (e &~ 4). The dielectric confinement is greatly reduced, and the exciton binding
energy is 20 times smaller than conventional 2D perovskites.[142] A similar trend
can be predicted for alkyl ammonium cations. Since the dielectric constant of the
organic spacer layer is directly proportional to the number of carbon atoms in the
linear chain, according to the above-mentioned equation (3.3), it can be predicted
that the exciton binding energy will gradually increase with the length of alkyl
ammonium Spacers.

Organic spacers | Dielectric constant (¢)
Propylamine 5.35
Butylamine 4.90
Pentylamine 4.27
Hexylamine 3.94
Heptylamine 3.81

Table 3.1: Dielectric constant values of alkyl ammonium cations, as the num-
ber of carbon atoms in the chain increases, the dielectric constant decreases
proportionally.[143]

Figure 3.2: The absorption spectrum of 2D alkyl ammonium perovskites films, pre-
pared at a concentration of 0.2 M in DMF:DMSO (1:1), spin coated at 4000 rpm
and annealed at 100 °C' for 10 minutes.

Properties of 2D perovskite films are investigated using UV-visible absorption spec-
troscopy. All the films with different alkyl ammonium spacers exhibit similar be-
havior. The first peak which is around 430 nm corresponds to high-energy exciton
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transition energy levels. The second peak around 520 nm is related to the inter-band
transition process in perovskite and the third sharp peak around 600 nm is related
to the recombination of intrinsic excitons.[144] [34][130]

Exciton binding energy approximation

Wannier exciton binding energy (FEj) of direct semiconductors can be calculated ef-
fectively by fitting the band-edge absorption spectrum using Elliot formula.[145] Ac-
cording to the Elliot theorem, absorbance coeflicient can be given as:[146] [147]

a(hv) =ap Y (1/n) (Tn/2)? / [(00/2)* + (ho — B, + Ryo/n)’] +

ar{n/2 +arctan [(hv — E;) / (T'./2)]}

(3.4)

UV-visible absorption spectrum of samples recorded at room temperature is fitted
in the above-mentioned equation. Where («y) absorption peak of exciton ground
state, (aq) is absorption peak at band gap, (E,) optical band gap, (Rx) exciton
biding energy, (I',) and (I'¢) are full width at half-maximum of Lorentzian and full
width of continuum excitons.
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a) (PA)oSnly; By =224 meV and E; = (b) (BA)2Snly; Ep = 225meV and E, =

(
1.992 2V 1979 £ 2V

(c) (PentA)oSnly; Ep = 193 meV and (d) (HxA)2Snly; Ep = 220 meV and
Ey=1.995+2eV Ey=1.990 %2V

(e) (HeptA)oSnly; Ej = 226 meV and
E;,=2011+£2eV

Figure 3.3: Absorbance spectrum and corresponding Elliot fit curves are used to
calculate the optical band gap (E,) and exciton binding energy (Ej) of 2D perovskite.

The fitted values for exciton binding energies are in the range of 193 — 223 meV for
alkyl ammonium cations. However, based on the theoretical equations, there should
be a gradual increase in binding energy in reference to the number of carbon atoms
in the alkyl chain. This kind of trend is not observed in the calculated values based
on experimental UV-visible absorbance spectrum. Probably this is due to an error
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in non-linear curve fitting of mathematical model. Even though Elliot fitting is a
proven method to analyze exciton binding energy, values obtained from this method
are accurate in the range of tens of meV.

3.2 Structural properties

The structural properties of hybrid perovskite thin film govern optoelectronic and
electrical transport properties of the material. The change in organic spacers, sol-
vent type and concentration in precursors directly influence various microstructure
properties from molecular level to device scale. Four main techniques have been
used to probe the information from thin film such as optical microscopy, atomic
force microscopy (AFM), X-ray diffraction (XRD) and grazing incidence wide angle
spectroscopy (GIWAXS). The optical microscopy is only capable of obtaining device
scale microstructural information, AFM is used for 3D morphological information
at sub-micron level, XRD & GIWAXS are useful for information related to crystal
structure.

(a) (A)QSHI4 (b) (BA)2Snly (c) (PentA)2Snly

(d) (HxA)2Snly " '(e)‘. (ﬁptA)QSnI4

Figure 3.4: Optical microscopy images of perovskite films, prepared at a concen-
tration of 0.1 M in DMF, spin-coated at 4000 rpm and annealed at 100 °C' for 10
minutes. The optical microscopy images of alkyl ammonium perovskites prepared
with different recipes are attached in appendix A.

Based on optical microscopy images, shorter carbon chain alkyl ammonium per-
ovskites usually shows distinguished domain separation (Figure 3.6 a and b). The
higher carbon number alkyl ammonium perovskites usually forms more smoother
films without any visible domain boundaries (Figure 3.6 d and e). This can directly
affects the charge transport properties of perovskite since these domain boundaries
act as charge traps and ion migration pathways. When it comes to longer carbon
chain alkyl ammonium perovskites separation between domain boundaries visibly
disappeared.
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(c) (PentA)aSnly (d) (HxA)2Snly

(e) (HeptA)sSnly

Figure 3.5: Atomic force microscopy images of different perovskite films, prepared at
a concentration of 0.1 M in DMF, spin coated at 4000 rpm and annealed at 100 °C'
for 10 minutes. The AFM images of alkyl ammonium perovskites prepared with
different recipes are attached in appendix B.

Based on the AFM images, clear separation between grains/domains and pinholes
can be observed in perovskite film with lower carbon number alkyl ammonium spac-
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Organic spacers | Surface roughness (nm) | Width of grain boundary (um)
(PA),Snl, 8.7 1.89
(BA),Snl, 17.4 5.72
(PentA)oSnly 3.8 0.68
(HxA)5Snl, 45 1.69
(HeptA)2Snly 2.7 0.71

Table 3.2: Surface roughness and the average size of grain boundaries of perovskite
films.

ers. However, this grain boundary separation disappears with a higher carbon num-
ber, which was mentioned in optical microscopy data. This can be considered as
one of the critical factors influencing charge carrier mobility. Trap states at grain
boundaries in polycrystalline perovskites are known to deteriorate optoelectronic
performance. Several additive engineering techniques such as the introduction of
semiconducting molecules with Lewis acid or base functional groups are used to
passivate the grain boundaries have been reported in several studies.[148][67] A
clear correlation could not able to observe between the grain size and charge carrier
transport; the most critical factor affecting the charge carrier transport is a separa-
tion between the grains/domains rather than the grain size. The surface roughness
dominated scattering is also known to influence the charge carrier mobility, this is
mainly applicable to two-dimensional layered charge carrier transport interfaces; as
we can see from the calculated surface roughness of shorter alkyl chain perovskites,
the numerical value is relatively higher than longer alkyl chain perovskites, this is
also seems to effect charge carrier transport in perovskites.[149]

XRD measurements of alkyl ammonium perovskite provide useful information re-
lated to crystal structure. The length of organic spacers are proportionally affecting
the inter-layer distance between inorganic layers. This is proven by XRD measure-
ments of thin perovskite film and calculated inter-layer distance from XRD peaks
using Bragg’s equation.
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(a) (PA)QSHI4 (b) (BA)QSHI4

(C) (PentA)QSnI4 (d) (HXA)QSHI4

(e) (HeptA)aSnly

Figure 3.6: X-ray diffraction patterns of perovskite films with different alkyl am-
monium cations, prepared at a concentration of 0.2 M in DMF:DMSO (1:1), spin
coated at 4000 rpm and annealed at 100 °C' for 10 minutes.
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Organic spacers | Glancing angle | Inter-layer distance (A)
(PA)5Snly 7.00° 12.64
(HA)2Snly 6.49° 13.62

(PentA),Snly 6.09° 14.52
(HxA),Snly 5.42° 16.30
(HeptA)sSnly 4.81° 18.38

Table 3.3: Calculated inter-layer spacing of perovskite with different alkyl ammo-
nium cations.

Inter-layer distance

(a) Interlayer distance vs. alkyl ammonium or- (b) Illustration of inter-layer dis-
ganic spacers tance in 2D perovskite.[I50]

Figure 3.7: The calculated inter-layer distances of alkyl ammonium-based per-
ovskites.

XRD analysis of alkyl ammonium-based perovskite shows peaks at periodic intervals
relevant to (001) crystal orientation. Based on this analysis, it can be verified that
layered structures are forming parallel to the substrate. By measuring the angles
related to high-intensity peaks, the inter-layer distance between adjacent inorganic
layers can be calculated using Bragg’s law.
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GIWAXS pattern of hybrid perovskite

(a) (PA)QSHI4 (b) (BA)QSHI4

(c) (PentA)2Snly (d) (HxA)2Snly

(e) (HeptA)aSnly

Figure 3.8: GIWAXS images of perovskite films, prepared at a concentration of 0.2
M in DMF, spin-coated at 4000 rpm and annealed at 100 °C' for 10 minutes.The
GIWAXS images of alkyl ammonium perovskites prepared with different recipes are
attached in appendix C.

GIWAXS patterns of butylammonium ((BA);Snly) and hexylammonium ((HxA)2Snl,)
based perovskite thin films have been simulated using single-crystal unit cell data
from the literature.
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(a) (BA)QSDI4 (b) (BA)QSHI4

(c) (HxA)2Snly (d) (HxA)2Snly

Figure 3.9: Experimental GIWAXS diffraction images and corresponding simulated
pattern with miller indices.

The crystal orientation of the alkyl ammonium-based polycrystalline perovskite film
can be visualized using the GIWAXS diffraction pattern. When it comes to low-
carbon alkyl ammonium-based perovskites, ring-shaped diffraction patterns can eas-
ily be observed in addition to sharp elliptical patterns, This clearly shows some level
of randomly oriented hybrid perovskite 2D layers that are not parallel to the silicon
substrate. This phenomenon disappears with longer alkyl chain spacers. This can be
interpreted as well-organized perovskite layers parallel to the substrate in a longer
alkyl chain. However, there is another interesting observation that the pattern inten-
sity also decreases with longer carbon spacer. That means although perovskite layers
are well-organized, crystallinity drops with a longer carbon chain. There should be
a balance between the orientation of the perovskite layer and the crystallinity to
achieve better electrical transport and optoelectronic properties.

3.3 Device performance

Devices exhibit the behavior of a p-type transistor. Perovskites synthesized with
lower carbon alkyl ammonium cations did not show on-off behavior of the transistors.
Higher carbon devices show on-off behavior with large hysteresis. The ion migration
accumulated at perovskite and dielectric interface will screen the applied electric
field. This results in poor and unreliable current modulation at room temperature
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and significantly large hysteresis in forward and reverse sweep of current-voltage
output curves.[I51][107] This observed behavior in polycrystalline films generally
dominates via grain boundaries.[152]

(a) (PA) QSHI4

(b) (BA)QSHI4

(c) (PentA)oSnly
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(d) (HXA)QSHI4

(e) (HeptA)2Snly

Figure 3.10: Transfer characteristics of 2D alkyl ammonium based perovskite FETs
measured at (a) 100 K, (b) 200 K, and (c) 295 K. The channel length and width
are L = 80 pm, W = 1000 gm. The gray curve (I,) shows the leakage current of
the device prepared at 0.1 M in DMF, spin coated at 4000 rpm, and annealed at
100 °C for 10 minutes. The transfer characteristics of alkyl ammonium perovskite
transistors prepared with different recipes are attached in appendix D.

3.3.1 Charge carrier mobility

Charge carrier mobility defines the ease of charge carriers to drift through a material
when an electric field is applied to attract those charges.

This can be explained by below equation:

vg = puFE (3.5)

Where E is the applied electric field across the material and vy is the drift velocity

which is the average velocity of charge carriers moving for the applied electric field,

typically measured in cm?V ~1s71).

Also the charge carrier mobility 1 can be written as:

ETe

= (3.6)

Where, 7. is mean free time and m* is effective mass of charge carrier.
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Based on the above definition, the mobility depends on the drift velocity, which is
affected by the mean free time between scattering.

Charge carrier mobility in perovskite is controlled by intrinsic and extrinsic factors.
Intrinsic parameters are derived from the interaction of charge carriers with the
lattice, but extrinsic parameters are related to material imperfections such as grain
boundaries, dislocations, impurities, and voids.

Based on the evidence from theoretical and experimental studies at room temper-
ature, it is shown mobility of hybrid perovskites is limited by Frohlich interactions
between ionic lattice in LO phonon modes and charge carriers in the electric field.
This type of interaction is known to dominate in ionic-inorganic semiconductors such
as gallium arsenide (GaAs) in high-temperature regions. LO phonon mode usually
involves oscillating metal atom in the perovskite, it is suggested to have a relatively
smaller atom like Sn than Pb to improve the mobility. However, the potential for
enhancement in mobility is limited by the oxidization of Sn** to Sn** which causes
self-doping. [153]

Intrinsic parameter phonon scattering/coupling reduce mobility due to charge carrier
trap and polaron formation. The charge traps are more significant in 2D material
than in 3D counterparts and they are concentrated at surfaces and interfaces where
the probability for deformation is higher in perovskites. [154]

The charge carrier mobility of 2D alkylammonium-based hybrid perovskites in sat-
uration mode is calculated using the following formula:

2L @%@f (3.7)

F=we oy,

where L, W and C; are transistor channel length, width and unit capacitance of the
N 2

oxide dielectric layer. The slope (%—‘fjs) is obtained by plotting the square root of

the drain-source current (Iys) versus the gate voltage (V).
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Cation Solvent Concentration (M) Mobility (cm?V s ™)
100 K 200 K 295 K
(PA)2Snl, DMF 0.1 - - -
(BA),Snl, DMF 0.1 - - -
(PentA)2Snly DMF 0.1 2.07E-03 | 4.87E-03 | 9.13E-04
(HxA)2Snly DMF 0.1 1.2E-02 | 1.77E-02 | 4.51E-03
(HeptA)2Snly DMF 0.1 6.55E-03 | 1.01E-02 | 1.15E-03
(PA)Snl, DMF 0.2 - - -
(BA)2Snly DMF 0.2 1.61E-04 | 5.88E-04 | 1.25E-04
(PentA)2Snly DMF 0.2 3.34E-03 | 5.18E-03 | 1.9E-03
(HxA)oSnly DMF 0.2 2.84E-02 | 4.36E-02 | 6.43E-03
(HeptA)2Snly DMF 0.2 3.29E-02 | 5.21E-02 | 2.74E-03
(PA)2Snl; | DMF:DMSO (1:1) 0.2 1.25E-04 | 4.09E-04 | 3.74E-05
(BA)2Snly DMF:DMSO (1:1) 0.2 2.81E-03 | 8.01E-03 | 9.07E-04
(PentA);Snl; | DMF:DMSO (1:1) 0.2 3.75E-02 | 6.82E-02 | 2.61E-03
(HxA)2Snly | DMF:DMSO (1:1) 0.2 8.01E-03 | 1.7E-02 | 2.93E-03
(HeptA)»Snl, | DMF:DMSO (1:1) 0.2 - - -

Table 3.4: Consolidated summary of charge carrier mobility for alkyl ammonium-
based perovskite field-effect transistors fabricated with different precursor recipes

(A, B & Q).
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(a) Concentration of 0.1 M in DMF (b) Concentration of 0.2 M in DMF

(¢) Concentration of 0.2 M in
DMF:DMSO (1:1)

Figure 3.11: The charge-carrier mobility of tin-iodide-based 2D hybrid perovskite
FETs with a different number of carbon atoms in alkyl ammonium spacers.

In the measured alkyl ammonium perovskites, device performance gradually in-
creases with the number of carbon atoms in organic spacer. However, this pattern
begins to drop starting from hexylammonium. But all the five alkylammonium-
based perovskites share the same inorganic layer (Sn-I framework). The charge
transport layer in perovskites is known to be inorganic framework, therefore dis-
crepancy in overall charge carrier mobility should originate from organic spacers.
The intrinsic factor such as molecular packing at atomic scale between inorganic
layers and organic spacers can be used to explain this observation. In higher carbon
number spacers, the presence of local gauche defects and distortion in the organic
chain form potential well, enabling charge carrier localization and self-trapping. This
conformational disorder of organic cations is observed in [CH3(CH;),,_1NHs]oPbl,
where the future increase in number of carbon (n > 6) in alkyl ammonium chain
deteriorates the in-plane and out-of-plane charge carrier mobility.[155]
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(a) In-plane charge carrier mobility. (b) Out-of-plane charge carrier mobility.

Figure 3.12: Intrinsic mobility of lead-iodide-based 2D hybrid perovskites with a
different number of carbon atoms in alkyl ammonium spacers. [155]

In addition, alkyl ammonium-based 2D perovskites show maximum hole mobility
at 200 K instead of lowest measured temperature at 100 K. This is a usual be-
havior in small grain transistors. This can be explained by thermally activated
transport mechanism. On the other hand, when temperature gradually increases
beyond 200 K, a decrease in mobility with temperature is attributed to an intrinsic
transport mechanism dominated by lattice scattering. [156]

Transistors fabricated using precursors synthesized in binary solvents (DMF/DMSO)
appear to improve the performance of devices. This is clearly visible in lower car-
bon cations devices such as (PA)ySnly and (BA)2Snly. Where these devices did
not show transistor behavior in pure DMF as solvent even at different molar con-
centrations. DMSO is considered a Lewis base and it is known to passivate the
grain boundaries.[67] Therefore addition of DMSO can modify the crystallization
and reduces anti-site defects. This will result in better film quality and leads to
better transistor performance.[I57] However, solubility of large carbon chain alkyl
ammonium cations in binary (DMF/DMSO) is lower. Due to this longer carbon
chain perovskite (Hept),Snl, is not feasible to synthesize with binary solvent.

Contact resistance

The metallic contacts are essential parts of field-effect transistors. Understanding
the contact resistance between the metal contacts and the active semiconductor layer
provides us with useful information to determine the effect on device performance.
This can be analyzed using a simple transmission line measurement (TLM) method.
Hybrid perovskite field-effect transistors with different gate lengths (80, 50 and
30 um) are constructed, then output curve is plotted Iy against varying drain-
source voltage Vs from 0V to —60 V' at fixed gate voltage V, = —60 V. Only
best-performing devices ((PentA)sSnly and (HxA)sSnly) prepared used recipe C is
chosen for the TLM measurements since the lower carbon alkyl chain devices are
not functioning properly. Devices are measured at 200 K to obtain better device
performance and reduce hysteresis.

Total resistance between any two contacts is given by:[158]
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Rr =3

L+ 2Rc (3.8)

Where Rr is total resistance, Rg sheet resistance, L and W are channel width and
length respectively.

(a) Contact resistance of (b) Contact resistance of
(Pent)oSnly,R.. W = 22077.5 Q.cm (HxA)oSnly, R, W = 32267 Q.cm

Figure 3.13: The calculated contact resistance of the alkyl ammonium spacers.

When compared to the total resistance of the device the contact resistance is neg-
ligible, therefore even though there are differences in contact resistance between
(Pent),Snl, and (HxA)oSnly perovskite devices, it will not play any significant role
in overall effect in the charge carrier mobility.

3.3.2 Hysteresis

Large hysteresis in hybrid perovskites are frequently observed phenomena. Ion mi-
gration near grain boundaries, charge carrier trapping at deep energy sites, and
surface defects are considered root causes for this behavior.[159] The 2D alkyl am-
monium perovskites show small hysteresis in lower temperatures of 100 K. However,
when the temperature increases to 200 K, the overall hysteresis becomes consider-
ably large and this remains when future increase to room temperature. The devices
prepared using precursor in binary solvent of DMF:DMSO (1:1) show considerably
better performance than precursor in pure DMF solvent. This is due to slow crys-
tallization of precursor in binary solvent, which is proven to produce large grain
sizes, that makes them less susceptible to ion migration and charge trapping at
grain boundaries.

3.3.3 Threshold voltage

Thereshold voltage (Vry,) refers to the gate voltage where the significant amount of
current start to flow between source and drain. Since 2D hybrid tin-iodide based
perovskite shows p-channel enhancement mode, usually there would be a significant
current flow without any voltage bias in the gate electrode. Here listed the consoli-
dated summary of threshold voltages in alkyl ammonium-based perovskite.
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Cation Solvent Concentration (M) Threshold voltage (V)
100K | 200K | 295 K
(PA)»Snl, DMF 0.1 - - -
(BA),Snl, DMF 0.1 - - -
(PentA)2Snl, DMF 0.1 113 | 25 17.3
(HxA),Snl, DMF 0.1 21 | 7.9 8.7
(HeptA)2Snly DMF 0.1 1.0 -2.8 38.6
(PA),Snl, DMF 0.2 - _ -
(BA)2Snl, DMF 0.2 46 | 1.0 17.3
(PentA)oSnly DMF 0.2 4.7 11.7 20.6
(HxA)5Snl, DMF 0.2 52 | 9.2 13.5
(HeptA)2Snly DMF 0.2 12.5 4.8 14.2
(PA);Snl; | DMF:DMSO (1:1) 0.2 77| 40 24.3
(BA)2Snl; | DMF:DMSO (1:1) 0.2 71 | 84 21.1
(PentA)2Snly | DMF:DMSO (1:1) 0.2 1.0 3.9 24.8
(HxA)»Snl;, | DMF:DMSO (1:1) 0.2 130 | <185 | 26.1
(HxA)2Snl; | DMF:DMSO (1:1) 0.2 - - -

Table 3.5: Consolidated summary of threshold voltage for alkyl ammonium-based
perovskite FETs fabricated with different precursor recipes (A, B & C).

Threshold voltage in alkyl ammonium-based perovskites apparently have tempera-
ture dependent relationship. The devices measured at room temperature (295 K)
shows higher positive threshold voltages, this can be interrelated to temperature
dependent activation energy of charge carriers. However, when it comes to lower
temperature regions, could not able to observe a clear trend.
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Conclusion

2D hybrid tin-iodide perovskites with different alkyl ammonium cations as spacers
have been successfully formed on a silicon substrate and field-effect transistors with
hybrid perovskite thin-film as an active layer were fabricated. A clear correlation
between size of the organic cations and optoelectronic, structural, and electrical
transport properties was observed. For this, simple linear alkyl ammonium-based
cations, starting with 3-carbon chains (propylammonium) to 7-carbon chains (hep-
taneammonium) were used as the organic spacer. Characterization methods such
as XRD and GIWAXS were used to understand the preferred crystal growth orien-
tation. AFM and optical microscopy were used to observe surface morphology and
UV-visible spectroscopic analysis for chemical and electronic structure.

Optoelectronic properties and correlation between the size of alkyl ammonium cations
in perovskite were evaluated with theoretical and experimental tools. Theoretical
studies prove that an increase of exciton binding energy with a longer carbon chain is
due to enhancement in dielectric confinement effects. However, this trend could not
be observed using analysis of the absorbance spectrum due to the narrow difference
in exciton binding energy.

The structural properties of alkyl ammonium perovskites indicate small grain struc-
tures in shorter alkyl ammonium perovskites and large grain boundaries in longer
alkyl ammonium perovskites. Since grain boundaries act as charge traps in per-
ovskites, this structural change directly affects electrical transport properties. The
XRD analysis helps to understand the correlation between the interlayer distance
of inorganic layers and the size of organic cations. A gradual increase in interlayer
distance is observed as the number of carbon atoms in the alkyl chain increases.
Interestingly, GIWAXS analysis provides more information about the correlation
between the length of alkyl ammonium chains and the organization of alkyl am-
monium molecules in perovskites. The perovskites with shorter alkyl chains are
randomly organized, and the longer chains are unidirectionally organized. However,
when the length of the alkyl chain future increases, the intensity of diffraction peaks
reduces.

The electrical transport properties of 2D hybrid perovskite with different alkyl am-
monium cations were studied with the field-effect transistor. The devices prepared
using 2D hybrid perovskite active layers were measured at 100 K, 200 K, and room
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temperature. Transfer and output curves were plotted to calculate field-effect mo-
bility. Devices measured at 200 K show better carrier mobility than the lower
temperature of 100 K. This is similar to the behavior of organic semiconductors,
which is explained by the lower activation energy available at 100 K. However, at
room temperature, the carrier mobility is much lower than at 100 K. This is related
to charge carrier scattering at high temperatures.

In addition, the devices fabricated with precursors prepared using binary solvent
DMF: DMSO in a 1: 1 volume ratio show better device performance due to a slower
crystallization mechanism that forms larger grains and domains in a polycrystalline
film. Devices with lower carbon alkylammonium cations (propylammonium and
butylammonium) show extremely poor device performance with less than an order
of magnitude of the on-off current ratio. It can be concluded from the surface
morphology of these films that large gaps between domains and grains act as charge
traps causing poor charge carrier mobility. When it comes to higher carbon number
cations, the overall performance of the devices increases significantly with an on-off
current ratio of 10%. This may also be related to the surface morphology due to
tightly assembled grains and domains with no visible voids.

However, devices with the longest carbon chain (Heptanammonium) perovskites
show a slight drop in on-off current ratio and carrier mobility. This effect cannot
be explained morphologically due to closely packed grains and domains. However,
intrinsic factors such as molecular packing influence the mobility in higher carbon
number spacers, the presence of gauche defects, and a distortion in the organic chain
form potential well, allowing for self-trapping and localization of charge carriers.
This observed effect has been demonstrated in 2D lead iodide perovskite. In 2D
tin iodide alkyl ammonium perovskites, this can be explained with GIWAXS results
of higher carbon number perovskites where we can observe diminishing diffraction
peaks. This can be correlated with the molecular level disorder in higher carbon alkyl
ammonium perovskites. This effect can be studied with molecular-level simulation
to understand the interaction between inorganic and organic layers. This could be
a way forward to visualize these effects more clearly.
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Chapter 5

Appendices

A Optical microscopy

(b) (BA)2Snly | (c) (PentA)2Snly

(d) (HXA)QSDI4

Figure 5.1: Optical microscopy images of perovskite films, which was prepared at a
concentration of 0.2 M in DMF, spin coated at 4000 rpm and annealed at 100 °C'
for 10 minutes.
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(a) (PA)gSHLl | (b) (BA)2Snly (c) (PentA)2Snly

(d) (HXA)QHI4

Figure 5.2: Optical microscopy images of perovskite films, which was prepared at a
concentration of 0.2 M in DMF:DMSO (1:1), spin coated at 4000 rpm and annealed
at 100 °C' for 10 minutes.

B Atomic force microscopy

30.0nm
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(a) (PA)QSIII4 (b) (BA)QSHI4

120 nm

(d) (HxA)2Snly (e) (HeptA)2Snly

Figure 5.3: Atomic force microscopy images of different perovskite films, which was
prepared at a concentration of 0.2 M in DMF, spin coated at 4000 rpm and annealed
at 100 °C' for 10 minutes.
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(a) (PA)QSDI4 (b) (BA)QSDI4 (C) (PentA)QSnI4

(d) (HXA)Q SHI4

Figure 5.4: Atomic force microscopy images of different perovskite films, which was
prepared at a concentration of 0.2 M in DMF:DMSO (1:1), spin coated at 4000 rpm
and annealed at 100 °C' for 10 minutes.
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C Grazing incidence wide angle X-ray scatter-
ing

(a) (PA)2Snl, (b) (BA)2Snl,

(C) (PentA)QSnI4 (d) (HXA)QSHI4

(e) (HeptA)aSnly

Figure 5.5: GIWAXS images of perovskite films, which was prepared at a concen-
tration of 0.1 M in DMF, spin coated at 4000 rpm and annealed at 100 °C' for 10
minutes.
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(a) (PA)2Snly (b) (BA)2Snl,

(C) (PentA)QSnI4 (d) (HXA)QSHI4

Figure 5.6: GIWAXS images of perovskite films, which was prepared at a concen-
tration of 0.2 M in DMF:DMSO (1:1), spin coated at 4000 rpm and annealed at
100 °C for 10 minutes.
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D Device measurement

(a) (PA) 281114

(b) (BA),Snly

(C) (PentA) oSnly
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(d) (HXA)QSHI4

(e) (HeptA)2Snly

Figure 5.7: Transfer characteristics of 2D alkyl ammonium based perovskite FETs
measured at (a) 100 K, (b) 200 K, and (c) 295 K. The channel length and width
are L = 80 um, W = 1000 pm. The gray curve (I,) shows the leakage current of the
device prepared at 0.2 M in DMF, spin coated at 4000 rpm, and annealed at 100
°C' for 10 minutes.
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(a) (PA) QSIII4

(b) (BA)QSHI4

(c) (PentA)oSnly
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(d) (HXA)QSHI4

Figure 5.8: Transfer characteristics of 2D alkyl ammonium based perovskite FETs
measured at (a) 100 K, (b) 200 K, and (c) 295 K. The channel length and width
are L = 80 pm, W = 1000 gm. The gray curve (I,) shows the leakage current of
the device prepared at 0.2 M in DMF:DMSO (1:1), spin coated at 4000 rpm, and
annealed at 100 °C' for 10 minutes.
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