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Abstract

Metal halide perovskites as new-generation semiconducting materials have gained
huge attention in the field of high-performance solar cells, light-emitting diodes, and detectors,
because of their excellent properties such as large light absorption coefficient, high charge
mobility, tunable bandgap, and cost-effective solution processability. Field-effect transistors
(FETs) provide an ideal platform to investigate the reliable long-range charge carrier transport
properties of perovskite semiconductors including the influence of interfaces and morphology.
Nevertheless, the mixed ionic-electronic nature of metal halide perovskites makes their
performance in transistors complex in nature, with many challenges being still open. One aspect
of the problem is the severe ion migration due to the presence of loosely bound constituent ions
in these ionic materials, which are known to screen the electric field in perovskite FET devices,
leading to low device mobility and large dual-sweep hysteresis.

The focus of this dissertation is on the systematic investigation of the charge carrier
transport properties of two-dimensional (2D) layered tin halide perovskite in FETs. 2D layered
tin halide perovskites are promising active channel materials for FET applications since bulky
organic cations can effectively inhibit the ion migration. To understanding the correlation
between chemical structure of organic spacer cations, grain size, thin film morphology,
molecular organization, ion migration and charge carrier transport in 2D tin halide perovskite,
different approaches, including grain engineering, additive modification, and spacer cation
tuning have been employed in FETs. Combined with experimental characterization and
simulation, it is revealed that reducing the number of grain boundaries and suppressing tin
oxidation are effective methods to boost the charge carrier transport and minimize the ionic
defects, leading to the overall improved electrical parameters of FET devices. A subtle change
in molecular structure of organic cations has a significant impact on the molecular organization,
phases and film morphology, which in turn, govern charge transport properties in 2D tin halide

perovskite FETS.



Zusammenfassung

Metall-Halogenid Perowskite als Halbleitermaterial der neuen Generation haben
aufgrund ihrer ausgezeichneten Eigenschaften wie einem groRen Absorptionskoeffizienten fir
Licht, hoher Ladungsbeweglichkeit, einstellbarer Bandlicke und kostenginstiger
Losungsverarbeitbarkeit enormes Interesse im Bereich von leistungsstarken Solarzellen,
Leuchtdioden und Detektoren gewonnen. Feldeffekttransistoren (FETs) bieten eine ideale
Plattform, um die Zuverléssigkeit und Eigenschaften des Ladungstrégertransports tber groRRe
Distanzen in Perowskit-Halbleitern zu untersuchen, einschlieBlich des Einflusses von
Grenzflachen und Morphologie. Die gemischte ionisch-elektronische Natur von Metall-
Halogenid Perowskiten macht ihre Wirkungsweise in Transistoren jedoch komplex, und viele
Herausforderungen sind noch offen. Ein Aspekt des Problems ist die lonendiffusion aufgrund
der Anwesenheit locker gebundener ionische Bestandteile in diesen ionischen Materialien, die
bekanntermalRen das elektrische Feld in Perowskit-FETs abschirmen und zu geringer
Ladungstragerbeweglichkeit und groRem Hysterese fihren.

Der Schwerpunkt dieser Dissertation liegt auf der systematischen Untersuchung der
Ladungstréagertransporteigenschaften ~ von  zweidimensionalen  (2D)  geschichteten
Zinnhalogenid-Perowskiten in FETs. 2D geschichtete Zinnhalogenid-Perowskite sind
vielversprechende Materialien fir den aktiven Kanal in FET-Anwendungen, da sperrige
organische Kationen die lonendiffusion effektiv_ hemmen kénnen. Um den Zusammenhang
zwischen der chemischen Struktur der organischen Kationen, der KorngroRe, der
Dunnschichtmorphologie, der molekularen Organisation, der lonendiffusion und dem
Ladungstragertransport in 2D Zinnhalogenid-Perowskiten zu verstehen, wurden verschiedene
Ansétze,  einschlieBlich KorngréRen-Modifikation,  Zusatzstoffmodifikation  und
Kationenanpassung, in FETSs eingesetzt. In Kombination mit experimenteller Charakterisierung
und Simulation wurde gezeigt, dass die Reduzierung der Anzahl von Korngrenzen und die

Unterdrickung der Zinnoxidation effektive Methoden sind, um den Ladungstragertransport zu



steigern und die ionischen Defekte zu minimieren, was zu verbesserten elektrischen Parametern
der FETs flhrt. Gleichzeitig hat eine subtile Veranderung der molekularen Struktur des
organischen Kations einen signifikanten Einfluss auf die molekulare Organisation, Phasen und
sowie die Oberflachenmorphologie, die wiederum die Ladungstragereigenschaften in 2D

Zinnhalogenid-Perowskit-FETs bestimmen.
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Introduction Chapter 1

1 Chapter 1 Introduction

In this Chapter, two-dimensional (2D) tin halide perovskites and their physical
properties in field-effect transistors (FETS) are introduced. First part is focused on the basic
knowledge about 2D tin halide perovskites including crystal structure, organic cations, and thin
film preparation. In addition, the electrical parameters of transistors and device physics of 2D
tin halide perovskite FETs are systematically presented, especially regarding the ion migration
and charge carrier transport. Finally, strategies to improve the device performance of the

corresponding FETSs are discussed in detail.

1.1 General background of 2D perovskite
1.1.1 Chemical structures

Metal halide perovskites are new-generation semiconductors due to their
extraordinary optoelectronic properties such as high charge mobility, long carrier diffusion
length, high photoluminescence quantum yield, solution processing and low-cost.[1-4] The
bulk three-dimensional (3D) halide perovskites are most extensively studied with the general
formula ABX3, where the A site consists of organic or inorganic monovalent cations (typically
methylammonium (MA) CH3NHs*, formamidinium (FA) HC-(NH2)2", guanidinium (GA) C-
(NH.)s*, or inorganic cesium Cs*), the B site is divalent metal ions (Pb?", or Sn?*), and X
represents halide anions (CI, Br~, or I"), respectively, as shown in Figure 1.1a and b.[5-7] In
perovskite structures, by treating all ions as hard and rigid spheres with a closed packing
configuration, the relationship between the ionic radii can be obtained with the Goldschmidt’s

tolerance factor (t) and octahedral coefficient (i) concept by the following equations[8,9]:

_ Rp+Ry .

= T2 (RetRO) (Equation 1.1)

U= 2—3 (Equation 1.2)
X
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where Ra, Rg, and Rx are the ionic radii of the corresponding ions, respectively. The tolerance
factor t for ionic radii is helpful for predicting new perovskite materials. 3D perovskites have
typical tolerance factors between 0.8 <t < 1.0 and 0.44 < 1 < 0.90 (Figure 1.1c). With t < 0.8,
the perovskite structures will be more distorted since the A site cation is not completely bonded
and hard to fit into the BXe octahedron (Figure 1.1d). Additionally, stable structures are also
formed for 3D perovskites when the t value is slightly above 1.[10,11] For example, the 3D
perovskite with mixed cations FA0.7sMAo.25Snlz possesses good structural stability with t ~
1.02. However, further increasing t usually yields low-dimensional structures.[12] Therefore,
the parameter t can be fine-tuned by changing the size of A-site cations to form an ideal
perovskite structure.

The traditional 3D network with small size A-site cations consists of a corner-sharing
coordinated inorganic octahedral structure, creating a favorable electronic band structure that
facilitates the charge carrier transport.[13] On the contrary, bulky organic monovalent cations
cannot be easily incorporated into the 3D network due to their large size, leading to an unstable
crystal structure. Consequently, lower-dimensional perovskites emerged which can be
imagined as “cleaving” the 3D structure into substructures with reduced dimensionality,
transforming the inorganic divalent metals from crystal planes to sheets (Figure 1.1e).[14-16]
Over the last ten years, the scientific community have devoted tremendous efforts to investigate
the chemical and physical properties of traditional 3D and lower-dimensional perovskite
materials and developed a wide variety of optoelectronic device applications, including solar

cells, light emitting diodes, photodetectors, lasers, and others (Figure 1.1f).[17-21]



Introduction Chapter 1

- x
. O A (MA FA, GA, Cs) Ou

'Y © s> (Pb,Sn) o ﬁ)

=Y. O X (I, Cl,Br) (]

MA FA GA
) -
121 i v&‘!?
[
(c) 5 114
MASNI, FAPbl, FASH i o ©O
4 3 ! = 10 o9
MAPbBr] MASnBr, | FAPbBf; FASnBr Tolerance g Established - Too large
l l 1 factor (t) §o9 perovskites
=}
+ t t F 08 °
| o8s | o090 | 095 J ) *@?‘!‘
MAPbI, MAPbCl, MASnCl, FAPbCl, FASNCI 07 M‘«
06
0@

T T T T T T T T T
Na K Rb Cs MA FA IA EA GA
A cation

)
Py
Y YY

LAAAAAS AL AL
JOOOO0O
HEE o

|
D Quais-2D 2D

Decreasing dimensionality

Figure 1.1. (a) Schematic structure of the perovskite semiconductor family (chemical formula,
ABX3);[1] (b) The structural representation of small molecular MA, FA, and GA cation;[5] (c)
Tolerance factors of typical 3D perovskites with traditional size A-site cations;[10] (d)
Tolerance factor of lead-iodine based APbls perovskites with different ionic radius of A-site
cations;[12] (e) Diagram of dimensional reduction of perovskites at the molecular level; (f)
Illustration of the application of perovskite materials in various optoelectronic devices, such as
solar cells, light-emitting diodes, photodetectors, and lasers.[17-21]

Two-dimensional (2D) metal halide perovskites resemble a (naturally formed)
quantum well structure and exhibit excellent structural diversity such as layered or quasi-2D

perovskites.[22] More importantly, their physical properties can be tuned by the layer thickness

3
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n. Here, the n value is defined as the number of inorganic layers in the 2D perovskite structure
and it can be precisely tailored by controlling the stoichiometry of the precursor materials.[23]
A common and representative structure of 2D halide perovskites is that alternated bulky
monovalent organic cations and inorganic sheet structure are connected by hydrogen-bonding
interactions.[24] In general, there are two main types for 2D perovskites: the Ruddlesden-
Popper (RP) and Dion-Jacobson (DJ) phases (Figure 1.2). More specifically, the structure of
the most extensively studied 2D RP perovskites is described by the general formula
(RNHz3)2BX4, where RNH3 is the bulky spacer cation, B is the divalent metal cations, and X
represents the halide anions.[25] Large organic spacer cations are interdigitated between
adjacent corner-sharing inorganic frameworks in 2D RP perovskites, leading to the formation
of' van der Waals gaps in the bulky spacers’ bilayer structure.[26] The two layers of bulky spacer
cations with opposite orientations result in a large interlayer distance between inorganic slabs.
It is generally believed that it is difficult for charge carriers to tunnel through this organic
part.[27]

In contrast, unlike 2D RP perovskites, DJ-type 2D perovskites do not contain a van
der Waals gap between the 2D layers since the divalent organic spacer layer bridges the
neighboring inorganic sheets by hydrogen-bonding interactions.[28] As such, the more robust
and rigid structure combined with smaller inorganic layer spacing is expected to reduce the
tunnel barrier of the organic layer and facilitate the charge carrier transport in both in-plane and
out-of-plane directions.[29] Although the 2D DJ perovskites show great advantages, its
application in electronic devices is far behind those of their 2D RP counterparts. This is likely
due to the lack of available DJ-type organic ligands, leading to a low phase purity in perovskite
thin films.[30] Thus, to date, 2D RP perovskites are mostly employed in transistors and other

electronic devices.
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Ruddlesden-Popper (RP) phase Dion-Jacobson (DJ) phase

Figure 1.2. Schematic illustration of RP and DJ phase layered metal halide perovskite
structures.[25]

1.1.2 Choice of organic cations

The chemical nature of bulky spacers strongly governs the crystal structural and
optoelectronic properties of 2D perovskites. In particular, the physical properties of the 2D
layered perovskites such as charge transport and phase purity can be easily tuned by the spacer
cations: (i) the distortion of each connected octahedron and tilting of bonding angles (e.g., I-
Sn-1), and (ii) the chemical and physical stability of the perovskite materials by controlling the
hydrophobic cation.[31-33] So far, there have been several cases of organic spacer cations
incorporated into low dimensional perovskite devices, with the chemical structures of some
cations shown in Figure 1.3a and b. However, the structure-property relationships in layered
perovskites are far from being understood. Most 2D perovskites based on novel organic cations
are studied in trial-and-error tests by randomly picking the spacers.[34] To date, the structural

design rules for the organic cations are still ill-defined. Therefore, a common understanding
5
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and in-depth insight into the correlation between the chosen spacer and the resulting structure,
as well as its device performance are essential to drive the material design forward.[35] This

holds the key to the development of novel 2D perovskites for high-performance optoelectronic

devices.
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Figure 1.3. Chemical structures of typical spacer cations in (a) RP and (b) DJ perovskites; RP
spacer cations: Butylammonium (BA); 3-fluorophenylethylammonium (mFPEA);
Cyclohexylammonium (CHA); Phenethylammonium (PEA); 1-naphthalenemethylammonium
(NpMA); 9-anthracenemethylammonium (AnMA). DJ spacer cations: 2,2'-Biimidazolium
(BDZ); 4-(aminomethyl)piperidinium (4-AMP); 1,4-dimethylpiperazinium (DMPA); 1,3-
propanediammonium (PDA); 1,4-bis(ammoniomethyl)cyclohexane (AMC); Naphthalene-1,5-
diammonium (NpDMA); (c) Chemical structures of benzodithiophene-based ligands where m
represents the number of carbon atoms in the alkyl chain, and corresponding XRD patterns of
(BDT-Cm)2Pbls thin films;[37] (d) Molecular structures of DJ-type PDA, PDMA, and PDEA
organic spacers, and XRD data of I (up) and Br~ (down) based layered perovskites: black, PDA,
red, PDMA; blue, PDEA. The green line shows the simulated diffractogram of
(PDA)PbI4-2H20.[38]

Typically, several critical factors should be considered including the geometry and

functional groups when designing organic cations for 2D perovskite applications. According to
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the previous studies of RP-type layered perovskites, the length of the anchoring group (e.g.,
alkylammonium chain) plays an important role in the formation of the crystal structure. It is
revealed that the penetration depth of the anchoring group into the inorganic perovskite layers
is related to the length of the alkylammonium side chain, which has a strong effect on the
structural and optoelectronic properties of the 2D perovskite.[36] Primera Darwich et. al.
integrated benzodithiophene (BDT) based cations into a RP layered perovskite structure, as
shown in Figure 1.3c. X-ray diffraction (XRD) patterns showed significant different phase
behavior with respect to the number of carbon atoms in the alkyl side chain. The spacer cation
BDT-C6 based perovskite exhibited clear and intense diffraction peaks which were assigned to
a RP phase. However, the shorter alkyl chains drastically decreased crystallinity without any
evident signal for a layered structure of BDT-C2, demonstrating that changing the alkyl chain
length is a critical factor for incorporating rigid conjugated moieties in 2D perovskites.[37]

In another example, Ducinskas et. al reported three DJ-type organic spacers with 1,4-
phenylenediammonium (PDA), 1,4-phenylenedimethylammonium (PDMA), and 1,4-
phenylenediethylammonium (PDEA) with various alkyl chain lengths and different halogens,
respectively (Figure 1.3d).[38] The results revealed that when using a iodine-based halide, PDA
did not form a well-defined layered 2D DJ perovskite structure. This was likely due to the rigid
structure of the PDA spacer, as well as its lower level of penetration into the neighboring
perovskite layers, inhibiting the formation of the layered DJ perovskite phase. When the alkyl
chains were extended to PDMA by adding one methylene (—CH2—) group, the PDMA-based
films showed typical layered perovskite diffraction patterns with a sharp diffraction peak at
7.19°, which was assigned to the (001) reflection. However, further increase of the spacer to
PDEA resulted in significantly reduced diffraction intensities. The above discussion
demonstrates the key role of alkyl chain length and provides an important design rule for
incorporating organic cations. It should also be pointed out that the counterions (e.g., I, Br7)

govern the crystallinity of the 2D layered perovskites. As shown in the XRD patterns, when the
7
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anion I~ was replaced by Br~ for the PDA cation with the shortest alkyl chain length, the film
exhibited different diffraction signals with higher order reflections, indicating the presence of
a layered perovskite phase in the film. Therefore, the effect of the halide on structural properties
should also be accounted for the selection of a suitable cation as organic spacer for 2D

perovskites.

1.1.3 Thin film preparation

The quality of 2D perovskite thin films is paramount in determining the FETs
performance. Homogeneous films with high-crystallinity, large grains, as well as good surface
coverage and/or no pinholes are highly desirable for device optimization.[39] To date, several
approaches including vacuum thermal evaporation and solution-processing have been
developed to prepare the perovskite thin films. Thermal evaporation is one of the commonly
employed technologies for semiconductor industry, which can be viewed as a physical-
chemical process where the organic and inorganic precursor materials are mixed or separately
loaded into different crucibles. The source materials are heated under a high vacuum along with
vaporization to be deposited onto the substrates to form the perovskite layer, as shown in Figure
1.4a.[40] Despite the advantages of solvent- and annealing-free processing, the distinct
drawbacks of this method hinder its wide application for perovskite deposition. Firstly,
evaporation species and rate need to be precisely controlled to obtain dense and uniform films
with controllable thickness, which complicate the fabrication processing. Secondly, a high
vacuum environment is costly due to special customized equipment, which is unfavorable for

large-scale applications.
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Figure 1.4. lllustrations of thin film processing of perovskites by (a) vacuum thermal
evaporation; (b) two-step anti-solvent method; (c) direct one-step spin-coating.

Solution processing is a promising alternative way and mature technique, which is
particularly attractive in industrial production due to low cost and easy control of film
composition and thickness. In this method, the perovskite solution is prepared by dissolving the
source precursor materials in polar solvents like N,N’-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), and/or their mixtures for fast film drying. Among spin-coating techniques,
the two-step anti-solvent method shows universality with various perovskites and is one of the
most commonly used solution deposition approach for fabrication of high-performance
perovskite thin films. For the procedure of anti-solvent processing, as shown in Figure 1.4b,
firstly, a mixture of organic and inorganic source materials in the appropriate molar ratio is

dissolved in processing solvents like DMF and DMSO. Secondly, the precursor solution is
9
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drop-cast onto the substrate and spread over the entire surface. Then the spin-coater is
accelerated to a desired speed and maintains this for several tens of seconds to evaporate the
solvent and start the nucleation. Finally, an anti-solvent (e.g., chlorobenzene) which does not
dissolve the perovskite and is miscible with the host solvent DMF or DMSO is dropped onto
the substrate during spin coating followed by film annealing at a certain temperature.

In 2014, Seok et al. firstly reported the use of toluene as an anti-solvent to prepare
perovskite films.[41] Specifically, the anti-solvent toluene was dropped at a proper time
window during the solution processing to extract residual solvents nearly instantly, enabling a
remarkably improved power conversion efficiency and negligible hysteresis of solar cells.
Since then, the use of various anti-solvent treatments has been proposed to boost the perovskite
thin film quality. The working mechanism of anti-solvent processing is based on a
heterogeneous nucleation via creating an instantaneous local super saturation in the wet film
during spin-coating.[42] Therefore, insolubility and miscibility with the perovskite precursor
solution are the basic requirements for choosing the anti-solvent. More importantly, the
fundamental mechanism of the complicated interactions of both solvents under the influence of
physicochemical properties during the anti-solvent treatment is far being understood. In
addition, this approach involves several key parameters, which significantly influence the
quality of perovskite film, such as the physical and chemical nature of the anti-solvent, the
volume ratio between precursor solvent and anti-solvent, the exact dropping time, and
others.[43]

In comparison with thermal evaporation and anti-solvent solution processing, the one-
step solution method is much simpler and more universal for the preparation of perovskite thin
films (Figure 1.4c). Despite that single-step deposition methods have enabled multiple cases of
record efficiencies for perovskite devices, there is still a lack of comprehensive knowledge of
how 2D perovskite grains crystallize from solution to solid during spin-coating and thermal

annealing. A deep understanding of the crystallization process during one-step deposition will
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be beneficial for manipulating film morphology, and the orientation of the layers with respect
to the substrate, which are critical factors for the fabrication of 2D perovskite thin films for

optoelectronic devices.[44]

1.1.4 lon migration

lon migration has been regarded as one of the most interesting processes in halide
perovskite-based electronic devices. Perovskite materials are generally considered as mixed
conductors with ionic-electronic characteristics. The ionic migration cannot be neglected in
perovskite devices due to a large fraction of mobile ions in these soft ionic materials. Previous
studies have indicated that “mobile ion” are the cause of many important properties associated
with perovskites in the devices (Figure 1.5).[45] lon migration and accumulation contribute to
anomalous phenomena such as hysteresis, and giant capacitance in solar cells, and are also
being held responsible for the poor stability of the device. However, ion migration is believed
to act as a double-edged sword, which also shows some advantages for device applications. For
example, it was reported that the ion migration process was beneficial for promoting the device
performance under continuous light illumination, since the accumulation of mobile ions can
passivate traps at the interface in solar cells, leading to improved carrier transport and collection
efficiency.[46] More importantly, perovskites are considered suited for resistance-switching
memory device applications due to the ion migration behavior.[47] Additionally, fast response
photodetectors are also potential applications for perovskites due to manipulation of the ion
migration progress under varying electric field.[48] Therefore, understanding the ion migration
process in perovskite materials is an important prerequisite for the development of perovskite

based electronic devices.
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Figure 1.5. Observed phenomena in perovskites with possible relationship to ion
migration.[45]

Theoretically, any of the constituting cations and anions in perovskite materials can
migrate under certain conditions. For example, I, Sn?* and MA* may migrate in 3D perovskite
MASnIs films under the application of an electric field. However, in 2D tin halide perovskites,
such as (PEA)zSnlsor (BA)2Snls, I and Sn?* are the dominating mobile ions because the organic
cation PEA* or BA™ is considered to be more stable due to their large size.[49] Additional
extrinsic ions resulting from decomposition or contamination of perovskites, such as H*, may
also be involved.[50] It is generally believed that ion migration is mediated by traps and defects
in perovskite films. Therefore, reducing the number of defects in perovskite thin films is critical
to suppress ion movement. Earlier studies revealed that the trap density Nt in single crystalline
3D organic-inorganic hybrid perovskites is around 10°-10'° cm. However, N: significantly
rises to 10'® cm in polycrystalline perovskite thin films.[51] A large density of point defects
can be generated in polycrystalline perovskite films by several origins, such as the fast
crystallization of perovskite films prepared by solution or thermal-evaporation processes; and

the non-stoichiometry ratio between the precursor materials in solution.[52]
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Figure 1.6. Illustration of ion migration pathways enabled by different possibilities of (a)
Schottky defects; (b) Frenkel defects; (c) Open space and wrong bonds at grain boundaries; (d)
Lattice distortions due to accumulated charges; (e) Dissolved impurities; (f) Soften lattice

caused by the light illumination and (g) Induced bond weakening and non-uniform strain caused
by the piezoelectric effect.[53]

Therefore, the generation of defects and resulting ion migration are inevitable during
the fabrication of perovskite thin films. The point defects in perovskite include Schottky (Figure
1.6a) and Frenkel defects (Figure 1.6b). These point defects can move from site to site driven
by an applied electric field.[53] The first experimentally confirmed migrating species related to
point defects was MA* in MAPbIs perovskite solar cells by Yuan et al. in 2015. The migration
of MA* was directly observed under applied voltage through a photo-thermal induced
resonance technique.[54] In addition to bulk point defects, the surface and grain boundaries of
the crystal grains also serve as important ion migration channels. Some reports revealed that
the ion migration might be dominated by the grain boundaries in polycrystalline perovskite
films (Figure 1.6¢). The relatively open structure at grain boundaries and surfaces allows ion
migration occurring with a low activation energy in comparison to that in the bulk.[55] In

addition, other possible channels, such as a local lattice distortions caused by accumulated
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charges, dissolved impurities, soften lattice by lamination or non-uniform strain due to the
piezoelectric effect (Figure 1.6d-g), light illumination induced lattice softness, are also possible

causes for the formation of mobile ions.[56]
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Figure 1.7. Schematic diagrams indicating the dynamics of ionic migration following
application of an external voltage. The two yellow bars represent two lateral electrodes (up).
Below are the corresponding energy diagrams in the perovskite layer before and after ion
drift.[57]

Understanding the dynamics of the ion migration in perovskite devices is critical to
maximize charge carrier transport. For example, in a sandwich-structure device, ions are
randomly distributed throughout the device channel without external voltage. Then, the ions
start to move when applied a positive bias Vy (pointing from left to right in Figure 1.7) leading
to an ionic current in the channel. Afterwards, the oppositely charged ions accumulate near the
perovskite-electrode interfaces, resulting in the formation of ionic layers and an ion-induced
built-in electric field with the direction opposite to the external electric field, which significantly
screens the external bias. The screening effect induced by ion migration is a typical problem
for perovskite transistors, which would undoubtedly inhibit the charge carrier transport in the

channel.[57] As more ions migrate towards the electrodes and accumulate at the perovskite-
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electrode interfaces at continuous Vy, the ion-induced electric field constantly increases and
finally reaches equilibrium condition. Additionally, the positive ions/vacancies that move
towards and accumulated at the cathode will act as space charges, causing n-type doping in the
perovskite on the cathode side. Similarly, the remaining negative space charge layer close to
the anode side can lead to p-type doping in the perovskite layer.[58] In this case, the
corresponding negative and positive charges near the electrodes result in strong band bending.
Overall, ion migration is one of the most important factors that seriously affect the performance
of perovskite electronic devices.

As discussed above, the charge carrier transport properties in perovskite films are
significantly limited by the migration and accumulation of mobile ions resulting in reduced
device performance. Therefore, suppressing ion migration is of great importance in
polycrystalline perovskite thin films. To date, there have been tremendous efforts devoted to
inhibit ion movement and thus enhance the performance of perovskite devices, including
additive,[59] mixed solvent,[60] and composition engineering.[61] Generally, these
optimization methods can be categorized into three strategies to suppress ion movement: (i)
enhancing formation energies of both cation and anion vacancies; (ii) defect passivation of grain
boundaries and at surfaces to increase the activation energy of ionic defects; and (iii)
minimizing the density of grain boundaries by controlling the crystallization via the processing
parameters.[62] Despite the progress made to suppress ion migration in perovskites, it is still
challenging to effectively control ion migration in FET devices. Further understanding of ion
migration especially in 2D perovskite tin halide FETs is highly desirable to guide the material

structure and device fabrication design.

1.1.5 Charge carrier transport
The non-conducting properties of organic cation ligands connected with the inorganic

frameworks by hydrogen bonding in 2D perovskites significantly decrease the charge carrier
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mobility compared to the 3D perovskites. The large size spacer cations lead to a large distance
between inorganic frameworks, as shown in Figure 1.8a. For example, the benchmark cations
PEA and BA based 2D perovskites (PEA).Snl4 and (BA) 2Snl4 have interlayer distances of 16
and 13 A (with the chemical structures of Figure 1.3), which makes it difficult for charge
carriers to tunnel through the energy barrier along the out-of-plane direction, resulting in several
orders of magnitude difference in conductivity measured in the in-plane and out-of-plane
direction.[63] High-quality perovskite thin films are crucial for obtaining high-performance
perovskite electronic devices. In 2D tin halide perovskites, there are several essential factors,
such as molecular orientation and film morphology for improving the charge carrier transport

properties.
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Figure 1.8. (a) lllustration of charge carrier transport in 2D perovskite layers; Schematic of the
charge transport in oriented 2D perovskite layers perpendicular (b) and parallel (c) to the
substrate. (d) Schematic diagram of a solid polycrystalline thin film with grain boundaries
(GBs), illustrating interaggregate GBs and intra-aggregate GBs.[64] Illustration of (e) small
and (f) large grain stacking in the FET channel.

Molecular orientation is one of the key factors that significantly affects charge carrier
transport. Unlike the isotropic structure of 3D perovskites, the highly anisotropic structure of
the 2D perovskites enables preferential growth perpendicular or parallel to the substrate, leading
to a large difference between the out-of-plane and in-plane conductivity, which influences the
charge carrier mobility in 2D perovskite transistors (Figure 1.8b and c).[64] Therefore, for
transistor applications the parallel orientation of crystal structure in the thin film with respect
to the substrate can ensure a direct charge transport pathway between the source and drain
electrodes, which is crucial for the device performance.

An additional factor governing charge transport properties is the thin film
morphology. The polycrystalline nature of the tin halide perovskites arising from rapid
nucleation and crystallization when processed from solution and the unbalanced nucleation and
crystal growth rate usually causes an inferior film morphology, including low surface coverage,
large-size pinholes, and small grains with considerable density of grain boundaries (GBs). GBs
can be viewed as the interface between two individual homo-phase grains. These adjacent
grains are generally oriented in different crystallographic directions. More specifically, GBs
can be categorized as intra-aggregate GBs and interaggregate GBs, respectively, as
schematically shown in Figure 1.8d.[65] GBs usually create potential barriers since they serve
as trap sites and scattering centers for charge carriers, contributing to a reduced charge carrier
mobility and increased ion migration. Furthermore, it is generally believed that ions move much
faster at the GBs than within the grains.[66] In addition, some imperfect structures occurring at
GBs may affect the device operating stability associated with the presence of mobile ions,

oxygen, water, heat, or/and light. Especially in perovskite-based transistors, small crystal grains
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will produce a large number of GBs, which significantly retard lateral charge carrier transport,
leading to unsatisfied device performance.[67]

Therefore, superior morphology by controlling the grain growth and minimizing the
number of GBs in 2D tin halide perovskites is crucial in maximizing the charge transport in
perovskite devices. In this regard, enlarging the perovskite grain size is a useful approach to
reduce both the number of GBs and the defect density (Figure 1.8e and f). To date, many
approaches, such as additive engineering and post-treatment processes have been widely
investigated to increase the grain size in solar cell devices.[68,69] However, it should be pointed
out that due to the different operating mechanisms between transistors and solar cells, the above
methods cannot be directly applied to transistor devices. For example, thick perovskite films
with balanced hole/electron charge transport out-of-plane are required for photovoltaics. On the
contrary, a thin channel layer facilitating either electron- or hole-dominated charge transport in
the in-plane direction is desirable for unipolar transistor applications. Therefore, these

differences require rationalized optimization approaches for transistor devices.

1.2 Characterization of FETs

FET is a three-terminal device that can be viewed as a voltage controlled electrical
switch. To date, next to conventional Si based integrated circuits FETs based on alternative
semiconductors are being considered for potential applications as display drivers, identification
tags and smart cards.[70] FETSs consist of a layered structure with a thin semiconductor film, a
dielectric layer, and three electrodes named source (S), drain (D), and gate (G), respectively, as
shown in Figure 1.9a. Generally, there are four principal architectures for FET devices,
depending on the deposition order of the different functional layers. So far, all of these device
geometries have been demonstrated for perovskite transistors. The S (usually grounded) and D
electrodes have a direct contact with the semiconductor film and the G electrode is separated

by a dielectric layer from the semiconductor and the other electrodes.
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Figure 1.9. (a) Commonly employed FET architectures with perovskite as semiconducting
material. (b) Classification of FETs based on p- or n-type charge carrier. (c) Corresponding
output characteristics (sweeping Vps while Vgs = constant value) and (d) transfer characteristics
(sweeping Vs while Vps = constant value) for an ideal FET. [31]

During the operation of a FET device, the applied gate and source voltage (Ves)
induces accumulation of charges carrier at the interface between the insulating layer and the
semiconductor. Then a current flows in the channel from the S to the D electrode upon
application of a S-D voltage (Vps).[71] Unipolar devices utilize either holes (p-channel) or
electrons (n-channel) as major carrier type (Figure 1.9b). To simplify their fabrication, the most
commonly used device architecture for perovskite FETSs is bottom-gate top-contact (BG-TC)

geometry based on silicon/silicon oxide (Si/SiO>) as bottom-gate electrode and dielectric layer,
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offering the benefit of a well-defined dielectric layer. In FET devices, the distance between the
S and D electrodes (channel length, abbreviated L) typically lies in the range of a few to several
hundreds of micrometers and the corresponding channel width (W) of the electrodes ranges
typically from several hundred micrometers to a few millimeters.

There are several key parameters that determine the operational properties of a
transistor such as: field-effect mobility (u), threshold voltage (VtH), on/off current ratio
(lonvore), and sub-threshold swing (SS). The above electrical parameters in FET devices can be
significantly influenced by several factors, such as device geometry, materials property, and
film morphology of the semiconductor. In general, high p, low V1H, large lonnorr, and small SS
values are prerequisites for a well working transistor.[72] The mobility of a transistor is the first
important parameter in determining how efficiently charge carriers can be transported along the
conducting channel. It is described as the average charge carrier drift velocity per unit electric
field, in units of cm2V-1s, The performance of FETs is usually characterized by measuring the
output (Ips vs. Vps) (Figure 1.9c) and transfer (Ips vs. Ves) (Figure 1.9d) characteristics. In
unipolar FET devices with hole- or electron-dominated transport, once the applied Ves
surpasses the threshold voltage VtH, the accumulation of charge carriers occurs at the
semiconductor/dielectric interface and the overall charge carrier density is proportional to (Ves-
V1H). The applied Vs and the nature of the injecting contact between semiconducting layer and
S-D electrodes determine the amount of majority carriers in the channel. Consequently, a
common model of FETs provides the total channel current Ips in the linear regime at low Vps

<< Vgs-VTH can be expressed via the following equation[73]:

w :
Ipsinear = 7 Cattl(Vos = Vru)Vps] (Equation 1.3)
where Cj is the capacitance per unit area of the dielectric layer. The charge carrier mobility p

in the linear regime can be calculated by:

_ Olps L .
Hiinear = oVps WCaVps (Equation 1.4)
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When Vps > Ves-VTH, the charge density at the drain electrode becomes zero. Further increase
in Vps results in a “pinch-off” of the channel and a constant channel current, typically referred
to as the “saturation regime”, which will be discussed later. In the saturation regime at high

Vps, the Ips can be expressed via the Equation:

w .
IDS,saturation = ZCa.u(VGS - VTH)Z (Equatlon 1-5)
The charge carrier mobility p in the saturation regime can therefore be extracted from the

following Equation:

2L 0T ]
Hsaturation = we, (T\/? 2 (Equation 1.6)

The charge carrier mobility p is calculated in either the saturation or the linear regime from the
above two equations. It should be pointed out that in an ideal FET device, the mobility
calculated in the linear and saturation regimes are identical. The threshold voltage Vrtn is
another important parameter to evaluate the performance of FET devices. V1 can be considered
as the minimum gate voltage Ves required for accumulating the charges at the

semiconductor/insulator interface, creating a conducting pathway between the S-D electrodes.

Vth can be extracted from the transfer curves by determining the x axis intercept of m
versus Ves in the saturation regime. In general, VtH needs to be controlled to ensure proper
operation of the device. Low Vrw indicates reduced power consumption of the device, and is,
thereby, beneficial for portable devices and integrated circuits. Another figure of meritina FET
device is the on/off current ratio lon/orr, defined as the ratio between the on and off Ips. The
lonvorr indicates the switching performance of the FET, whereby a high value is desired for
practical applications. The sub-threshold swing SS is also one of the key parameters that
determines an efficient usage of the transistor as an electrical switch and reflects the quality of
the semiconducting film. In fact, SS is more complicated in perovskite FETs due to the mixed

ionic and charge conduction. Therefore, the non-ideal behavior and deviation from the above
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discussion could potentially lead to overestimation or underestimation of the charge carrier

mobility and other parameters, which should be carefully analyzed.

1.3 2D tin halide perovskites for FET applications

Despite the huge progress made for perovskite semiconductors in solar cells and light-
emitting diodes, the development of perovskite FETs is far behind in both performance and
reliability. To date, a significantly smaller community reports the application of perovskite
materials for FETS, in spite of the fact that the first manuscript on perovskite FETs preceded all
reports on other device applications.[74] One of the possible reasons is ion migration in
perovskites, which screens the applied gate electric field, and yields a low field-effect mobility
and large current-voltage hysteresis, posing a major difficulty for the fabrication of reliable
FETs.[75] Additionally, the poor stability of perovskites further hinders the development of
perovskite FETSs. Together with these limitations, it remains a huge challenge to understand and
investigate the charge transport properties in perovskites by FETs. Nevertheless, the expected
high charge mobility, long carrier diffusion length, and the ease of preparation as demonstrated
for solar cells and other electronic devices, motivate and sustain the research on perovskite
FETSs.

Replacing the toxic Pb on the B-site with various alternative divalent metallic cations
in 2D perovskites for optoelectronic devices applications has motivated a lot of research.
Various candidates such as, tin (Sn), germanium (Ge), bismuth (Bi), stibium (Sb), and copper
(Cu) have been proposed to prepare Pb-free perovskites for electronic devices.[76] Among
these alternatives, Sn-based perovskites demonstrate similar properties like Pb-based analogues
and offer great potential for eco-friendly industrial applications. Specifically, Sn and its
neighbor Pb both belong to the same group 14 of the periodic table of elements, adopting a
similar outer electron configuration ns?np? (n = 5 for Sn and n = 6 for Pb). The divalent state of

the Sn?* cation has a roughly comparable radius (~1.35 A) compared with Pb?* (~1.49 A), which
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allows for the replacement of Pb by Sn while retaining a stable structure with negligible
perovskite lattice perturbation.[77] Moreover, Sn-based perovskites exhibit similar optical and
electronic properties compared to the Pb-based counterparts. Some of them are even superior
with regard to the device performance of solar cells, such as higher charge carrier mobility and
smaller exciton binding energy. These unique properties make Sn-based perovskites promising
semiconductors for potential FET applications. Previous studies reveal that pure Pb-based 2D
perovskites do not show field-effect behavior at room temperature.[78] Compared to the Pb-
based 2D perovskite, the Sn counterpart has a high field-effect mobility with smaller in-plain
effective mass value and longer carrier lifetime. Based on the Drude-Smith equation, at fixed
temperature the charge carrier mobility in the semiconductor is expressed by the following

equation[79]:

== (Equation 1.7)
where q is the elementary charge; t stands for the carrier lifetime; and m* is the carrier effective
mass. Larger t and smaller m* values thus increase the charge carrier mobility in the perovskite.
This further demonstrates the benefit of Sn in the perovskite structure.

Kagan et al. firstly reported the 2D hybrid perovskite FETs in 1999 based on a spin-
coated (PEA)2Snl4 film.[74] A maximum hole mobility of 0.62 cm?V1s™ at room temperature
was observed (Figure 1.10a). Later, the same group further improved the device mobility of 2D
hybrid perovskite FETs by using new spacer cations and process optimization.[80] Surprisingly,
there is a relatively large time gap of more than ten years of reports on 2D Sn-based perovskite
FETSs. Probably sparked by the impressive progress achieved in other perovskite electronic
devices as solar cells, recently, 2D Sn-based perovskite FETs have ushered a new era of
renewed efforts with increased mobility and stability. In 2016, Adachi’s group reported a high-
performance 2D (PEA)2Snls perovskite FET with maximum field-effect hole mobility of

15 cm?V1st and negligible hysteresis by device and process optimization, including the use of
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a self-assembled monolayer, modification of the device geometry, and introduction of a charge

injection layer (Figure 1.10b).[81] Later, the hole mobility was further substantially improved

to 40 cm?V1st by employing large single crystals of (PEA)2Snl4.[82] Interestingly, 2D

(PEA)2Snl4 perovskite FETSs also show n-channel characteristics (Figure 1.10c). By inserting a

Ceo interlayer between the S-D electrodes and semiconducting film, the device showed

pronounced n-type behavior and exhibited an electron mobility of 0.9 cm?Vv-is? at room

temperature.[83]
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Figure 1.10. Three representative cases for the development of 2D Sn-based perovskite FETS.
(@) The first report about the 2D perovskite FET with (PEA)2Snls semiconducting layer.[74] (b)
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Top-gate top-contact 2D (PEA)2Snls perovskite FET with high hole mobility and negligible
hysteresis.[81] (c) n-type 2D perovskite FET with Ceso/Au contacts exhibited electron
transport.[83]

After more than a decade gap on the research of perovskite FET devices, remarkable
progress has been made in the development of 2D Sn-based perovskite FETs. The continuous
efforts on the improvement of the device performance are beneficial for a better understanding
of 2D Sn-based perovskite materials and devices that can become excellent candidates for high-

quality transistors.

1.4 Device physics of 2D tin halide perovskite FETs

Although some progresses have been made for 2D tin halide perovskite FETS,
many of their intrinsic properties, such as ion migration and low-temperature device
performance still remain unclear. Analyzing and understanding these phenomena in 2D tin
halide perovskite FETSs are of great importance to turn perovskite FETs into serious contenders
for electronic circuits and other types of electronic device applications. Originating from the
ion movement and defects, charge carrier dynamics in perovskites show complicated processes.
Particular attention should be paid to the characterization conditions of perovskite FETS, such
as measurement mode and temperature (Figure 1.11). Suffering from severe ion migration, the
charge carrier mobility in perovskite FETs is limited. The stability issue by extrinsic factors
such as light, water, and oxygen, is still not extensively investigated. These major obstacles

significantly delayed their commercial deployment.
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Figure 1.11. Summary of different measurement conditions for perovskite FET devices.[84]

Traditional organic FETs are typically characterized in a continuous direct current
(DC) mode. It takes tens of seconds or few minutes for the entire measurement with dual-
sweeping. In perovskite transistors, however, the migration of ionic species can be easily
observed at room temperature owing to their low activation energies. The application of biases
with a long period of time inevitably lead to ion migration induced screening of the electric
fields, and consequently reducing the gate modulation and charge carrier mobility. Considering
the much larger motion speed of electrons/holes as compared to ions, in principle, a negligible
ionic current can be obtained by a high scan rate during the electrical characterization.[85]
Nevertheless, the research on perovskite solar cells have demonstrated that the device
performance can be overestimated by applying fast sweep rates of several volts per second.[86]
Similarly, in FETs the key parameters including charge carrier mobility and hysteresis might
be artificially manipulated. In order to investigate the device parameters of polycrystalline
perovskite thin film transistors at room temperature, the electrical measurement conditions
should be carefully checked in the presence of complicated structural defects and mixed
charge/ionic transport. Pulse mode is believed to be a powerful tool and an effective approach
to investigate the electronic characteristics of perovskite FET devices by reducing the influence

of ion movement. In pulse mode the pulse width, frequency, and integration times can be
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tailored (Figure 1.12). By applying voltage pulses instead of using a continuous sweep, it is
possible to gain important information about the carrier dynamics and charge transport. At each
step of the pulse mode, the pulse width and delay time are important to characterize the
electronic and ionic transport, as well as charge carrier trapping and detrapping events. For
example, when a short pulse is applied to the gate bias, the time scale of the accumulation of
charges at the dielectric interface is much faster than the accumulation of ions. Due to this
distinct difference in dynamics of ions and charges, hence, detailed pulse measurements are

essential to elucidate the mechanism of charge and ion transport in 2D tin halide perovskite

FETSs.
DC IV measurement Pulsed IV measurement
Applied voltage
(or current) Measure current
(or voltage)
Spot
Time Pulse width
>
Swee
>
» Measurement can be slow. » Measurement must be relatively fast.
» Timing dependence is low. » Timing dependence is high.
» Pulse widths vary from ms to ns.
» Different equipment is needed depending
on the pulse width requirement.

Figure 1.12. Illustration of continuous and pulse mode with spot or sweep scanning for
transistor measurement.

Temperature is another important parameter for the FET characterization.
Temperature dependent measurements can provide important information about the charge

transport mechanism in perovskite materials. Earlier studies on 3D perovskite FETs showed
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that the migration of mobile ionic defects, which screen the gate field and reduce electronic
transport in the channel, is thermally activated and thus can be suppressed upon decreasing the
temperature during device measurement.[87] Liu et al. investigated quasi-2D perovskite
(BA)2(MA)n-1Pbnlan+1 single crystal FET devices with varying n =1, 2, and 3.[88] Due to severe
ion migration in this lead halide perovskite, it was not possible to observe any field-effect
response at room temperature. The authors carried out temperature-dependent electrical
measurements from 80 K to 160 K, as presented in Figure 1.13a. The dual-sweep hysteresis
declined significantly as the temperature decreased, suggesting that the low temperature can
effectively inhibit the ion migration. The extracted effective electron mobility exhibited a lower
mobility at higher temperature which might be ascribed to phonon scattering. For 2D tin halide
layered perovskite FETs, benefiting from recent advances in material and device engineering,
the transistors show more reliable behavior with low hysteresis and high charge mobility at

room temperature, thus, with only few reports focusing on low temperature device performance.
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Figure 1.13. (a) 2D lead-halide single crystal perovskite FETs measured at 150 K, 120 K, 80
K with three scans to guarantee reliability, and corresponding field-effect electron mobility
extracted from transfer curves at different temperatures;[88] (b) Schematic of the bottom-gate,
bottom-contact 2D (BA).Snl4 perovskite microplate FET and the temperature-dependent hole
mobility under different source-drain bias.[89]

28



Introduction Chapter 1

Wang et al. studied the charge transport mechanism in perovskite FETs based on 2D
(BA)2Snl4 crystals (Figure 1.13b).[89] It was revealed that the field-effect hole mobility showed
a continuous decrease when the temperature increases from 77 K to 160 K, resulting in a
negative temperature coefficient. Meanwhile, the mobility constantly increases at higher
temperature from 180 K to 295 K. At around 180 K the mobility showed an abrupt change,
possibly due to an orthorhombic-to-orthorhombic phase transition. The mobility decrease
below 160 K with elevating temperature was indicative of reduced carrier-phonon scattering.
The enhanced mobility with temperature above 180 K was possibly due to different
mechanisms, such as thermal activated charge transport or the formation of small polarons
resulting from the strong electron-phonon interaction. Therefore, temperature dependent studies
provide important details about the charge carrier transport properties in perovskites. Low
temperature measurements are necessary in the future for a better understanding of charge
carrier injection and transport in order to make this class of materials an excellent candidate for
cost-effective and high-quality transistor applications.

Other parameters during the measurements, such as the effect of light can also not be
neglected because perovskites are photoactive materials. The light induces the generation of
free charge carriers due to the low exciton binding energy in these materials. Previous works
have demonstrated that perovskite FETs are sensitive to light, which can increase the channel
current by several orders of magnitude.[88] This unique property of perovskites has triggered
huge interests in the study of phototransistor devices. Therefore, it should also be considered
that dark conditions are necessary when regular FETs are characterized to avoid the

contribution of the photo-generated charge carriers to the field effect mobility.

1.5 Challenges for 2D tin halide perovskite FETs
To date, the study of 2D tin halide layered perovskite FETs is still at a very

preliminary stage, with many challenges being open. These issues include (i) intrinsic properties
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of perovskite materials, (ii) grain boundaries, (iii) interface between semiconducting layer and
source-drain electrodes, and (iv) interface between semiconducting layer and dielectric layer
(Figure 1.14a).[90] Therefore, insights into the fundamental material issues, such as
crystallinity, orientation, ionic defects, and ion migration are highly desirable for obtaining
high-performance perovskite FETs. The complexity of the carrier dynamics in 2D tin halide
perovskites from quantum and dielectric confinement to ion migration requires a particular
attention to optimize the FET performance. Note that, despite the progress in performance
improvement of 2D tin halide perovskite FETs, the mobility and stability are still far behind
that of traditional organic and inorganic FETs. The relatively poor device performance mainly
stems from the poor quality of the solution processed films, which is attributed to oxidation and
fast crystallization, generating a high density of charge carrier traps by ionic defects and inferior

morphologies.
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Figure 1.14. (a) lllustration of main issues for the optimization of metal halide perovskites in
FETs application;[90] (b) Photographs showing the ease of oxidation of Sn?* to Sn** in ambient
air;[91] (c) Schematic demonstration of typical inferior film morphology with small grain size
and pinholes of 2D tin halide perovskite thin films.

The easy oxidative conversion of Sn from its +2 to +4 state is the first problem of 2D
tin halide perovskite FETs. Specifically, Sn contains the electron configuration of 5s?5p?, where
the two electrons on the 5s orbital of Sn?* exhibit the active pair effect tending to be lost easily

and giving rise to the easy oxidation to Sn**.[91] As shown in Figure 1.14b, the fresh yellow
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perovskite precursor solution rapidly becomes orange-red under exposure to air for several
minutes. Leijtens et al. investigated and summarized the oxidation reaction mechanism for pure
Sn perovskites as 2Snl, + O, — SnO2 + Snl4.[92] Sn** is generally considered as an ionic defect
in the film. The oxidation issue causes short charge carrier lifetimes and thus short carrier
diffusion lengths, leading to poor charge transport properties in tin halide perovskite films.
There are several sources for Sn** impurities like for example in the commercial materials,
precursor solution, and during film deposition. It has been reported that even the highest-purity
(99.999%) commercial Snl, exhibited a substantial amount of Sn**. Additionally, Saidaminov
et al. reported that the conventional solvent DMSO (formula: (CH3).SO) can oxidize Sn?* at
the temperatures above 100 °C by the following reaction in the precursor solution: 2Snl, +
2(CH3)2SO — SnO2 + Snls + 2(CH3)2S.[93] The oxidation inevitably takes place during the
film processing in the glovebox even at the presence of only minor oxygen traces. Additionally,
the energetically unfavorable s-p antibonding coupling between 5s of Sn and 6p of | leads to
the low formation energies of Sn vacancies. These two factors contribute to the easy formation
of Sn defects during the film crystallization process.

The second challenge for 2D tin halide perovskite films is the hardly controllable
crystallization process, which originates from the unique property of Sn?* of high Lewis acidity
due to the high energy of its 5p orbital, resulting in the rapid reaction rate of Snl, with organic
cation salts. The high Lewis acidity and the easy oxidation of Sn?* significantly facilitate the
nucleation and growth rate of perovskite crystals from precursor solution leading to inferior
morphology of perovskite films with high density of defects, small grains, and large number of
pinholes (Figure 1.14¢).[94] The above discussion indicates that the issues including the fast
crystallization, easy oxidation of Sn?* and formation of Sn vacancies during film processing
should be well-handled to improve the film quality of Sn-based perovskites. Unlike the field of

perovskite solar cells and light-emitting devices, where many different strategies have been
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investigated, only relatively few have been implemented and explored in perovskite FETS,

possibly due to different operating mechanisms as discussed before.

1.6 Optimization of 2D tin halide perovskite FETs

To overcome the above challenges of 2D tin halide perovskites, to date, researchers have
developed several strategies to regulate the crystallization process, suppress ion migration and
enhance the field-effect mobility. These approaches include solvent engineering, spacer cation

tuning, and doping.

1.6.1 Solvent engineering

Solvent engineering has been demonstrated to be a powerful approach to regulate the
crystallization in Sn-based perovskite solar cells by controlling the solvent parameters, such as
solubility, polarity, boiling point, viscosity, and others.[95] The 2D tin halide perovskite
precursor solution is usually prepared by dissolving the two source materials Snl, and organic
cation salt into the solvent DMF. However, in the conventional method with pure DMF, the
(PEA)2Snl4 perovskite crystals are formed immediately after spin coating leading to the poor
morphology. Therefore, it is essential to keep the balance between nucleation rate and growth
rate of perovskite crystals. This is possible by choosing solvents with different properties.
Previous reports revealed that the tin halide perovskite precursor solution can be prepared with
polar solvents to form the Lewis acid-base intermediate phase, where the bond strength of this
intermediate can significantly influence the crystallization process of the perovskite crystals.
Therefore, introduction of solvents with high basicity is an effective method to control the
crystallization of 2D Sn-based perovskites by adjusting the bonding strength of Lewis acid-base
coordination.

Zhu et al. reported controlled crystallization of 2D (PEA).Snls perovskite and
improved FET performances by employing the mixed solvent DMF:DMSO (Figure 1.15a).[95]

When spin-coated from pure DMF the film color became dark brown during processing, while
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the film deposited from the mixed solvent was firstly light-yellow during spin-coating and
changed to dark brown during thermal annealing indicating an intermediate phase prior to the
formation of the perovskite phase. It was demonstrated that DMSO with an oxygen donor as
Lewis base bears strong coordination ability by donating a lone pair of electrons, leading to the
formation of a Lewis acid-base adduct. As a result, the uncoordinated tin ions and/or tin clusters
could be effectively reduced, along with suppressed anti-site defects, enhanced crystallinity
with larger crystallite size, and improved film morphology. Consequently, the approach of
mixed solvents significantly improved the mobility of (PEA)2Snls FETs from 0.7 cm?V-1s? to

3.5cm?Vvist
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Figure 1.15. (a) Schematic of 2D perovskite FETs based on (PEA)2Snl4 semiconducting layer.
Transfer characteristics of pristine and optimized device by the solvents of (b) DMSO; (c)
NMP; (d) GBL,; (e) PY; (f) ACN; (g) CB; and (h) EA with different volume ratios.[95,96]

Based on a similar strategy, two more oxygen-donor Lewis bases N-methyl-2-
pyrrolidone (NMP), and gamma-butyrolactone (GBL), as well as nitrogen-donor Lewis bases

pyridine (PY) and acetonitrile (ACN) were further systematically investigated by Zhu et al., as
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shown in Figure 1.15c-f.[95] The results revealed higher crystallinity and improved
morphology for the (PEA)2Snls4 films obtained from the mixed solvents in comparison to pure
DMF. The device with oxygen donor Lewis bases NMP and GBL exhibited improved FET
mobilities of 2.9 and 1.8 cm?V s under optimized conditions. The nitrogen donor Lewis
bases, PY and ACN, also increased the mobilities to 1.9 and 1.0 cm?V1s?, respectively.

Additionally, Zhu et al. further reported an easy and highly repeatable binary solvent
method to prepare high-performance (PEA)2Snl4 transistors by adding chlorobenzene (CB) and
ethyl acetate (EA) into DMF.[96] As shown in Figure 1.15¢g and h, the transfer curve of the
pristine perovskite FET from pure DMF showed several zigzag current steps in the reverse
scanning, which were ascribed to the detrapping of captured charge carriers. In contrast, the
binary solvents DMF:CB and DMF:EA based FETs showed a significantly improved maximum
channel current Ips, larger lonorr and smaller dual-sweep hysteresis. Particularly, the sample
from DMF:10% CB exhibited a mobility of 3.1 cm?V1s™1. The addition of the much less toxic
solvent EA provided the same effect on the device performance and the FET with optimized
DMF:20% EA yielded the highest mobility of 3.8 cm?V s, The improvement of overall
device parameters by using mixed solvents was due to the enhanced film quality with full
coverage and low defect density. The nucleation was promoted with more oriented grains
during spin-coating by adding CB/EA to the precursor solution.

1.6.2 Spacer cation engineering

The 2D tin halide layered perovskites show a low theoretical charge carrier mobility
as compared to 3D perovskites due to the dielectric confinement effect by bulky organic spacer
cations. But this can be turned into an advantage since such organic cations can be chemically
tailored by different chemical structures, opening the door to a plethora of new layered
structures with various functionalized features. Furthermore, chemical tuning of organic cations
has been proven to be beneficial for improving the device performance of tin halide perovskite

optoelectronic devices such as solar cells or light-emitting diodes. To date, the RP structure of
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2D tin halide layered perovskites is the mostly reported one due to its structural freedom to
accommodate a rich library of organic monocations. Despite some progress has been achieved,
the cation engineering for perovskite devices is highly limited since there is no systematic
understanding of the effects of the spacer cations on the crystal structure, charge transport
properties, and device performance. Therefore, it is difficult to predict the resulting structure of
these synthetic experiments, hindering the discovery of novel 2D perovskite materials to be

incorporated into high-performance devices.
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Figure 1.16. Chemical structures of organic cations (a) PEA,[97] (b) 4Tm,[97] (c) STm,[98],
and (d) TT,[99] and their transfer characteristics in 2D Sn-based perovskite FETs. The
corresponding AFM imgaes of (e) (PEA)2Snls, (f) (4Tm)2Snls, (g) (STm)2Snls, and (h)
(TT)2Snl4 thin films.

The spacer cation PEA has been extensively studied in 2D tin halide perovskite FETs
and different optimization methods have been employed to improve the corresponding device
performance of (PEA)2Snls FETs (Figure 1.16a). Gao et al. reported a 2D tin halide perovskite
featuring a linear n-conjugated oligothiophene ligand in bottom-gate/top-contact FETS, namely,

(4Tm)2Snls, where 4Tm is a quaterthiophene-based cation, 2-(3",4'-dimethyl-[2,2":5,2":5" 2""-
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quarterthiophen]-5-yl)ethan-1-ammonium (Figure 1.16b).[97] Concerning the device
performance, (PEA).Snls yielded a maximum hole mobility of 0.15 cm?V st at room
temperature. In contrast, for (4Tm).Snls FETs an overall improved field-effect behavior was
observed. A high on/off current ratio of 10°, a smaller subthreshold swing SS of 10 V dec™, and
a lower leakage current of 10*° A were achieved. By a systematic optimization of the annealing
temperature and film thickness the hole mobility of (4Tm).Snls FETs went up to 2.32
cm?V1s7t which was one order of magnitude higher than for (PEA).Snls. Meanwhile,
(4Tm)2Snl4 exhibited ideal transfer curves with a much smaller hysteresis indicating that the
bulky 4Tm cation was beneficial to suppress ion migration and reduce trap states in the
perovskite film. Additionally, the (4Tm)2Snls thin film exhibited improved morphology
compared to the (PEA)2Snl4 (Figure 1.16e and f).

Wei et al. of the same group further designed and synthesized a selenophene-
containing conjugated organic ligand, 2-(4’-methyl-5'-(5-(3-methylthiophen-2-yl)selenophen-
2-yl)-[2,2"-bithiophen]-5-yl)ethan-1-aminium (STm), for 2D halide perovskites FET
applications.[98] Specifically, the third thiophene ring of the 4Tm backbone was swapped to a
selenophene ring. The highest occupied molecular orbital (HOMO) level of the STm ligand
was investigated by cyclic voltammetry and optical absorption indicating the value of 5.05 eV,
which was lower than the one of the 4Tm ligand with 5.12 eV. The introduction of selenophene
was expected to facilitate hole injection from the Au electrode (5.0 eV) to the perovskite layer
leading to the improved FET performance. As shown in Figure 1.16c, a p-type transport
behavior was observed with a maximum hole mobility of 1.52 cm?V-!s! and an average value
of 1.35 cm?Vis! at room temperature, which was comparable to that of the reference
(4Tm)2Snls FETs. However, compared with (4Tm)2Snls FET, no obvious enhancement of the
device parameters was observed even after systematic optimization of the processing
conditions. Based on the film morphology characterization, the reduced performance of

(4Tm)2Snls FET was attributed to smaller crystal grains and increased amount of grain
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boundaries than for (4Tm).Snls-based films (Figure 1.16g). Nevertheless, the FET performance
of (STm)2Snls was improved in comparison to (PEA)2Snls, demonstrating that the STm cation
was a good candidate for electronic and optoelectronic applications.

Later, Liang et al. of the same group further synthesized a lead-free 2D perovskite,
namely (TT)2Snls, by replacing one thiophene unit in 4Tm with fused thiophene rings (Figure
1.16d).[99] The fused thiophene structures being a highly planar system allows stronger n—n
interactions. The coplanar conformation can also induce the formation of ordered crystalline
structures promoting self-assembly and lateral growth of the 2D crystalline film. The
crystallization kinetics of (TT)2Snls was controlled by modulating the intermolecular
interactions of the organic ligand, leading to a reduced nucleation density during the film
crystallization process. Therefore, the (TT)2Snl4 film revealed large grain size (Figure 1.16h).
As a result, highly performing FET devices were achieved with a maximum hole mobility of

9.35 cm?V-1s? and a negligible hysteresis.

1.6.3 Doping

Electrical doping is a direct and efficient approach to improve the electrical properties
of emerging semiconductors. The term ‘doping’ is broadly used in literature to describe the
introduction of any kind of impurity into the semiconductor lattice to control crystal growth and
stability or to tune optoelectronic properties. The doping effect is usually achieved through
defect formation to provide extra electrons or holes to the lattice.[100] Doping with new
components is already reported as an effective method to assist the formation of high quality
perovskite films for solar cell applications.[76] The introduction of new components in
perovskites has a substantial influence on the crystallization kinetics and the structural stability
of perovskites, simultaneously offering enhanced carrier transport characteristics and improved
device performance. However, so far its feasibility and mechanism still remain elusive for metal

halide perovskites transistors.
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Zhu et al. analyzed the structural and optoelectronic properties of traditional
(PEA)2Snls perovskites doped with copper iodide (Cul) in FET devices by combining
theoretical and experimental methods (Figure 1.17a).[101] The monovalent cation Cu® with an
ionic radius of 77 pm was chosen in this study, which was slightly smaller than Sn?* (118 pm).
The density functional theory (DFT) calculations showed that the crystal structure of pristine
(PEA)2Snl4 consists of a perfect organic-inorganic layered structure with a well-connected Snlg
octahedral cage. After inserting Cu* to replace Sn?* a certain degree of structural variations was
observed. DFT calculations disclosed that the incorporation of Cu* into (PEA)2Snl4 results in a
destabilized perovskite structure. Interestingly, the Cul-blended perovskite achieved much
higher FET performance compared with the pristine one. The Cu*-doped films revealed an
improved electrical performance, with a twofold increase in hole mobility, increased lon/orr,
and reduced hysteresis and SS value, compared to the reference device. It was found that due
to the formation of heterostructures in the Cul-(PEA).Snls composite film, the distribution of
Cul in the grain boundaries lowered the trap density and facilitated the charge transport.

Later, Go et al. of the same group used the same strategy by adding 1 vol % sodium
iodide (Nal) into (PEA)2Snls perovskite to improve the transistor performance.[102] As
presented in Figure 1.17b, the doped Nal-(PEA)2Snl4 perovskite exhibited reduced dual-sweep
hysteresis, and higher hole mobility of 2 cm?V1s™! than the pristine device. This device
improvement was ascribed to the enhanced film quality, including increased grain size,
crystallinity, and higher film coverage of the Nal-(PEA).Snl4 film. In addition, Nal effectively
passivated the iodine vacancies at the grain boundaries, thereby suppressing the defect and ion

migration.
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Figure 1.17. (a) Schematic diagram of DFT calculations of (PEA),Snls with Sn?*and Cu* and
the corresponding transfer curves;[101] (b) Illustration of bottom-gate/top-contact (PEA)2Snls
FET and transfer and output characteristics of pristine (PEA)2Snls (black) and Nal doped (blue)
devices (Vps = —40 V);[102] (c) Device configuration of (PEA).Snls FET doped with Snls and
the corresponding FET performance with different doping ratios.[103]

Liu et al. introduced the Snls dopant to increase the device performance of (PEA)2Snl4
based FETSs, as shown in Figure 1.17¢.[103] It was observed that Sn** p-dopes the perovskite
and increases the electrical conductivity by 10° times as compared to the pristine (PEA)2Snl4
film. The dopant Snls was also found to improve the film morphology of (PEA).Snl4 leading
to reduced trap states. By doping the films with Snls in the doping range of 1-5 mol %, a
significant enhancement of the device current was achieved, indicating the improvement of

device performance. The currents of output curves also increased with higher doping ratios.
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However, the doped device showed an increased hysteresis, which was probably attributed to

the extra I ions brought by Snl4 in the films, causing stronger ion migration.

1.6.4 Others

Interface engineering can also serve as an effective approach to reduce defects and ion
migration by modifying the interface characteristics or introducing additional interlayers.
Matsushima et al. demonstrated that perovskite transistors with untreated SiO> exhibited dual-
sweep hysteresis during consecutive forward and reverse scans (Figure 1.18a).[81] The large
hysteresis was attributed to the movement of mobile ions through the perovskite film. At
negative Vgs, positive ions gradually moved through grain or crystallite boundaries and
accumulated at the gate insulator surface. The gradually accumulated cations act as hole
scattering centers and significantly reduce the number of holes in the channel by screening the
gate electric field, thereby resulting in large hysteresis of the FET devices. On the contrary,
NHzl self-assembly monolayer (SAM) treatment greatly inhibited the hysteresis, which may be
due to the reduced number of mobile ions. Therefore, the device showed overall improved

parameters including the mobility, VtH, loniorr, and SS values.
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Figure 1.18. Representative output and transfer characteristics of the 2D perovskite transistors
without and with NHal self-assembly monolayer, and the corresponding AFM images and XRD
patterns of perovskite films.[81] (b) Transfer characteristics of 2D perovskite FETs obtained
from precursors with different mole ratios PEAIL:Snl; = X:1, X = 1.6, 2.0, 2.4, and 2.8,
respectively (Vps = —40 V); and conductive atomic force microscope images with line profiles
of height and current.[95]

Considering that the components might be non-stoichiometric at grain boundaries, Zhu
et al. controlled the molar ratio of two precursors PEAI and Snl; to be 1.6:1, 2.0:1, 2.4:1, and
2.8:1, respectively, and the corresponding device characteristics is shown in Figure 1.18b.[95]
As evident, the FET characteristics were strongly influenced by the PEAI content. The mobility

increased by a factor of 20 from 0.03 cm?V st at PEAI:Snl, molar ratio of 1.6:1 to 0.67
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cm?V st at the ratio of 2.4:1, with notably enhanced loniorr (=10°) and reduced dual-sweep
hysteresis. The brighter contrast in the conductive atomic force microscopy (C-AFM) image
indicates higher current flow through the perovskite layer. For the films with standard molar
ratio of 2.0:1, the measured current was heterogeneous at the grain interior and grain boundary
regions. Superimposing line profiles of the topography and current images spatially confirmed
lower current through the grain boundaries. However, when PEAI:Snl, mole ratio increased to
2.4:1, the film current was markedly enhanced with improved overall homogeneity. This
confirms that PEAI excess can passivate the grain boundaries effectively, facilitating charge

carriers passing through the grain boundaries rather than being trapped.

1.7 Motivation

The recent emergence of metal halide perovskite semiconductors and successful
achievement in the field of photovoltaics have motivated the exploration of their application in
FETSs. Nevertheless, a major limitation of 2D tin halide perovskites is the insulating nature of
the bulky organic spacer cations, especially in single-layer structures, which show significantly
reduced charge carrier mobility. To date, the understanding of the characteristics of 2D layered
tin halide perovskites and exploration of their structure and properties, and the resultant FET
performance are still at an early stage. A systematical investigation of the material properties
and electrical parameters of 2D layered tin halide perovskite FETs is still missing.
Understanding the correlation between the chemical structure of organic cations, grain size and
charge carrier transport in 2D tin halide perovskite holds the key for the realization of high

performance perovskite FETS.

1.7.1 Role of grain boundaries on charge carrier transport
So far, the 2D tin halide perovskite suffers from inferior film morphologies with small
grain size and pinholes due to their fast crystallization process. Therefore, controlling crystal
growth and reducing number of grain boundaries are crucial to achieve pronounced long-range
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molecular organization and high in-plane charge carrier transport in perovskites thin films.
Grain engineering controlled by film deposition parameters is one of the new approaches to
improve charge carrier transport. Such processing conditions, like substrate temperature, are
usually not considered as a powerful tool to control surface morphology and microstructure of
perovskite semiconductors.

In Chapter 2, | prepared 2D tin halide perovskite thin films by hot-casting method to
fine tune the film morphologies. The correlation between grain size, charge transport properties,
and ion migration was systematically studied to understand the role of grain boundaries in 2D
tin halide perovskite FETs. It was found that despite a significant difference in grain size,
however, the hot-casting method does not significantly affect the crystal lattice parameters and
crystallinity. In contrast, the FET operation parameters, including mobility, threshold voltage,
hysteresis, and subthreshold swing improve substantially with larger grain size. In addition, the
dependence of the performance on channel lengths was further investigated. This Chapter
provides an important insight into the grain engineering of 2D perovskites for high-performance

FETs.

1.7.2 Influence of additive on tin oxidation

In Chapter 2, the role of grain boundaries in 2D layered tin halide perovskite FETS is
clearly elucidated. However, the easy oxidation of Sn?* in 2D tin halide perovskites is another
intrinsic drawback, giving rise to high density of ionic defects and thus reducing the charge
carrier transport in the channel, as described in Chapter 1.5.

In Chapter 3, | demonstrated a simple and effective additive engineering strategy by
employing pentanoic acid (PA) to both modulate the crystallization process and improve charge
carrier transport in 2D tin halide perovskite FETSs. It was revealed that the additive is strongly
coordinated to the spacer cation and inorganic framework in the perovskite precursor solution,

effectively passivating defects by lowering undesired oxidation of Sn?* during the film
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formation. The reduced defect density and decreased ion migration result in an enhanced p
charge carrier mobility in FETs. These results illustrate that the additive strategy bears great

potential to realize high-performance Sn-based perovskite FETS.

1.7.3 Chemical tuning of organic spacer cations

The above two Chapters helped me to have a better understanding of the
crystallization process in solution-processed 2D tin halide perovskite thin films. Nevertheless,
the ever-growing research field of FET devices research using 2D tin halide perovskites
requires systematic understanding of the effects of the spacer cations on the crystal structure,
charge carrier transport properties, and device performance. The chemical structure of organic
cations is believed to strongly impact the optoelectronic properties of 2D halide perovskites and
devices. However, most studies have chosen spacers randomly just like trial-and-error tests.
The knowledge of the structural design rules of these organic cations, specifically the
correlation between the chosen spacer and its impact on the properties of 2D perovskite film as
well as the resulting device performance is far from being sufficient.

In Chapter 4, the FET structure was applied to investigate the charge carrier transport
of 2D tin halide perovskite thin films with phenylalkylammonium molecules as organic cations
varying alkyl chain lengths. For the first time, a strong change of the in-plane mobility in FET
devices, depending on whether the number of carbon atoms on the alkyl side chain was an odd
or even number was observed. Combining experimental characterization and theoretical
calculation, I showed that a subtle change in the molecular structure of the organic cation has a
significant impact on the molecular organization and phases as well as a surface morphology,
which in turn will govern charge carrier transport in perovskite film FETs. This Chapter
provides a general guideline and represents an important step toward molecular-level structural
engineering in 2D tin halide perovskites to understand and control the electronic properties in

FETs.
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Chapter 2 Grain engineering of 2-thiopheneethylammonium tin iodide

perovskite by hot-casting

2.1 Introduction

So far, several strategies have been proposed to enhance the device performance of 2D
tin halide perovskite FETs including controlling the crystallization process, regulating the film
microstructure and adjusting the phase orientation. These approaches involve self-assembled
monolayer, non-stoichiometry engineering, mixed solvent, and additives.[1,2] FETs may also
benefit from the perovskite layers parallel oriented to substrate, which should substantively
reduce charge-transport resistance in in-plane direction and dramatically improve the device
performance.[3] However, a simple, robust and general approach to effectively control the
crystal orientation in layered 2D perovskites for FET applications is still lacking. Increasing
grain size is another important strategy to improve the FET performance. The growth of large
grains decreases charge transport barriers and structural defects that both increase the efficiency
of perovskite solar cells have been reported.[4] Recently, high mobility 2D tin-based perovskite
FETs were realized by employing m-conjugated bulky cations and optimized annealing
temperatures to reach large grain sizes up to 500 um.[5] However, the complicated synthesis
of large cations might impede their potential application. For this reason, small and simple
cations bear high potential for 2D perovskite FETS.

The precursor compounds and solution deposition have a strong impact on the charge
carrier properties of perovskites. Thiophene derivatives have been widely used as organic
semiconductors as well as spacers and passivators in perovskite optoelectronic devices,
resulting in high device performances.[6,7] Chiu et al. performed theoretical simulations and
found that the reduced dielectric constant of 2-thiopheneethylammonium (TEA) as compared
to benchmark organic cation PEA in 2D tin perovskite, leads to the narrower band gaps and

improved dielectric confinement, making TEA suitable for efficient optoelectronic device
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applications.[8] This gives me the motivation to selected the TEA organic spacer for the studies
on the correlation between grain size and FET performance.

In this Chapter, rational grain engineering by the hot-casting method was applied for
2D tin halide perovskite thin films to drastically reduce the ion migration that limits the device
performance of FETSs. It showed that hot-casting is an efficient approach to precisely control
the crystallization and growth kinetics of 2-thiopheneethylammonium tin iodide ((TEA)2Snls),
enabling large grain sizes. While the local charge carrier mobility improved moderately with
larger grain size, the performance of the perovskite FETs was increased considerably due to a
reduced density of grain boundaries that lower the charge trapping and ion migration. The
insights on the role of grain boundaries on charge carrier transport and ion migration of
(TEA)2Snl4 are important for the development of high-performance 2D perovskite-based FET

devices.

2.2 DFT calculation

The density functional theory (DFT) calculation was firstly carried out by Dr.
Mukunda Mandal and Dr. Denis Andrienko to decipher the effect of incorporating the
thiophene-based TEA ligand as the organic spacer within the octahedral [Snls]* sheets on the
overall electronic properties of the 2D perovskite semiconductor. Figure 2.1a shows the
molecular structures of organic cation TEA (synthesized by Sabine Frisch and Prof. Dr. Milan
Kivala). The calculated lattice parameters for (TEA)2Snl4 reveal a distance 31.5 A for adjacent
double interlayers along the c-axis direction, as shown in Figure 2.1b. The band structure of
(TEA)2Snl, (Figure 2.1c) suggests a direct bandgap of 1.25 eV at the PBE at I'-point. The
density of states plot in Figure 2.1d indicates that both the valence band maximum (VBM) at
1.80 eV and the conduction band minimum (CBM) at 3.05 eV are mainly located at the
inorganic layers. Specifically, the Sn 5s and | 5p orbitals contribute to the VBM, while the CBM

is primarily composed of the Sn 5p orbital. The effective masses of electron (me*) and hole
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(mn*), in units of the rest mass of the free electron (mo), were also calculated from the band
structure in Figure 2.1d using parabolic fitting of the band edges. Based on the DFT
calculations, the computed my* and me* value of 0.137 mo and 0.146 mo (with mo as the electron

rest mass) was used for the calculation of the hole mobility in the subsequent THz analysis.[9]
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Figure 2.1. (a) Chemical structure of organic cation TEA, (b) PBE-D3(0)-optimized structure
and lattice parameters for (TEA)2Snls. (¢) Band structure and (d) density of states (DOS) of
(TEA)2Snls from DFT calculations. The total DOS is not shown in (d) for clarity. Effective
mass of electron (me*) and hole (mn*) are reported in the units of the free electron rest mass (mo

=9.11 x 103 kg).

2.3 Hot-casting of (TEA)2Snls

Similar to organic semiconductors, the thin-film morphology is a critical factor for
efficient and stable charge transport in perovskite FETs.[10] To correlate the morphology

formation and crystallization kinetics of (TEA)2Snls with the behavior of FETS, hot-casting was
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applied to tune the grain size of the thin films. Figure 2.2 schematically describes the hot-casting
process for deposition of (TEA)2Snls thin films. In contrast to the procedure reported in
literature, the approach involves spin-coating a mixture of organic cation TEA and tin iodide
(Snl2) solution onto a hot substrate maintained at a temperature range from room-temperature
(RT) to 160 °C to obtain a uniform film. This process was modified to the reported method to
ensure continuity (pinhole-free structure) and homogeneity of the obtained film and to control
the lateral grain size and film roughness which finally determine the charge carrier transport in

(TEA)2Snls FETS.

Preheating Precursor solution 2D Perovskite film

A

=| |=> Annealing

)

Figure 2.2. Schematic diagram of the hot-casting process of 2D (TEA)2Snls perovskite thin
film.

2.4 Thin film characterization

2.4.1 Film morphology

Atomic force microscopy (AFM) was used to evaluate the role of substrate
temperature on the (TEA)2Snls film morphology deposited on Si/SiO; substrate. Figure 2.3a-f
illustrate grain structures obtained at different substrate temperatures from RT to 160°C. As
evident from the AFM image, (TEA)2Snls deposited at RT creates 2 um small grains
surrounded by pinholes. The grain size is substantially enlarged when the substrate temperature
is increased to 120 °C resulting in a more compact and uniform surface morphology.
Histograms of the grain size distribution in Figure 2.3g reveal that with increasing temperature
from RT to 120 °C the grain size increases from 2 pum to 9 um, while further temperature rise

leads to its reduction.
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Figure 2.3. AFM height images of thin (TEA).Snl4 films processed at the substrate temperature
of (a) RT, (b) 80 °C, (c) 100 °C, (d) 120 °C, (e) 140 °C and (f) 160 °C. (g) Grain size and (h)
film root mean square roughness as a function of substrate temperature.

Optical microscopy images further confirm larger grains in the hot casted films
compared to RT cast ones (Figure 2.4). The optimal growth conditions for large grains at 120
°C can be attributed to a low number of nucleation sites allowing a prolonged growth of the
(TEA)2Snl4 crystals. As the substrate temperature further increases, a larger number of nuclei
precipitate from the supersaturation solution due to the fast solvent vaporization, yielding
smaller crystal grains.[11] Increasing the grain size is of great importance for perovskite FETs
because the grain boundaries act as trap centers for charge carriers and pathways for ion
migration, which is one of the key reasons for the limited device performance perovskites.[12]
In that case, the presence of grain boundaries generates a potential barrier for carrier transport
across the active channel of the FET. Large grains together with a low density of boundaries
minimize the concentration of mobile ions leading to efficient charge carrier transport and
stable device performance. In addition, the film root mean square roughness (RMS) is reduced
when hot-casting is applied (Figure 2.3h). The (TEA)2Snls films processed at 100 °C and 120

°C show the smoothest film surface with low RMS values of 7.04 and 7.26 nm. The flattened
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surface is beneficial to reduce the roughness-induced charge scattering effects and to improve

the effective contact between the perovskite semiconducting film and electrodes.[13]

Figure 2.4. Optical microscope images for 2D (TEA)2Snls perovskite thin films cast at
substrate temperature of (a) RT, (b) 80 °C, (c) 100 °C, (d) 120 °C, (e) 140 °C and (f) 160 °C,
respectively.

2.4.2 Crystal structure and molecular organization

The optical properties of (TEA)2Snls thin films with traditional spin-coating at RT
were investigated by ultraviolet-visible (UV-vis) absorption and steady-state
photoluminescence (PL) measurements as shown in Figure 2.5a, which confirm the formation
of the target layered perovskite structure.[14] The absorption peak located at 440 nm
(corresponding to 2.82 eV) is attributed to the high-energy exciton transition energy levels. The
absorption peak located at 529 nm (2.34 eV) is assigned to the charge transfer from TEA®
organic cations to adjacent [Snls]* octahedron layers, whereas the sharp absorption centered at
619 nm (2.00 eV) is attributed to the intrinsic exciton absorption of the tin iodide lattice.[15]
The (TEA)2Snls exhibited strong photoluminescence at room temperature with the

corresponding PL peak located at 649 nm (1.91 eV).
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Figure 2.5. (a) UV-vis absorption and PL spectra of (TEA)2Snls thin film. (b) Out-of-plane
XRD measured for (TEA)2Snls thin films cast at RT and 120 °C. (¢) FWHM analysis of the
(002) peak. (d) XRD pattern of the (TEA)2Snls4 thin film prepared with hot-casting method at
140 °C. GIWAXS patterns for (TEA)2Snl4 cast at (e) RT and (f) 120 °C (reflections are assigned
by Miller indices).

The role of deposition temperature on the crystal structure of the 2D (TEA)2Snls4 thin
films was further investigated by X-ray diffraction (XRD) and grazing incidence wide-angle
X-ray scattering (GIWAXS). The substrate temperature of 120 °C was chosen as optimal
condition due to the largest grain size in the film. The XRD patterns of the two films cast at RT
and 120 °C in Figure 2.5b exhibit typical (001) diffractions (1= 2, 4, 6, 8,10, and 12), confirming
a layered and well-ordered structure of the (TEA)2Snls films. The interlayer spacing of 15.6 A
is consistent with the DFT calculations in Figure 2.2a. The diffraction peak intensity is only
slightly higher for the optimized film processed at 120 °C compared to the RT deposited one.
The full width at half-maximum (FWHM) of the (002) diffraction peak slightly differs and
decreases from 0.24° for RT to 0.19° for the substrate temperature of 120 °C (Figure 2.5c). The
slightly changed diffraction intensity and FWHM value indicate a similar out-of-plane

crystallinity for the (TEA)2Snl4 films cast at RT and 120 °C. For films cast at 140 °C, additional
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peaks appear in the XRD spectra, as shown in Figure 2.5d, which are assigned to Snl.. This
suggests that the film fabricated at temperatures beyond 140 °C does not fully convert from the
source compounds to the complete semiconducting perovskite phase which is also detrimental
for the crystallinity and device operation.

Figure 2.5e and f shows the GIWAXS patterns of the thin films processed at RT and
120 °C (performed by Okan Yildiz). The diffraction peak with the highest intensity is assigned
to the interlayer spacing (002). The in-plane (010) and (020) reflections are attributed to Sn-I
and 1-Sn-1 bonds with corresponding d-spacing values of 2.9 A and 5.8 A, in agreement with
literature.[16] The octahedral structure of the [Snl4]?> sheet exhibits the 120 peak (4.1 A) for I-
| bonds. The inorganic part [Snl4]* is organized parallel to the substrate surface, which is
beneficial for the in-plane charge transport of FETs. To understand the influence of the substrate
temperature on the crystallite size, the coherence length (CL) is calculated for the (010) and
(020) reflections. Interestingly, the films processed at RT and 120 °C reveal identical CLo10 and
CLo2o values of ~132 nm and ~19 nm, respectively. Despite a significant difference in grain
size, surprisingly, the substrate temperature does not significantly affect the crystal lattice

parameters and crystallinity.

2.4.3 Optical-pump THz-probe spectroscopy

To investigate how deposition temperature and thus film morphology affect the local
charge carrier transport in (TEA)2Snls perovskites, the contact-free, optical pump-Terahertz
(THZz) probe (OPTP) spectroscopy was conducted by Heng Zhang and Dr. Hai I. Wang. Unlike
the FET devices, where the charge carriers are transported over the macroscopic dimension of
the transistor channel, the mobility inferred from THz spectroscopy represents an intrinsic, local
(~10 nm) value due to the ultrafast oscillating nature of the THz electric field (~1 ps).[17] The
local probe length is substantially smaller than the grain sizes of our samples. In a typical OPTP

measurement, as schematically shown in Figure 2.6a, a 400 nm pulse with a duration of ~50
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femtoseconds (fs) was employed to excite charge carriers from the valence to conduction band.
The photoconductivity ¢ dynamics was then probed by a ~picoseconds (ps) THz pulse by
controlling pump-probe delay time tp. At a given pump-probe delay, o is directly proportional
to the pump-induced THz absorption AE by o < —AE /[ E,. Figure 4.6b compared the
photoconductivity dynamics for films deposited at RT and 120 °C. The fast 1 ps rise
corresponds to the generation of free carriers in the film, followed by decay with a lifetime in
the range of 10's of ps. Given the time scale, the decay dynamics could be tentatively attributed
to charge trapping at defects. In principle, the photoconductivity of free carriers o is defined by
o=neu= (Nabsp) ex, with n the carrier density, u the charge carrier mobility, Nabs the absorbed
photon density, ¢ the photon-to-charge conversion efficiency, and e the elementary charge. For
a better comparison, the photoconductivity was divided by the absorbed photon density Nabs.
By assuming the same photon-to-charge conversion efficiency ¢, such a normalization provides
a direct comparison of the conductivity per charge carrier, i.e., the mobility of the samples under
different treatments (o/Nabs < £). As shown in Figure 4b, a ~25% higher charge carrier mobility
for (TEA)2Snl4 films cast at 120 °C was observed in comparison to that deposited at RT. The
estimated charge carrier mobility values at the peak of the photoconductivity are ~13 and ~16
cm?V1s? for samples prepared at RT and 120 °C, respectively, by assuming 100% photon-to-
charge conversion efficiency (i.e., Naps=n, or ¢=100%). It should be noted that the estimated

mobility represents the lower boundary of charge carrier mobility, as in reality ¢ <100%.
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Figure 2.6. (a) Schematic of optical-pump THz-probe spectroscopic studies on the perovskites
sample; (b) Comparison of photoconductivity ¢ normalized to the absorbed photon density
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(Nabs) for RT and 120 °C deposited (TEA)2Snls perovskites films. (c) Frequency-resolved
photoconductivity spectra and corresponding Drude-Smith fittings for (TEA)2Snl4 films cast at
RT and 120 °C.

To gain more insights into the charge carrier transport, the frequency-resolved
complex photoconductivity spectrum was recorded (at the pump-probe delay time of 3.2 ps as
indicated in the dynamics) and is presented in Figure 2.6¢c. For both deposition conditions at
RT and 120 °C, a unique combination of the significant real and nearly zero imaginary
contributions to the photoconductivity are observed, indicating a free carrier-dominant charge
transport behavior.[17] To quantitatively compare the charge transport in films from both
deposition temperatures, the spectra were fitted by Drude-Smith (DS) model, which describes

the free carrier transport in a medium with spatial confinement. The model reads:[17,18]

) (Equation 2.1)

where w, is the plasma frequency (w, = . Y;n e, m" is the effective mass), t is the charge
/ .

scattering time, g, is the vacuum permittivity, w is the angular frequency. Different from the
classical Drude model, the DS model takes into account the anisotropic backscattering effect
due to e.g., presence of the grain boundaries by a parameter c ranging between 0 and -1. For
¢ =0, the DS model describes simply the Drude conductivity in which the free carriers
transport with isotropic momentum scattering. For ¢ = -1, free carriers are assumed to
experience strongly spatial confinement with 100% backscattering. From the fitting, the plasma
frequency w,, (related to charge carrier density n), ¢ parameter, and charge scattering time ¢
can be inferred. Both w, and ¢ parameters are found to be very similar, confirming our
assumption of the same photon-to-carrier conversion efficiency and indicating the identical
back scattering effect in both samples. On the other hand, the change in the scattering time
dominates the charge transport, with T =66 + 4 fs and 50 + 5 fs for 120 °C and RT cast films,

respectively. Based on the inferred transport parameter, the charge carrier mobility in the dc
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limit was estimated, following u = % (1 + ¢). This indicates a 28% mobility enhancement

from 207 + 21 cm?V1s for RT deposited samples to 265 + 16 cm?V-1s* for the 120 °C hot cast
film. Combining the similar photoconductivity enhancement observed (in the OPTP data), our
analysis on the frequency-resolved conductivity indicates the dominant role of charge scattering
time on determining the charge carrier mobility. As such, it can be concluded that the hot casted
film lowers the density of the charge scattering centers, very likely due to the slightly improved
crystallinity as observed by GIWAXS. It should also be noted that the improvement of the local
charge carrier mobility remains in a moderate range as the grain size is sufficiently large to play

a minor role in dictating the local carrier mobility by THz spectroscopy.

2.4.4 Transient absorption spectroscopy

The excited state dynamics of the samples were further measured using transient
absorption spectroscopy by Naz Ugur and Dr. Charusheela Ramanan. The samples were
photoexcited at 529 nm. Global analysis of the data using a 3-compartment model yields the
evolution associated difference spectra in Figure 2.7a and b. The transient spectra for the two
samples are very similar. Negative peaks <550 nm and at 625 nm correspond to the ground-
state bleach and there is an overlapping excited state absorption between 550-700 nm. The
spectral evolution and the three components fit correlate with literature report of other 2D Sn-
based perovskites.[19] While the spectral evolution of room temperature and hot-casted films
are similar, the excited state decay dynamics differ. Hot-casted perovskite sample exhibited a
longer excited state lifetime than reference sample, evidenced by the comparison of the transient
kinetics at 620 nm (Figure 2.7c¢) and the slower decay rates from the global fit. The measured
photoluminescence quantum yield (PLQY) values for the two perovskite films prepared at room
temperature and 120 °C are 0.1% and 0.2%, respectively. The slower excited state decay and
higher PLQY value of hot-casted film is consistent with a relative reduction in non-radiative
decay from defect sites.
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Figure 2.7. Time resolved transient absorption spectra of the 2D (TEA)2Snls perovskite layers
prepared at (a) room temperature and (b) 120 °C by hot-casting. Delay times are indicated in
the plots. (c) Kinetic traces at probe wavelength of 620 nm for the two perovskite films.

2.5 Device performance of 2D (TEA)2Snl4 perovskite FETs

To understand the role of grain size and crystallinity on the macroscopic charge
carrier transport in FETSs, the (TEA)2Snls perovskite films processed at different temperatures
were integrated in bottom-gate top-contact devices (Figure 2.8a). Ultraviolet photoemission
spectroscopy (UPS) was performed to analyze the electronic structure of (TEA)2Snls, as shown
in Figure 2.8b and ¢ (measured by Dr. Hao Lu). The valence-band maximum VBM and
conduction-band minimums CBM are determined to be 5.26 and 3.32 eV, respectively. The
energy alignment of the (TEA)2Snl4 film at the Au/perovskite interface ensures an efficient hole
injection into the active layer.[20] The hole transfer characteristics in Figure 2.8d-f were
recorded at Vps = —60 V with Vgs scanning from +60 V to —60 V for (TEA)2Snls FETs
fabricated at RT and 120 °C. The device characteristics were measured at three typical
temperatures of 100 K, 200 K, and 295 K. FETs cast at RT show weak p-type field modulated
conduction and a high OFF current, especially at 295 K. The threshold voltage Vt1 of 40 V is
determined in the linear region and forward direction of the transfer curves. The hole mobility
of 0.04 cm?V-1s? at 295 K is extracted from the linear region of the square root of the transfer
curve (forward sweep). In contrast, an overall improved device operation is observed for the
120 °C hot-cast (TEA)2Snls FETs. Meanhwile, the AVhys is defined to analyze the degree of the

hysteresis in the transfer characteristics for |las| = 1 pA under both sweeping directions. FETs
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hot-cast at 120 °C show AVhys of 21 V at RT, which is smaller than 30 V of the RT processed
device. The reduced hysteresis is related to the suppressed ion movement as a consequence of
lower density of grain boundaries and reduced traps at the perovskite/dielectric interface.
Furthermore, a significantly reduced OFF current, enhanced lon/orr over 10 and improved gate

modulation are observed for the hot casted FETS.
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Figure 2.8. (a) Schematic of the bottom-gate top-contact (TEA)2Snls FET device structure. (b)
The energy level of (TEA).Snls semiconductor film and Au electrode. (c) Ultraviolet
photoelectron spectroscopy (UPS) of (TEA)2Snls perovskite thin film. Transfer characteristics
measured at (d) 100 K, (e) 200 K, and (f) 295 K with L = 30 um, W = 1000 um. The gray
curves are the leakage currents (lgs) between the source and gate electrodes in the 120 °C cast
device. (g) Average hole charge carrier mobility, (h) threshold voltage and (i) subthreshold
swing as a function of FET temperature. The error bars were calculated from 12 devices.

The optimized devices reveal higher ON current, which again confirms that the larger
grain size dominantly facilitates the charge transport in the FET channel. It is worth noting that

the optimized device showed significantly decreased OFF current, which originates from the
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leakage current Igs of the device leading to poor modulation of the gate voltage.[21] The hole
mobility p in optimized FET at 295 K increases almost 4-fold to 0.15 cm?V1s™ accompanied
by a notably decreased Vrr of 6.6 V and smaller subthreshold swing SS of 4.05 V dec™. The
interface trap density Nt at the dielectric/perovskite interface was further calculated from SS

using the following equation:[22]

_ KgTin10
q

SS

[1 + q?ziNt] (Equation 2.2)

where the C; the areal capacitance of the dielectric layer; q the elementary charge; Kg the
Boltzmann constant; and T the absolute temperature. Accordingly, the N; of RT prepared FETs
was calculated to be 1.88x10! cm2eV 1, which was notably reduced to ~4.8x10%2 cm 2%eVv !
for the 120 °C cast FETs. These results suggest that the hot-cast strategy improves the film
quality at the perovskite/dielectric interface such as order and morphology, contributing to the
lower SS value and reduced interface trap density.[23] The reduced defects was also evidenced
by transient absorption spectroscopy measurement (Figure 2.7). However, the experimentally
determined charge mobility is under these conditions much lower than that extracted from the
THz measurements. The large difference implies a critical role of grain boundaries and ion
migration on charge carrier transport in FETs.[4] In general, ion migration can be significantly
suppressed by lowering temperature leading to smaller hysteresis of the transfer curves, as
illustrated also in this case in Figure 2.8d-f. The better device performance with smaller dual-
sweep hysteresis is obtained at lower temperature for both (TEA)2Snls films. Specifically, at
100 K FETS cast at both temperatures, RT and 120 °C, reveal enhanced mobility values of 0.27
cm?V1st and 1.05 cm?V-1s, respectively, with the hot-casting FET mobility only an order of
magnitude lower than the local mobility measured using the THz setup. The reason for the poor
mobility of the RT cast (TEA).Snls perovskite FETs can therefore be attributed to the large
number of grain boundaries and low quality of the perovskite/dielectric interface. As mentioned

before, the ion migration can be preferentially moved at grain boundaries.[24] Considering the
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varied density of grain boundaries in the (TEA).Snl4 films cast at different temperatures and
the above analysis, two primary mechanisms take place in the FET devices. At low operation
temperature, at which ion migration is suppressed at a great extent, the grain boundaries act
mainly trap centers for the charge carriers. This is the primary reason for the better hot-casting
FET performance. As the operating temperature increases, grain boundaries facilitate ion drift,
screening of the gate potential, and finally hindering of the gate modulation of the electronic
current. Therefore, for FETs with large grain sizes, Vtx shifts only slightly to higher voltages
with higher temperatures, while for the devices with small grains, this shift is much more

pronounced.[25]

2.6 Channel length dependence of 2D (TEA)2Snls perovskite FETs

Notably, the device performance of the hot-cast films was further improved by using
longer channel lengths. Figure 2.9 shows the device performance of 120 °C hot-cast (TEA)2Snl4
FETs for various channel lengths (10, 30, 50 and 80 um). Upon the increase of the channel
length, the operational parameters of the FETs are improved at both room and low temperature.
When the channel length is enlarged from 10 um to 80 um for devices measured at 295 K, the
charge carrier mobility increases from 0.08 cm?V-1s™! to 0.34 cm?V-1s?, and at the same time a
reduction of Vrw from 14 V to 7 V and of SS from 4.3 V dec™ to 3.7 V dec™ are obtained. On
the other hand, lonjorr is almost independent of channel length. A similar enhancement in
charge carrier mobility, as well as Vt1 and SS values are observed at 100 K. The maximum
mobility of 1.8 cm?V-1s? is achieved for the device at 100 K with the channel length of 80 pm.
The higher device performance is ascribed to the reduced contribution of the contact resistance
(Rc) relative to the total resistance.[26] Additionally, to better understand the correlation
between the channel length and ion movement, the impedance spectroscopy was utilized to
explore the processes in transistors with various channel lengths at 295 K. Figure 2.10 compares

the real parts of the dielectric constant for (TEA)2Snls FETs with different channel lengths as a
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function of frequency. The dielectric constant for the transistor with the channel length of 80

pum slightly increases at low-frequency.
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Figure 2.9. Transfer characteristics measured at (a) 100 K, (b) 200 K, and (c) 295 K of 120 °C
hot-casting (TEA)2Snls FETs with different channel lengths L from 10 um to 80 pm and
constant W = 1000 um. (d) Average charge carrier mobility, (e) threshold voltage, and (f)
subthreshold swing as a function of channel length measured for (TEA)2Snls FETs at 100 K,
200 K and 295 K. The error bars were calculated from 12 devices.

The devices with shorter channels show a significantly higher dielectric response in
the low-frequency region in comparison to devices with larger channel lengths because of the
accumulation of mobile ions at the electrodes. Such electrode polarization is in fact typical for
perovskite-based devices and can significantly influence the spatial distribution and response
behavior of the charge carriers within the active perovskites film.[27] When the positive ions
accumulate at the negatively charged electrode interface, charge carriers extraction is blocked
by the accumulated ions. Meanwhile, an ion-induced electric field is formed with the direction
opposite to the external electric field, which impedes charge carrier transport.[28] As the
channel length increases, the polarization effect has lower impact on the total channel resistance
resulting in high performance of the devices, which is consistent with the observed reduction

in hysteresis for longer channel lengths.
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Figure 2.10. The real part of dielectric constant for perovskite films as a function of frequency
measured in the top contact geometry for different channel lengths.

2.7 Conclusion

In this Chapter, | studied the device behavior of 2D lead-free perovskite FETs based
on (TEA)2Snl4 thin films. The hot-casting strategy was employed to control the growth kinetics
and morphology of the perovskite film to enhance the charge carrier transport and mitigate ion
migration in the FET devices. An optimized substrate temperature was identified for the growth
of large grains. Since film crystallinity remains identical for all deposition temperatures, only a
moderate increase in the local charge carrier mobility of 16 cm?V-1s at room temperature, is
observed, as confirmed by THz spectroscopy. On the other hand, the device parameters such as
mobility, threshold voltage, subthreshold swing and hysteresis are significantly improved in
devices with larger grains, as well as in devices with an increased channel length or/and low
operation temperature. The reduced grain boundaries enabled drastic mitigation of the ion
migration and the corresponding screening effects of the effective applied electric field in the
device. Devices with maximum hole mobility of 0.34 cm?V st at 295 K and 1.8 cm?V st at

100 K were obtained.
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Chapter 3 Modification of 2-thiopheneethylammonium tin iodide perovskite

by pentanoic acid

3.1 Introduction

2D Sn-based perovskites are promising semiconductors for high performance
FETs.[1,2] The Sn-based perovskites typically show high charge carrier mobility due to the
smaller in-plane effective mass and longer carrier lifetime compared with their Pb analogues.[3]
Nevertheless, there are several drawbacks for 2D Sn-based perovskite FETs. Firstly, an easy
oxidation of Sn?* to its tetravalent state Sn**, especially during solution processing, giving rise
to ionic defects and leading to p-type self-doping.[4] Secondly, the fast crystallization rate of
Sn-based perovskites as compared to Pb counterparts results in poor film morphology and low
surface coverage.[5] Therefore, controlling the crystallization and oxidation to reduce defects
and charge traps are crucial in suppressing ion migration and maximizing the charge carrier
transport in 2D Sn-perovskite films with respect to the ultimate FET performance.

As described in Chapter 3, | introduced (TEA)2Snls perovskite thin films by hot-
casting to control the film crystallization and morphology. The increased grain size resulted in
an overall enhanced FET performance with pronounced gate modulation.[6] Nevertheless, the
oxidation issue is still a challenge for (TEA).Snls perovskite FETs. As an alternative strategy,
introducing additives into the precursor solution has been demonstrated to be an effective and
facile method in modulating perovskite crystallization, passivating defects and improving
charge transport in solar cells.[7-9] However, a deep understanding of the influence of additives
on the crystallization process of 2D tin halide perovskites is still missing, which prevents further
rational design of additive molecules for perovskites FETS.

In this Chapter, | proposed a simple and effective additive engineering strategy via
incorporation of a pentanoic acid (PA) molecule with a carboxylic group into the perovskite

precursor solution. The effects of PA on the passivation of defects, film formation, crystallinity,
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and device performance of two-dimensional (TEA)2Snls based FETs were systematically
investigated. It was demonstrated that PA interacts with TEAI and [Snls]* through hydrogen
and coordination bonding effectively improving crystallinity, enlarging grain size, and reducing
defect density. Kelvin probe force microscopy (KPFM) measurement further confirmed the
additive effect and the origin of the improvement in FET performance. As a result, the p-
channel (TEA).Snlstransistors exhibited increased charge carrier mobility at room temperature
from 0.2 cm?V-1s? of the control device to 0.7 cm?V-1s? with additive treatment. The higher
mobility of 2.3 cm?V-1s along with reduced dual-sweep hysteresis was further obtained at low

temperature 100 K.

3.2 NMR of precursor solution

The chemical structures of the organic spacer TEA and additive PA are shown in
Figure 3.1a. Liquid-state *H and '°Sn nuclear magnetic resonance (NMR) spectroscopy was
firstly performed by Constantin Haese and Dr. Robert Graf in order to understand and identify
the interaction between PA and the perovskite precursors TEAI and Snl,. Different contents of
PA are used from 0, 0.25, 0.5, 0.75, to 1 vol % in the precursor solution. The preparation details
of the precursor solution are described in the Experimental Section. Firstly, a plain PA solution
without the perovskite precursors is probed and the result is shown in Figure 3.1b. The
resonance signal with *H chemical shift at 11.9 parts per million (ppm) can be attributed to the
active hydrogen in the carboxylic group of PA. Then PA is added as additive at various volumes
to the TEAI precursor deuterated dimethyl sulfoxide-ds (DMSO-ds) solution. In the *H NMR
spectra for the PA+TEAI mix solution, gradual emerging of the PA signal is observed with its
higher concentration indicating the formation of O=C—OH:---I" hydrogen bonding with a
significant exchange dynamic. In addition, *°Sn NMR spectra are analyzed after addition of
PA to the Snl; solution at different concentrations (Figure 3.1c). Figure 3.1d shows the '°Sn

chemical shift as a function of the PA volume ratio. The observed down-field shift of the 11°Sn
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signal with increasing PA concentration can be explained by the electronic deshielding of the
Sn?* ion during its coordination bonding to the oxygen of PA in the form of
HO—C=0---Sn?*.[10] From these results, it can be concluded that PA undergoes hydrogen
(O—H---1) and coordination bonding (C=0--Sn) by the carboxylic group with iodide and tin

atoms of the precursors (Figure 3.1e).
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Figure 3.1. (a) Chemical structures of organic spacer TEA and additive PA; (b) *H NMR
spectra of TEAI with different concentrations of PA (from bottom to top: pristine to 1 vol %)
in DMSO-ds solution; () *°Sn NMR spectra of Snl, with different concentrations of PA in
DMSO-ds solution; (d) Summarized 1°Sn chemical shifts as a function of the PA volume ratio.
(e) Representation of hydrogen bonding (O—H--‘I) and coordination bonding (C=O---Sn)
between PA and (TEA)2Snl,.

3.3 Thin Film characterizations
To verify the influence of the PA additive on the surface morphology of the perovskite
films, AFM measurements were performed for pristine and PA modified (TEA)2Snls films

deposited on a silicon/silicone dioxide wafer and the corresponding results are shown in Figure
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3.2a-e. The control film without additive exhibits small grain size as confirmed by
literature.[11] Inferior film morphology and poor film coverage with numerous inevitably
unfavorable pinholes appear due to the fast crystallization, which is a typical drawback for tin-
based perovskites.[12] Upon addition of PA to the (TEA)2Snls precursor solution, smoother
and more homogeneous films with less pinholes are obtained. Furthermore, the grain size
increases to around 4 um at a PA concentration of 0.5 vol %. The dependence of the grain size
on PA concentration is shown in Figure 3.2f. It was postulated that the strong interaction
between the PA additive and the precursors initiates heterogeneous nucleation centers
inducing crystal growth preferentially at these nucleation sites, which induces the growth of

perovskite grains with high surface coverage.[13]

(f) —e— Grain size
{ —o— RMS

000 025 050 075 1.00
PA concentration (vol %)

Figure 3.2. AFM height images of (TEA).Snls films with PA at the concentration of (a)
pristine; (b) 0.25 vol %; (c) 0.5 vol %; (d) 0.75 vol % and (e) 1 vol %. Scale bar in all images
is 2 um. (f) Grain size distribution and surface roughness of (TEA)2Snl4 films as a function of
PA concentration.

In addition, the perovskite film with 0.5 vol % PA exhibits a much smaller surface

roughness with a root-mean-square RMS value of 6.3 nm in comparison to 11.9 nm for the
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pristine sample. A smoother film surface is beneficial for the contact between the electrodes
and perovskite film in the FET facilitating carrier injection and extraction.[14] The RMS values
for all perovskite films are summarized in Figure 3.2f. At higher PA levels between 0.5 vol %
to 1 vol % the grain size clearly decreases compared with the pristine sample, probably due to
an excessive formation of heterogeneous nucleation sites in the precursor solution.[15] The
results demonstrate that the PA additive effectively tunes the crystallization process and
improves film morphology including the surface roughness and grain size, which is expected
to enhance the electronic properties of the perovskite films in FET devices.

Based on the above AFM results, the PA concentration of 0.5 vol % as an optimum
was chosen to investigate the impact of the additive on the crystal structure and molecular
organization of the (TEA)2Snl4 films by XRD and GIWAXS measurements. Figure 3.3a shows
the XRD patterns of the corresponding two (TEA)2Snls films without and with 0.5% vol PA.
The two samples exhibit the typical (001) out-of-plane organization (1 =2, 4, 6, 8, 10, and 12)
indicating a layered structure.[16] Both films show the same position for the (002) diffraction
peak at 5.68°, while the calculated interlayer spacing Dooz is 15.6 A. These results prove that
the PA additive does not cause any disruption of the out-of-plane lattice in the layered
perovskite structure. The films with 0.5% vol PA additive exhibit substantially increased
intensities of the main diffraction peaks compared with the pristine film, although the two films
have the same thickness. In addition, the corresponding full width at half maximum FWHM
values are extracted to be 0.23° and 0.21°, respectively, suggesting slightly improved out-of-
plane crystallinity of the film with PA. GIWAXS measurements was further executed to
understand the contribution of the PA additive on the molecular organization (performed by
Okan Yildiz). The crystal coherence lengths in the (002) direction calculated from the Scherrer
equation are 197 nm for pristine and 236 nm for the optimized (TEA).Snls film as shown in
Figure 3.3b and c. Higher order reflections including (004) are observed in the film with PA

indicating a long-range organization of crystal structures in out-of-plane direction of the film,
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further confirming the XRD results. From the out-of-plane position of the (001) reflections it is
possible to conclude that the inorganic part [Snls]* is organized parallel to the substrate, which
is favorable for the in-plane charge carrier transport in FETs.[17] The in-plane integration of
the peak intensity for gxy from 0° to 15° is shown in Figure 3.3d. The in-plane (010) and (020)
reflections are attributed to Sn-1 and I-Sn-I bonds with corresponding d-spacing values of 2.9
A and 5.8 A, which agree well with literature.[18] However, the (020) reflection is missing for
the film with PA additive compared to the pristine (TEA).Snl4 film, probably due to the strong

interaction between PA and the inorganic [Snlg]* framework.
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Figure 3.3. (@) XRD and (b, c) GIWAXS patterns (main reflections are assigned by Miller
indices) for pristine and PA containing (TEA)2Snl4 films; (d) the in-plane profiles of both
GIWAXS patterns; (e) UV-vis absorption and (f) PL spectra.

To evaluate the impact of the PA additive on the optoelectronic properties of the
(TEA)2Snl4 films, the UV-vis absorption and steady-state PL spectra of pristine and films with
0.5 vol % PA were measured, as shown in Figure 3.3e and f. In the absorption spectra, both
(TEA)2Snls films without and with 0.5 vol % PA show three peaks at 440, 529, and 619 nm,

where the sharp absorption peak at 619 nm can be attributed to the intrinsic exciton absorption
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in the crystal lattice. The film with 0.5 vol % PA exhibits slightly stronger absorption than the
pristine one. Similar behavior is observed in the PL spectra. The stronger PL intensity for the
film with 0.5 vol % PA in comparison to the pristine sample indicates a reduced number of

defects within the optimized perovskite layer.[19]
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Figure 3.4. XPS wide spectra (a) and the corresponding high-resolution spectra for C1s (b),
and (c) O1s of pristine and optimized PA added (TEA)2Snls films; XPS spectra of Sn3d for

(TEA)2Snl4 films prepared without (d) and with (e) PA. The peak fitting indicates the ratio
changes of Sn** upon additive.

X-ray photoelectron spectra (XPS) characterization was used to identify the existence
of PA additive and Sn?" oxidation for pristine and 0.5 vol % PA based (TEA)-Snls films
(measured by Leon Prédel). Then the XPS wide spectra was analyzed in-depth for pristine and
optimized PA added (TEA).Snls films (Figure 3.4a). As the PA additive contains carbon and
oxygen elements, the XPS peaks of C1s, and O1s for pristine and PA-based (TEA)2Snls films

were compared. From elemental analysis, | found a distinct shoulder peak for C1s at 285.2 eV
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(Figure 3.4b and c) and an overall increased amount of C concentration for the (TEA)2Snl4 film
with PA additive. For O1s, a dominant peak at 532 eV was observed, which can be assigned to
C—OH and C—O—C groups. Therefore, the above analysis confirmed that the PA additive is
successfully incorporated into the perovskite film. Additionally, the Sn3d XPS spectra confirms
that Sn from (TEA)2Snls is the active site to coordinate with the O=C—OH units in PA, since
the peak exhibits a shift towards a lower binding energy from pristine to PA added (TEA)2Snl4
films (Figure 3.4d and e). More importantly, a reduced proportion of Sn** from 9.61 atomic %
for the pristine sample to 5.45 atomic % for the PA-based (TEA).Snl4 film was also observed.
Since Sn?* is prone to be oxidized to the Sn** ionic defect which can occur either in precursor
solution and/or during film formation processing. Therefore, minimizing the Sn** valence state
is desirable to reduce the trap density and prolong the carrier diffusion length in the film.[20]
From the XPS results, it could be concluded that the PA additive can effectively passivate

defects through strong retardation of Sn?* oxidation.

3.4 PA modified (TEA)2Snl4 perovskite FETs

To study the effect of PA on the electrical properties of the (TEA)2Snls
semiconducting film and determine the optimum concentration of PA in the perovskite films
regarding the device performance, FETs with a bottom-gate top-contact geometry were
fabricated, as shown in Figure 3.5a. The transfer characteristics were recorded at Vps = —60 V
with Vs scanned from +60 V to —60 V in pulse mode (see more details in experimental part).
Figure 3.5b and c shows the statistics of the charge carrier mobility and hysteresis (Ves
difference at |lps| = 107 A of both sweeping directions) in the transfer characteristics as a
function of the PA concentration at 295 K. The mobility is extracted from the saturation region
of the transfer curve in forward direction. The pristine (TEA)2Snls FET reveals p-channel FET

characteristics with average hole mobility of 0.2 cm?V s, SS of 5V dec™?, lonjorr of 1.5%10%,
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and VtH of 33 V. The FETs based on the additive PA at various concentrations exhibit markedly

improved overall performance.
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Figure 3.5. (a) Device structure of (TEA)2Snls FETs. (b) Charge carrier mobility and (c)
hysteresis width of (TEA).Snls FETs with different PA concentrations. Error bars present
standard deviation calculated from 12 devices per type. (d) Transfer characteristics at 295 K
(les is the gate leakage current). Corresponding output characteristics of pristine (e) and PA-
based (at 0.5 vol %) devices (f) at 295 K. (g) Transfer characteristics of pristine and modified

devices with PA concentration of 0.5 vol % at 100 K. Arrows indicate the direction of the
sweeps.

Notably, the device with 0.5 vol % PA demonstrates the best performance. At the
optimal PA concentration of 0.5 vol % the maximum channel current in the transfer curve
corresponds to a smaller SS value of 2.9 V dec™?, a charge carrier mobility of 0.7 cm?V1s?, an

lonvorr of 6x10% and a Vi of 9.0 V, representing a remarkable improvement in the transistor
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performance. In the device with PA additive, the Vw1 values are significantly reduced compared
to the pristine FET demonstrating that the PA additive effectively eliminates defects. However,
VTh increases for higher concentration of PA possibly due to the insulating nature of the PA
additive, reduced grain size, and increased number of grain boundaries. Based on the repeated
measurements of a large number of devices, the device performance is confirmed to be highly
reliable and reproducible with a small standard deviation of + 0.053 cm?V-!s™%. The trap density
Nt at the dielectric/perovskite interface with the whole channel area of 80 um x 1000 pm is
calculated using SS values by the described Equation 2.2 in Chapter 2. Accordingly, Nt
decreases from 6.1x10'2 cm~2eV ! for the pristine FET to 3.5x10!2 cm2eV * for the 0.5 vol %
PA-based FET. However, when the PA concentration is further increased to 1 vol %, the trap
density N; rises again to 5.6x10'2 cm eV 1, which can be ascribed to the decreased grain size
leading to a high density of grain boundaries. These results suggest that the additive at optimal
concentration improves the film quality at the perovskite/dielectric interface contributing to
lower SS and reduced trap density. When the PA concentration is further increased, a declined
device performance is observed. The PA concentration of 1 vol % leads to a decreased mobility
of 0.3 cm?V1s71, as shown in Figure 3.5d.

The above results reveal an optimum PA concentration to achieve the highest device
performance. At a too high concentration, the insulating properties of the additive and reduced
grain size possibly result in poor charge transport.[21] The output characteristics of the optimal
device at 295 K in Figure 3.5f is significantly improved compared to the pristine device in
Figure 3.5e, which shows a weak gate modulation of the current. These observations further
confirm the beneficial effect of PA on the electronic properties of (TEA)2Snls FETs and more
details on the charge transport are discussed below. It is worth noting that the hysteresis
directions of the output and transfer curves are opposite. Perovskite-based transistors exhibit
gradually expanded hysteresis when the bias sweep rate changes in the presence of ion

migration.[8] For this reason, the transfer characteristics were recorded by using pulse mode to
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eliminate this effect. Nevertheless, Vps in the output characteristics is changed in sweep mode.
The sweep range of the output curve is from 0 V to -60 V and then back from -60 V to 0 V.
These are the typical measurement modes for perovskite transistors.[22] It was assumed that
due to the sweeping mode the polarization of the source and drain area occurs which results in
clockwise hysteresis in the output characteristics. However, this aspect should be studied in
more detail in the future. Photoelectron yield spectra was performed to analyze the electronic
structure of pristine and optimized 0.5 vol % PA-based (TEA)2Snls. As shown in Figure 3.6,
the valence-band maximum VBM values are determined to be 5.18 and 5.23 eV, respectively.
This indicates that the PA additive has negligible impact on the charge injection barrier at

Au/perovskite interface in the FET devices.[23]
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Figure 3.6. (a) Photoelectron yield spectra of pristine and optimized PA-based (TEA)2Snls4 thin
films. (b) Schematic of the energy level of the corresponding perovskite thin films and Au
electrode.

In addition to higher mobilities, the FETs based on (TEA)2Snls with PA also exhibit
reduced dual-sweep hysteresis. To quantitatively analyze the hysteresis for the FET devices
operating at room temperature, the width of the hysteresis for Vgs (AV) in forward and
backward direction is calculated at |Ios| = 10" A, which is around halfway between the on and
off states.[24,25] The pristine devices demonstrate a large AV of 19 V, which decreases to 8 V
at the optimized PA concentration of 0.5 vol %. The lowered hysteresis is attributed to the

strong interaction between PA and precursors which passivates defects, increases grain size,
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and inhibits ion migration in the film. It should be pointed out that the optimized device with
0.5 vol % PA additive still exhibits a gate voltage-dependent hysteresis in the transfer
characteristics. When positive (negative) ions drift towards (away from) the interface under a
negative gate voltage, the accumulation of these mobile ions shields the applied gate field and
reduce the concentration of holes in the accumulation layer of the FET. The larger negative Vgs
significantly increases the number of accumulated ions and strengthens the screening of the
gate voltage.[8] At higher gate bias in the saturation region, it is assumed that all mobile ions
are accumulated at the perovskite/dielectric interface. In this case, a further increase of the gate
voltage has only negligible influence on the screening effect but increases the number of charge
carriers, resulting in a lower hysteresis.

The hysteresis in metal halide perovskite transistors is generally believed to originate
from ion migration and interface traps. The hysteresis induced by mobile ions is strongly
dependent on the presence of defects in the perovskite films.[24] The enlarged grain size is also
beneficial for the device performance due to the reduced grain boundaries which act as trap
centers for charge carriers and pathways for ions in the perovskite film, as confirmed by our
previous work.[6] lodide vacancies are believed as main ionic defects in the solution-processed
tin halide polycrystalline perovskite thin films due to their low formation energy during film
processing.[26] In 2D (TEA)2Snls FETS, the spacer cation TEA is stable because of its large
molecular size, so iodine anions are considered to be the dominant undesired mobile ions. The
lateral mobile ions accumulate at electrode/semiconductor interface in the channel and create a
built-in electric field opposite to the external applied Vps, which seriously retards the in-plane
charge carrier transport in the FET.[27] Due to the strong hydrogen and coordination bonding
between PA and source materials, the density of defect-associated mobile ions is significantly
suppressed accompanied with enlarged grain size, greatly improving charge transport, and

reducing ion migration in the device during operation.
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To further confirm the reduction of the defect density by PA treatment, the FET
characteristics of pristine and PA treated films at low temperature of 100 K were investigated.
Figure 3.5g shows the transfer characteristics of the pristine and optimized devices. The device
with PA additive exhibits a high average p of 2.3 cm?V st at 100 K. As the temperature
decreases to 100 K, all devices show a reduced hysteresis compared with 295 K. This suggests
that the mobile ions significantly contribute to the FET hysteresis at 295 K since it is generally
believed that ion migration is drastically inhibited at low temperature. Nevertheless, even
greatly suppressed, a hysteresis can be still observed at 100 K. The residual hysteresis at 100 K
can be attributed to traps at the dielectric/perovskite interface.[28] In addition, the interface trap
densities N: were also calculated for the devices operated at 100 K based on the SS values
extracted from transfer curves in forward direction. All devices show lower N; values at 100 K
than at 295 K, which are 5.8x10%2, 5.4x10%2, 2.7x10'2, 2.9x10'?, and 3.3x10'2 cm2eV?, for
the PA concentrations of 0, 0.25%, 0.5%, 0.75%, and 1%, respectively. The slightly increased
interface trap densities Nt with higher PA concentration can be attributed to the moderately
decreased grain size. It clearly shows that the Nt values are reduced with the PA concentration,
further confirming that the strong hydrogen and coordination bonding between PA additive and
precursor materials can effectively passivate the defects in the film and consequently improve
the quality of the dielectric/perovskite interface. These results are in line with the drastically
suppressed hysteresis in the output curves at 100 K. It should be pointed out that the output
curve at 100 K shows a sublinear region at a small Vps, which indicates contact resistance in
the device. The effect of stationary ions cannot be neglected and they might contribute to the
remaining contact resistance.[29] Through optimization of the contact resistance and/or the
choice of optimized interlayers, some improvements in performance are expected to be

achieved in the future.
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Figure 3.7. (a) Correlation between interface trap density and charge carrier mobility and the
corresponding (b) correlation between grain size and charge carrier mobility for (TEA)2Snl4
FETSs processed with different PA concentrations.

The correlation between the interface trap density and field-effect mobility for
different PA concentrations at 295 K was then checked. Figure 3.7a reveals a clear correlation
between trap density and mobility. The charge carrier mobility increases with lower interface
trap density. On the contrary, the grain size is not closely linked to the charge carrier mobility
as presented in Figure 3.7b, although both parameters exhibit similar trend with differences
regarding the concentration of PA additive. For example, the pristine film shows grain size of
around 2.6 pm, which is much larger than that of 1.6 um in the film with the highest PA
concentration of 1.0 vol %. However, the corresponding pristine device results a lower mobility.
Additionally, (TEA)2Snl4 film without and 0.75 vol % PA exhibit similar grain sizes of around
2.6 and 2.2 um, respectively. Nevertheless, the pristine (TEA).Snls FET leads to a charge
carrier mobility of 0.2 cm?V-1s™. This is significantly lower than the mobility of 0.52 cm?v1st
for the device with 0.75 vol % PA. Therefore, the above discussion further confirms that the
superior FET performance for (TEA)2Snls films with optimized PA concentration can be
ascribed to the two factors: defect passivation by suppressing Sn?* oxidation and improved film
morphology. Both of these effects synergistically result in the improved charge carrier transport

and inhibited ion migration.
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Figure 3.8. (a) Transmission-line method with RcW as a function of channel length for pristine
and optimal 0.5 % vol PA-based (TEA).Snl4 perovskite FETs at 295 K. The contact resistance
is determined from the y-axis intercept. The drain current was collected from the linear region
at Ves = -60 V and Vbs = -6 V; (b) Normalized source-drain current as a function time under a
constant bias of Vs = Vps = -60 V for pristine (without PA) and optimized (with 0.5% vol PA)
FETSs.

The influence of the PA additive on the contact resistance (RcW) in the devices was
examined through the transmission line method (TLM).[6] As shown in Figure 3.8a, the contact
resistance of 4.1 x 10* Q cm for pristine devices is reduced to 3.5 x 10* Q cm for the optimized
0.5 % vol PA-based FETs, which can be attributed to the decreased ionic defects by PA additive.
The reduction of contact resistance is expected to improve the charge injection in FET devices.
The bias stress stabilities were also investigated for pristine and 0.5 vol % PA optimized
(TEA)2Snls FETs. Figure 3.8b shows the change in source-drain current under a constant bias
of Ves = Vps =-60 V for 500 s. The normalized source-drain current (Ips(t)/1os(0)) of the pristine
(TEA)2Snls FET degrades significantly faster than the optimized device. For example, the
decay time to reach 20% of the initial channel current is significantly increased from 56 s to
185 s for the (TEA)2Snls FET with 0.5 vol % PA. The above results further confirm that the
PA additive plays an efficient role in improving the device stability by effectively reducing

defects and inhibiting ion migration.
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3.5 Kelvin probe force microscopy

The above results demonstrate the beneficial effects of the additive engineering
strategy proposed here on film formation and FET operation. To further investigate the
microscopic origin of the improved FET performance by the addition of PA, the film
morphology and the potential distribution were examined using KPFM (by Konstantinos
Bidinakis, Franziska Hasenburg, and Prof. Dr. Stefan A. L. Weber). KPFM correlates the
nanoscale sample topography with the local surface potential. With all electrodes grounded, the
contact potential difference (CPD) between tip and sample give rise to electrostatic forces.[30]
Compensating these electrostatic forces by applying an external bias to the tip allows to map
the CPD variations. By establishing electrical connections for the source, drain and gate
electrode, the voltage distribution across the FET channel can be mapped under operating
conditions (See more details in Experimental part).[31] In order to avoid cross-talk to the KPFM
signal from accentuated topographical features at the grain boundaries, heterodyne frequency-
modulation KPFM was employed, which is deemed as most reliable KPFM method.
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Figure 3.9. KPFM imaging when drain, source and gate are connected to ground for (a) the
pristine and (b) the optimally modified device with 0.5 % vol PA.

Firstly, the effect of the additive in terms of the localization and passivation of defects

in the perovskite film was analyzed. Since the charge carrier transport occurs laterally along the
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channel, defects giving rise to deep trap states within the band gap would pose a hindrance to
charge flow from source to drain, and therefore negatively affecting the transistor performance.
Moreover, these energy states are expected to cause band bending leading to a change in the
measured CPD at the grain boundaries. At first step, KPFM was conducted while keeping all
three FET electrodes grounded in order to map the relative work functions of the gold
electrodes, perovskite grain interiors and grain boundaries. For both the pristine (Figure 3.9a)
and the 0.5 vol % PA modified films (Figure 3.9b), a clear increase of the CPD at the grain
boundaries with respect to the grain interiors was observed, which corresponds to energetic
barriers for charge carrier movement. The superior structure in the sample treated with the
additive in terms of a larger grain size distribution was identified. Having larger grains along
the channel path means that charge carriers migrate through less energetically unfavorable
boundaries, which could explain the better electronic characteristics for the optimized device

when current flows across the channel.
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Figure 3.10. Potential maps and corresponding profiles of (a and b) for pristine and (c and d)
optimized device measured with KPFM for Vs =-44 V and Vps =-9 V.

To investigate the advantage of the optimized morphology with additive engineering
in transistors, KPFM measurements on pristine and modified devices under operating

conditions were conducted (Figure 3.10a and c). Specifically, a voltage of -9 V was applied on
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the drain, while keeping the source grounded, which corresponded to the output characteristics
(Figure 3.5e and f) in the linear regime. Additionally, a voltage of -44 V was applied to the gate
accordingly, which exceeds the threshold voltage from the transfer characteristics in Figure 3.5
d and corresponds to a conductive channel. In the case of the pristine device, it can be seen that
a potential decreases from source to drain in a step-wise manner. The large voltage drops
correspond to resistive barriers to charge carrier flow, which seem to be more pronounced on
certain grain boundaries. Previous studies on perovskite solar cells and FETs have linked this
behavior to a pronounced ion migration and accumulation inside the perovskite film.[31] The
extent by which ionic accumulation obstructs electronic charge carrier flow can be explained
through simple electrostatics. It was proposed that the high density of ionic defects in the
pristine device leads to an accentuated ion drift due to the source-drain voltage and hence ionic
accumulation close to the electrode/semiconductor interfaces. This screens the applied electric
field, thus inhibiting the charge flow required for device operation, as mentioned earlier. Since

electrostatic fields are conservative, they relate to their corresponding electrical potential as:
E=-VV,orinlDas: E = — Z—Z . For the calculation of the electric field in the pristine device

due to ion migration n, the adjacent-averaging smoothing method is employed for the potential
plot, in order to avoid artifacts in the electric field plot due to the differentiation.[32] On the
other hand, the modified device exhibits a mostly continuous linear decline along the channel,
implying that the current is only limited by the bulk lateral resistance of the perovskite. These
results once again confirm that the addition of 0.5 vol % PA to the perovskite precursor solution
is beneficial for device operation, as the current flow is less governed by the energy barriers at

the grain boundaries.

3.6 Conclusion
In this Chapter, PA was incorporated as additive into the precursor solution for
fabricating high performance 2D tin halide (TEA)2Snl4 FETSs. | have found that the PA additive
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effectively modifies the perovskite nucleation process through the formation of hydrogen and
coordination bonding. As a result, the (TEA)2Snl4 film with 0.5% vol PA shows significantly
suppressed Sn?* oxidation, improved film morphology regarding the surface roughness and
grain size, and increased crystallinity, which synergistically augmented the FET performance
with the highest mobility of 0.7 cm?V1s™tat 295 K. This is a more than threefold enhancement
compared to the control pristine device with 0.2 cm?V1s™%, In addition, the ionic induced
hysteresis is greatly inhibited and the corresponding mechanism is elucidated. Moreover,
benefiting from the reduced defects and ion migration, the optimal device results in a higher

mobility of 2.3 cm?V-1st at 100 K.
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Chapter 4 Odd-even effect in 2D tin halide perovskite FET based on spacer

cation engineering

4.1 Introduction

In Chapter 2 and 3, | reported a TEA organic spacer in the 2D tin halide perovskite and
demonstrated its feasibility for FET applications by grain and additive engineering. Meanwhile,
with the rapid growth in the field of perovskite semiconductors, it has been shown that chemical
structure tuning of organic spacer cations in 2D perovskite opens a simple but an effective
pathway to improve the performance of optoelectronic devices.[1-3] In-depth insights into the
relationship of organic cations and field-effect characteristics hold the key for understanding
the mechanism of charge carrier transport in perovskite transistors. Nevertheless, most research
of 2D tin halide perovskite FETs more focused on the morphology or grain engineering, doping
or ionic substitution strategy.[4-6] The features of the bulky cation affect have yet to be fully
explored, in part because the number of commercially available spacers is limited to the
benchmarked cation phenylethylammonium (PEA).[7] The knowledge of the structural design
rules of these organic cations, specifically the correlation between the chosen spacer and its
impact on the properties of 2D perovskite film as well as the resulting FET performance, is thus
far from being enough. Therefore, it’s an interesting yet under-explored direction to understand
the mechanism of the targeted cation molecule and charge carrier dynamics in 2D quantum-
well structure, thus driving the design and discovery of new organic spacer cations for FET
applications.

In this Chapter, | systematically investigated the in-plane charge carrier transport
properties in 2D tin halide perovskite FETs based on phenylalkylammonium iodides and
demonstrated the influence of the molecular structure of cation spacers on charge carrier
mobility by varying the alkyl chain length. These device mobilities exhibited strong oscillation

regarding the number of carbon atoms on alkyl side chain. Combining optical pump-Terahertz
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probe (OPTP) spectroscopy and theoretical computational modeling, the correlations between
structure formation and surface morphology as well as local and device mobility were
determined, highlighting the importance of the molecular conformation of organic cations.
These results indicate that the so far largely ignored alkyl chain length of PEA based organic
cations plays a critical role in governing the microstructural morphology and crystal structure
in 2D layered tin halide perovskite FETSs, thus leading to mobility changes. This work provides
a molecular-level understanding of the role of organic cations in optimizing the FETs devices

performance based on 2D organic-inorganic perovskites.

4.2 Film characterization

The chemical structures of these four spacer cations with different alkyl chain lengths,
namely phenylmethylammonium (PMA), PEA, phenylpropylammonium (PPA), and
phenylbutanammonium (PBA), as shown in Figure 4.1a, have been previously reported as
molecular passivators in three-dimensional perovskite light-emitting diodes, where the
presence of the passivation treatment reduces the surface defects, leading to the high device
performances.[8] For transistor applications, the PEA cation-based 2D perovskite has been
already widely studied. On the other hand, little has been done to understand how the FET
performance is impacted by the cations’ chain length. This gives me the motivation to
systematically investigate the correlation between the above bulky cations and their charge
carrier transport properties in transistors. The optical absorption spectra of perovskite thin films
deposited from different cations show overall similar patterns with three main absorption peaks.
The third absorption peak at 593 nm, 612 nm, 581 nm, and 605 nm for (PMA)2Snl4, (PEA)2Snl4,
(PPA)2Snls and (PBA)2Snls, respectively, is attributed to the intrinsic exciton absorption in
layered perovskite lattice (Figure 4.1b). Interestingly, there is a large blue-shifted with the
presence of PMA and PPA spacer cation especially compared to other counterparts, indicating

an increase in the optical bandgap. The variation of the absorption onset and the bandgap is
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generally believed to closely link to the changes in the structural properties of the perovskites.
Previous works have shown that the distorted crystal geometries can increase the bandgap of
perovskite materials.[9] Several parameters, including the octahedral tilt, Sn—I—Sn bond angles
and penetration depth of the spacers, can affect the energetic landscape. Therefore, the crystal
structures of these perovskites are critical to identify which of these factors has the most

significant impact on the widening of their bandgap, and this will be discussed later in details.
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Figure 4.1. (a) The chemical structures of otganic spacers PMA, PEA, PPA and PBA; (b) The
corresponding UV absorption spectra; (¢) XRD patterns and (d-g) AFM height images (Scale
bar: 10 um) of the perovskite thin films based on these four cations.

XRD measurements at room temperature were performed to investigate the out-of-
plane molecular organization of these four perovskites. As shown in Figure 4.1c, all the
perovskite films display typical (00l) (1= 2, 4, 6, 8, 10, 12) diffraction peaks, indicating the
formation of layered structure in the film. Based on the diffraction angle of the sharp (002) peak
at 6.14°, 5.42° 5.28°, and 4.58°, the interlayer distances between the inorganic layers are
calculated as 14.4 A, 16.3 A, 16.7 A, and 19.6 A for (PMA),Snls, (PEA)2Snla, (PPA)2SNI, and

(PBA)2Snl4 films, respectively. It is worth noting that the interlayer distances of the perovskites
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show nonlinear increase for PPA- and PBA-based cations. This may indicate the longer alkyl
chain lengths offer a higher molecular degree of freedom, resulting in tilted alignment to the
inorganic [Snls]* compared to the shorter alkyl chains.[10] The surface morphology of
perovskites is another key parameter to heavily influence the charge transport, which is referred
to its uniformity, coverage, and roughness. AFM was then employed to evaluate the film
morphology, as shown in Figure 4.1d-g. Interestingly, PMA and PPA based films (with odd
number of carbon atoms in the side chain of the cation) exhibited a similar dense web of
nanorod-like structure with pinholes and cracks on the whole surface indicating that the
perovskite crystals tend to grow in one direction. These inferior morphologies for (PMA)2Snl4
and (PPA).Snls showed RMS roughness values of 21.3 and 18.6 nm, respectively. The high
surface roughness could be detrimental to the charge carrier transport in the channel. In contrast,
a smooth film morphology with full coverage was obtained using cations with even numbers
(PEA and PBA) and the surface roughness was dramatically reduced to 8.9 nm and 6.4 nm,
respectively. It can be assumed that the morphological differences are due to different

crystallization induced by various organic spacers.[11]

4.3 FETs performance based on phenethylammonium derivatives

To investigate the in-plane charge carrier transport in these four perovskites FETS,
the FET devices with bottom-gate and top-contact configuration were fabricated where the
channel length L and width W were 80 um and 1000 um, respectively. Figure 4.2 presents p-
type performance of the FET devices based on (PMA).Snls, (PEA)2Snls, (PPA)2Snls and
(PBA)2Snla, respectively. The device characteristics were measured at different temperatures
during heating from 100 K to 295 K. Transfer curves were recorded at Vps of - 60 V during Vs
scans from +60 V to -60 V. It is noteworthy that the devices based on the cations with odd
numbers of carbon atoms in the alkyl chain, PMA and PPA, showed an extremely poor field

effect behavior even at low temperature (Figure 4.2a and c). On the contrary, the (PEA)2Snls
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based FET device at 295 K exhibited Vv of 10 V, lonore ratio of 1x10% and field-effect
mobility p of 0.33 cm?V1s™? (Figure 4.2b), demonstrating similar electrical parameters to the
previously reported (PEA).Snls perovskite FETs (all the parameters were extracted from
transfer curves in forward direction).[4] Surprisingly, with further increasing the side alkyl
chain length to even number (PBA), a notable p-type field effect transport is observed. As
shown in Figure 4.2d, the (PBA).Snls perovskite FETs yielded a mobility of 0.17 cm?Vv 15!
with Vry of 15 V, and loniorr 0f 9%x10%, which is comparable to (PEA)2Snls based perovskite
FETSs. The performance of the PEA and PBA based FETs was notably improved by decreasing
the temperature with a higher channel current and reduced dual-sweep hysteresis. This indicates

that reduction of the temperature can effectively suppress the migration of mobile ions.[12]
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Figure 4.2. Transfer curves of perovskite FET devices based on (a) PMA, (b) PEA (c) PPA,
and (d) PBA cations at three temperatures of 295 K, 200 K and 100 K, respectively.
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Corresponding output curves of PEA and PBA based FET devices at (e, f) 295 K and (g, h) 100
K. (i) Temperature dependence of device mobility of PEA and PBA based FET devices.

The corresponding output characteristics at 295 K with clear linearity at low Vps and
current saturation at high Vps were observed for both (PEA)2Snls and (PBA).Snls FET devices
(Figure 4.2e and f), indicating the negligible charge injection barriers between the perovskite
films and source-drain electrodes. Interestingly, at 100 K, a sublinear region at a small Vps is
observed in the output curves, which manifests the contact resistance in the transistors (Figure
4.2g and h).[13] Since ion migration is not likely to account for this contact behavior because
it is effectively suppressed at such low temperatures, stationary ions close to the source-drain
electrodes might contribute to the remaining contact resistance.[14]

Temperature dependent measurements were performed for the range from 100 to 295
K to further elucidate the charge transport mechanism in these perovskite films based on PEA
and PBA, and the resulting prer as a function of temperature is shown in Figure 4.2i. The
temperature dependent mobility plots exhibit two distinct regimes, specifically, increasing
mobility from 100 K to 200 K, and decreasing mobility from 200 K to 295 K. For both
(PEA)2Snl4 and (PBA)2Snls devices, the hole mobility reached a maximum at around 200 K.
The increased charge carrier mobility at low temperature from 100 to 200 K is attributed to
thermally activated charge transport mechanism.[15] In the second regime, the carrier mobility
strongly decreased upon increasing temperature. The temperature dependence of the charge
carrier mobility is generally considered to be closely related to the charge scattering mechanism
in the semiconductors and can be analyzed by fitting a typical power law behavior as g oc T,
where vy reflects the magnitude of charge scattering.[16] The two (PEA)2Snls and (PBA)2Snl4
FET devices show vy values of 2.34 and 2.59 between 200 and 295 K, respectively, which
indicates that the charge transport in this regime is dominated by ion migration.[17] The
presence of mobile ions is likely because, in this regime, the hysteresis in the transfer

characteristics is increased as the immobilized ions are activated at higher temperature.
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Figure 4.3. Temperature dependent current-voltage characteristics of (a) PMA, (b) PEA, (c)
PPA and (d) PBA based perovskite thin films sandwiched between Au electrodes.

The charge transport in out-of-plane direction in these 2D perovskite thin films was

additionally examined by temperature dependent current density-voltage characteristics as

shown in Figure 4.3 for sandwich-structure devices with shadow mask-patterned top and

bottom Au electrodes. Additionally, the film thickness increased to around 300 nm to minimize

leakage current and obtain reliable devices. High current density and hysteresis-free current-

voltage curves are observed for the devices based on PEA and PBA spacer cations. On the

contrary, PMA and PPA based devices exhibit large dual-sweeping hysteresis and much lower

current density, suggesting that the out-of-plane charge transport in these two films are

significantly reduced, which is in line with the above discussion.
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4.4 THz spectroscopy measurement

To confirm the odd-even effect observed in the FETs and to probe the local transport
of charge carriers within 10s of nm, contact-free, ultrafast terahertz time-domain spectroscopy
(THz-TDS) with sub-picosecond (sub-ps) time resolution was performed by Heng Zhang and
Dr. Hai I. Wang. A photoexcitation with photon energy of 3.10 eV (i.e., pump) was firstly used
to generate electrons and holes in the conduction and valence bands, respectively.
Subsequently, a single-cycle THz probe pulse with ~1 ps duration transmits collinearly through
the perovskite thin film on fused silica substrate, interacting with the photoexcited charge
carriers. This interaction leads to the attenuation AE (t) of the incident THz electric field E (t),

which is related to the real part of the photoconductivity Ac (< —AE/E).[18]
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Figure 4.4. (a) Normalized OPTP dynamics pumped with photon energy of 3.1 eV, fluence of
56.3 uJ cm™ at room temperature. (b) Comparison of —AE/E/Abs. at pump probe delay time of
4 ps. (c) Photoconductivity spectra at pump probe delay time of 4 ps. (d-e) Comparison of
scattering times and parameter c, extracted from fits described in the main text.

Figure 4.4a shows the photoconductivity dynamics normalized to the absorbed photon
densities (i.e., —AE /E /Abs.x ¢u, with ¢ the quantum yield, u the charge mobility) for PMA,
PEA, PPA, and PBA. Though possessing similar recombination dynamics, the perovskite films
exhibited distinct intensities suggesting a largely varied charge mobility (assuming a similar
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photon-to-carrier quantum yield). As clearly illustrated in Figure 4.4b, an enhanced charge
mobility up to one order of magnitude for PEA and PBA was observed, and it showed an odd-
even modulation from PMA, PEA, PPA to PBA.

To further corroborate this effect and gain more insights into the intrinsic variation in
charge transport, the frequency-resolved photoconductivity spectra were recorded and are
shown in Figure 4.4c for all samples at pump probe delay time of 4 ps. These spectra can be
adequately described by a combined Drude-Smith model (Ao, for the free carrier response)
and a Lorentz model (Ao, for the phonon mode at 1.62 THz):[19] Ao(w) = Aops + Aoyp,.
From the fits, the scattering time 7 and parameter ¢ were obtained, which are related to the

charge mobility by the formula: u = %(1 + ¢). The parameter ¢ (-1<c<0) accounts for the

charge backscattering effect due to e.g.,, the polycrystalline boundaries and lattice
distortions.[20,21] When ¢ =0, the charge carrier transport with momentum-randomizing
scattering evens; when c=-1, the charge carriers are subject to a complete preferential
backscattering, resulting in a charge localization. From Figure 4.4d, the scattering times keep
almost the same within the errors, indicating the same intrinsic transport in all the samples. This
result is in line with the preferential charge transport in the inorganic [Snle] sub-lattice.[22]
However, the parameter ¢ shows a large and similar odd-even variation in a same order as for
the charge carrier mobility (Figure 4.4e). This result indicates that the structural change in the
crystallinity or the lattice distortion gives rise to the varied charge transport properties, i.e., the

odd-even variation in charge mobility.

4.5 GIWAXS characterization

In the exploration of the structure-property relationship of these 2D hybrid layered
perovskites and the origin of odd-even effect in FETSs, understanding their crystal structure is
crucial. However, experimental determination of crystal structures for these materials has

proven to be challenging. To this end, computational modeling was used to generate initial
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guesses for the structures of these materials. The grazing-incidence wide-angle X-ray scattering
(GIWAXS) patterns were simulated (performed by Prof. Dr. Dag W. Breiby) for the generated
conformers and compared to experimentally observed GIWAXS spectra (performed by Okan
Yildiz) to identify the most promising candidate structures. For PMA, the crystal structure of
(PMA)2Snls was characterized in a previous report by Mao et al.[23] This structure was used
as starting point for further optimization using DFT (Figure 4.5a). The simulated GIWAXS
spectra using this optimized structure showed excellent agreement with the experimentally
obtained GIWAXS spectra, as depicted in Figure 4.5b and ¢ (column 1), respectively. For PEA,
two different crystal structure geometries have been reported in the literature.[24-27] Both
structures were explored to simulate the GIWAXS pattern. In the simulation, the GIWAXS
pattern obtained using the structure reported by Gao et al. as the initial guess demonstrated
better agreement with the experimental GIWAXS spectra (column 2). [24] For the two systems
with longer organic spacers, PPA and PBA, the study of Kamminga et al. on Pb-based layered
hybrid perovskites with the same organic cations is referred. [28] By replacing Pb with Sn and
optimizing both structures, the PPA structure (column 3) was obtained which showed the best
correspondence between the simulated GIWAXS pattern and experimental GIWAXS pattern,
and thus was chosen for further electronic structure analysis. However, the analogous structure
for PBA cation was discarded, having both corner and face-sharing Snls-octahedron, based on
simulated and experimental GIWAXS pattern comparison. Instead, for (PPA)2Snls a structure
with regular corner-sharing octahedral (column 4) was proposed which showed better
agreement between the simulated and experimental GIWAXS data. In addition to comparing
the GIWAXS spectral pattern, the inter-inorganic layer distance (dint-layer) Was utilized as a
crucial parameter for screening various DFT-computed structures. The conformers presented
in the main text showed reasonable agreement between the computed and experimentally
measured dint-layer Values (experimentally obtained values are in parenthesis): 14.2 A (14.4 A),

16.2 A (16.3 A), 16.5 A (16.7 A), and 19.5 A (19.6) A for PMA through PBA-based perovskite,
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respectively. The consistency of the calculated and experimental dint-1ayer Values further justifies
the selection of these conformers as the most probable structures of the systems under

consideration.
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Figure 4.5. (a) Models for the four 2D perovskites. The organic spacer chain length was varied
by altering the number of aliphatic carbon atoms between the phenyl ring and the NH3* head
group, resulting in structures named PMA to PBA. The distance between adjacent inorganic
layers was also shown for each structure. (b) Simulation and (c) experimental GIWAXS
patterns of the 2D perovskite structures.

4.6 DFT calculation

Next, DFT calculations were carried out by Dr. Mukunda Mandal and Dr. Denis
Andrienko to investigate the influence of organic spacer length on the electronic properties of
these “well/barrier” composite 2D-perovskite semiconductors. Figure 4.6 depicts the densities
of states (DOS) of the four materials studied. Figure 4.6a shows the DOS contribution
exclusively due to the inorganic component of the composite material, which comprises Sn and

I atoms. The analysis reveals that mainly the | 5p and Sn 5s orbitals contribute to the valence
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band maximum VBM, while the Sn 5p and | 5p orbitals make a substantial contribution to the
conduction band minimum CBM. To assess the contribution of the organic spacer alone, the
partial DOS contributions due to C, H, and N atoms are plotted in Figure 4.6b. These findings
show that the organic layer does not have a “direct” impact on the electronic properties of the
materials, as its contribution is located away from both the VBM and the CBM. Nevertheless,
it is crucial to emphasize that the organization and orientation of the organic spacers
significantly affect the structural order within the inorganic sheets, eventually leading to the
octahedral tilting on the inorganic [Snlg]* units. This, in turn, has a direct influence on the

electronic properties of the material, which were elaborated on in subsequent sections.
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Figure 4.6. The electronic densities of states (DOS) computed using DFT are presented. (a)
The DOS projected onto I(p), Sn(s), and Sn(p) orbitals in the vicinity of the VBM, which
provides the DOS contribution from the inorganic layer. (b) The sum of orbital contributions
from C, H, and N atoms, which provides the net DOS contribution from the organic spacer.

105



Odd-even effect in 2D tin halide perovskite Chapter 4

The electronic band structures of these four materials along high symmetry points of
the first Brillouin zone are presented in Figure 4.7 a-d, which reveals that the VBM and CBM
both occur at the 7™-point in all cases. The calculated direct band gaps for PMA to PBA are 1.19
eV, 1.26 eV, 1.82 eV, and 1.15 eV, respectively. It should be noted that the band gaps are
significantly underestimated compared to experimental values (1.97 eV, 1.92 eV, 2.04 eV, 1.93
eV, respectively, for experimental values), but this is expected since GGA functional PBE was
employed for the calculations.[29-31] Effective hole masses were calculated by fitting the band
edges to a third-order polynomial, which revealed lower effective hole masses for PEA and
PBA as compared to PMA and PPA, with values of —0.193 (I'—-Y), —0.176 (I'—>Y), —0.655
(I'—X), and —-0.157 ('—>Y) for PMA to PBA, respectively (in the units of free electron rest
mass, m). The larger effective hole mass of PPA indicates a lower predicted mobility, possibly
due to its structural disorder as evident from Figure 4.5a (column 3) showing both corner and
face-sharing octahedral in the inorganic sheet, suggesting a 1D confinement effect. On the other
hand, 2D confinement is predicted for both PEA and PBA, making them good candidates for
device applications. The poor performance of PMA may be attributed to structural disorder
arising from octahedral tilting (vide infra). It is generally believed that charge carriers are
confined in inorganic octahedral layers in 2D layered perovskite structure due to the dielectric
effect. The tilted crystal structure is expected to retard the charge transport in the perovskite

channel, leading to the inferior performance of FET devices.

rXyr zZR rmu

T

Figure 4.7. The corresponding electronic band-structure of (c) PMA, (d) PEA, (e) PPA, and (f)
PBA based perovskites computed using density functional theory (DFT) is shown. The VBM

is set to zero in all panels. Effective masses of holes (m;) are reported in the '—Y direction for
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all cases, except for PPA, where the value is reported in the '—X direction. The reported values
are in the units of free electron rest mass (m, = 9.11 x 1073 kg).

As noted previously, the presence of organic cations significantly impacts the structure
of the inorganic layer. To better understand the influence of organic cations on the level of
disorder within inorganic sheets, the parameter of organic cation penetration depth (dp) is
introduced following the approach of Du et al.[32] The parameter dr measures the average
distance between the plane containing the N atoms of the organic cation and the plane of the
axial | atoms of the inorganic sheet (Figure 4.8a). A larger dp value implies a stronger steric
interaction between the organic cation and the inorganic framework, which leads to greater
distortion of the octahedral units.[32,33] This distortion is reflected in both the in-plane
distortion of the inorganic sheet, indicated by the 2Sn—I-Sn bond angle (Figure 4.8b), and the

out-of-plane distortion angle, ¢ (Figure 4.8c).[33]
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Figure 4.8. Definition of (a) organic cation penetration depth (de), (b) £Sn—1-Sn bond angle,
and (c) the out-of-plane distortion angle, 6.

A slightly larger dp value is observed for PMA than for PEA (0.71 and 0.56 A,
respectively). This difference is expected to induce more distortion within the inorganic sheets,
which is confirmed by a larger out-of-plane distortion in PMA (6 = 7°) compared to PEA (6 =
2°). Additionally, the average «Sn—I-Sn bond angle is larger in PMA (~159°) than in PEA
(~153°). These data support the notion that the inorganic sheet in PMA is more distorted than
in the analogous PEA, leading to inferior electronic properties such as charge carrier mobility.

For the longer-chained systems, the electronic properties of PBA were found to be superior to
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those of PPA, which can also be attributed to structural changes induced by the organic linker.
As previously observed, the presence of the PPA cation leads to the formation of both corner
and face-sharing octahedral in the inorganic layer, resulting in 1D confinement and hence

inferior electronic properties.

4.7 Conclusion

In summary, FETs were applied to investigate the effect of molecular structure of
phenylalkylammonium with various alkyl side chains as spacer cations on the charge carrier
transport in 2D Sn based perovskite films. Combining with OPTP spectroscopy, GIWAXS
measurement and detailed theoretical calculation. A correlation among the conformation of the
organic cations, crystallinity, and the charge-carrier mobility was established. It was found that
the device mobility shows odd-even effect with strong dependence on the molecular
conformation of organic spacers. The presence of unique crystal structures with an inorganic
framework containing face- and corner-sharing octahedra was identified for the PPA based low-
dimensional perovskite. Additionally, temperature-dependent charge transport measurements
on the FET devices revealed a transition from a negative mobility coefficient with dominated
ion migration to a thermally activated regime at around 200 K. Taken together, This work
provides a molecular level understanding of the important role of organic cation conformation

in optimizing the electronic properties of 2D Perovskite FETSs.
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Chapter 5 Conclusions

The operation of perovskite FETs is complicated due to their mixed ionic-electronic
conducting nature and the presence of traps and defects, as well as external factors such as
oxygen, water, and light. The influence of all these factors, renders perovskites not very
prospective as a semiconducting channel layer for high-performance FET devices. Although
some advances have been made in recent years, perovskite FETSs still need to overcome several
challenges to reach the level of maturity and penetrate the commercial markets. To date, most
of the reports for perovskite FETs suffers from non-ideal current-voltage characteristics and
large dual-sweeping hysteresis. Therefore, understanding the origin of these phenomena and
developing the corresponding strategies for suppression remain an important priority for
perovskite FETs. The requirement of overall improved device performance, accompanied by
the increase in mobility, the inhibition of hysteresis, and even the device stability, for
commercialization, calls for the significantly more research in this field.

In this thesis, 2D tin halide perovskites were employed for the FET applications. 2D
tin halide perovskites not only provide a barrier towards ion migration, but also endow effective
field-effect modulation in FET devices by suppression of high hole concentration in the
presence of non-conducting organic spacer cations. In order to understand the crystallization
process and charge carrier transport properties 2D tin halide perovskite FETSs, different
approaches, including grain engineering, additive engineering and molecular engineering were
designed. The correlation of chemical structure of spacer cations, film morphology,
crystallinity, molecular orientation, and carrier mobility were well established. Hence, the
coalition of all these factors strongly backs the use of 2D tin halide perovskite as a significant
and effective approach to modulate electronic properties of FETs. The main conclusions are
conceived and summarized as follows:

1. One of the main obstacles in achieving a reliable operation of perovskite

transistors at room temperature is severe ion migration, which can screen the applied gate field,
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resulting in poor field-effect behavior and large dual-sweeping hysteresis. Hot-casting method
has been employed to regulate the crystallization and growth kinetics of 2D perovskite
(TEA)2Snl4 to understand the charge transport properties and reveal the role of grain boundaries
in perovskite FETS, as presented in Chapter 2. By tailoring the substrate temperature, the grain
size substantially increased but with not much enhancement in the crystallinity and orientation
THz spectroscopy transient absorption measurement confirmed the above results since the local
charge carrier mobility and excited state dynamics were found to increase moderately.

However, in contrast, the FET operation parameters, including mobility, threshold
voltage, hysteresis, and subthreshold swing improved drastically with larger grain size. In this
regard, grain boundaries can be viewed as trap centers for charge carrier transport and pathway
for ion migration. Therefore, reducing the number of grain boundaries is believed to be an
efficient way to increase the gate modulation of the electronic current and consequently the
FET performance.

2. In order to further enhance the charge mobility in FETS, the limitation of 2D tin
halide perovskite concerning the oxidation issue of Sn?* should be addressed to minimize the
defects in the film. Molecular interactions play a fundamental role in material science to induce
material functionality. Rationally designed molecules were employed to precisely trigger non-
covalent interactions and direct self-assembly of the building blocks resulting in desired
properties of the bulk material. This approach can be adapted to hybrid perovskite
semiconductors that suffer from fast crystallization, easy oxidation, inferior film morphologies
and high charge trap density limiting their application in FETs. Chapter 3 described the impact
of additive on device performance of 2D (TEA).Snls perovskite FETs. A simple and an
effective additive engineering strategy using small molecule PA were introduced to both
modulate crystallization process and improve charge carrier transport in (TEA)2Snl4 perovskite

FETs.
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Combine with various characterizations, it was revealed that PA with carboxylic
group is strongly coordinated to the cation TEAI and [Snls]* framework in perovskite precursor
solution, inducing heterogeneous nucleation and lowering undesired oxidation of Sn?* during
the film formation. These factors contributed to the reduced defects by suppression of
generating ionic defects Sn**, improved film morphology including lower surface roughness
and larger grain size. On the basis of these findings, the overall enhanced transistor
characteristic was achieved in the presence of reduced defects and decreased ion migration.

3. In order to unveil the impact of chemical tuning of organic cations on the electronic
properties of 2D tin halide perovskite FETS, the effects of the spacer on the structure, properties,
and device performance requires to be systematic investigated. It is generally believed that the
best possible way to tailor photophysical properties of low-dimensional perovskites is to
structurally maneuver organic ligands. This opens-up a plethora of opportunities for synthetic
chemists to explore different possibilities to diversely engineer and functionalize organic
cations for tailoring and developing perovskites FET. In Chapter 4, a molecular engineering
was proposed to understand the influence of the molecular structure of cation spacers on in-
plane charge carrier transport in 2D tin halide perovskite FETs, by employing four cations with
different alkyl chain lengths.

A strong change of in-plane mobility in FET devices, depending on whether the
carbon atoms on alkyl side chain was of odd or even number, was observed. Combining
experimental characterization and theoretical simulation, it showed that a subtle change in
molecular structure of organic cation has a significant impact on the molecular conformation,
film morphology, as well as the charge transport in perovskite film.

This thesis has revealed the correlation of crystallization, thin film morphology,
molecular orientation, and charge transport properties, as well as the device performance of 2D
tin halide perovskite FET, fueled by a better understanding of the parameters from the materials

properties to device physics, suggesting that perovskite FETs might be able to catch up with
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the other perovskite optoelectronic devices and become contenders for practical applications.
Nevertheless, still, many challenges remain to be addressed, in particular, issues related to field-
effect mobility and device stability.

Owing to their intrinsic ionic defects, perovskites most likely attain the low
mobilities compared to their local or intrinsic mobility by THz characterization, and also other
semiconductors like crystalline silicon, or organic materials. However, a high mobility is indeed
necessary in order to achieve commercialization, but it is by no means sufficient. Other device
parameters, such as the operating voltage, channel length and source/drain electrodes, are also
critical and should be accounted into the overall performance in perovskite FETs. The stability
of perovskite FETSs in different environments is the second biggest problem, which requires

more efforts to tackle this key challenge in the future.
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Chapter 6 Experimental appendix
6.1 Materials

The organic salts Phenylmethylammonium iodide (PMALI), Phenethylammonium
iodide (PEAI), Phenylpropylammonium iodide (PPAI) and Phenylbutanammonium iodide
(PBAI) were all ordered from Xi’An Polymer Light Technology Corp (Xi’An, China).
Pentanoic acid solution (CAS Number: 109-52-4), Formamidinium iodide (FAI), Tin (11) iodide
(Snlz, 99.999%), N,N-Dimethylformamide (DMF, anhydrous, 99.8%), Dimethyl sulfoxide
(DMSO, anhydrous, >99.9%) were purchased from Sigma-Aldrich. All chemical reagents and
solvents were used without further purification. Heavily doped silicon wafers were obtained
from Ossila Ltd.

In Chapter 2, the organic spacer TEAI was synthesed by Sabine Frisch, and Dr. Milan
Kivala at the Organisch-Chemisches Institut, Centre for Advanced Materials, Ruprecht-Karls-

Universitat Heidelberg.

6.2 Substrate preparation

The heavily p-doped bare Si wafers (1.5 x 2 cm) with a 300 nm thick SiO: layer were
used as the substrates and cleaned in an ultrasonic bath by deionized water, acetone, and
isopropyl alcohol and then blown dry with N2. The substrates were treated by oxygen plasma

for 3 min and then transferred into a glove box for the perovskite film deposition.

6.3 Precursor solution preparation

In Chapter 2, the 2D perovskite (TEA)2Snls precursor solution with the concentration
of 0.1 M was prepared in a stoichiometric ratio of TEAI and Snl. (2:1) by dissolving TEAI and
Snlz in mixed DMF/DMSO solvent (1:1). The solution was stirred overnight at 60 °C in a glove
box and cooled to room temperature before use.

In Chapter 3, the precursor solution was obtained by mixing the precursor materials

TEAI and Snl; at a molar ratio of 2:1 in DMF at 0.1 M concentration. For the PA-incorporated
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(TEA)2Snl4 precursor, 0.25, 0.5, 0.75, and 1 vol % of PA were added to pristine (TEA)2Snls
solution. The solution then was stirred overnight at 60 °C in a glovebox and cooled to room
temperature before use.

In Chapter 4, the perovskite precursor solution with the concentration of 0.15 M was
prepared by dissolving the organic cations (PMAI, PEALI, PPAI, PBAI) and Snl, with standard
molar ratio of 2:1 in mixed DMF/DMSO (1:1) and kept stirring overnight at room temperature

in N2 glovebox before use.

6.4 Film and device fabrication

During spin-coating, the substrate was transferred to the spin coater chuck and the spin
coating process was immediately started when the solution was drop casted onto the substrate
in the glovebox (Figure 6.1). All the as-prepared fresh precursor solution was spin-coated with
a 0.2 um polytetrafluorethylene (PTFE) filter at 4000 rpm for 60 s and annealed at 100 °C for
10 or 30 min. Finally, the source and drain electrodes were deposited with the thickness of 80
nm by gold thermal evaporation through a shadow mask (from Ossila) to construct L x 1000
um (length x width) transistor channels with various L value (10, 30, 50, and 80 um).

In Chapter 4, for temperature dependent current-voltage characteristics of
measurement, the devices with sandwich structure of Au/Perovskite/Au were fabricated by
using shadow mask-patterned electrode based on the above-mentioned fabrication procedure
accordingly. Thicker perovskite films with the thickness more than 300 nm were employed to
minimize leakage current. All electrical measurements were performed inside a nitrogen-

filled glovebox with a Keithley 2400 source meter.
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Figure 6.1. (a) Glovebox system for perovskite thin film preparation.

6.5 Film characterizations

6.5.1 Abs and PL spectra

The optical absorption spectra of perovskite films were measured using an
ultraviolet/visible (UV/Vis) spectrophotometer from a PerkinElmer Lamda 900 instrument with
an all-reflecting, double-monochromator optical system and holographic gratings used in each
monochromator for the UV-vis range (Figure 6.2). Data was collected from 300 - 800 nm using
a dwell time of 0.1 s. During all measurements, the samples were kept in air and at room
temperature. The PL spectra were recorded with a HORIBA Jobin-Yvon Fluorolog 3-22 Tau-3
using a photomultiplier tube (PMT) as detector and FluorEssence (version 3.9.0.1; Origin
version 8.6001) as software (Figure 6.3). Photoluminescence quantum yield was measured
using the aforementioned Fluorolog-3 with an integrating sphere (F-3018 from Horiba Jobin

Yvon) under nitrogen flow to avoid the degradation of perovskite samples.
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Figure 6.3. HORIBA Jobin-Yvon Fluorolog 3-22 Tau-3

6.5.2 Transient absorption

Transient absorption spectroscopy was measured using a Helios-Fire pump-probe setup
(Ultrafast Systems) (Figure 6.4). This was paired with a regeneratively amplified 1030 nm laser
(Light Conversion Pharos, 200 fs, 200 uJ), set at an effective repetition rate of 1 kHz via an
internal pulse picker. A small portion (20%) of the 1030 nm fundamental was directed to an

optical delay line, and, subsequently, to a sapphire crystal to generate the broadband probe light.
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The remaining 80% of the 1030 nm fundamental was directed to an optical parametric amplifier
(Light Conversion, Orpheus-F) to generate the pump pulse at 529 nm. Global analysis of TA

data was done using the R-package TIMP software, with the graphical interface Glotaran 1.5.1.

Figure 6.4. Helios-Fire pump-probe ultrafast systems.

6.5.3 XPS and UPS pattern

XPS measurements were conducted by using a PHI 5500 Multi-technique System with
a base pressure of ~107° torr. The X-ray radiation was Al Ko emission (1486.7 eV, take-off
angle, 75°). For UPS characterization, to avoid any charging during the measurement, Si wafers
were coated with Cr/Au (2 nm/80 nm) as conductive layer by thermal evaporation. Then
samples were transferred into the UPS chamber and measurements were carried out at a base
pressure of 10° mbar. UPS measurements were conducted with a Kratos Axis UltraP-P
spectrometer (Kratos, Manchester, England). Illumination at 21.22 eV was provided by the
He(l) emission line from a helium discharge lamp. Photoelectron emission was collected at 0°
from the surface normal of the samples. The spectra were taken in three different spots to

confirm the spectra are producibility and irradiation exposure time was kept under one minute.
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6.5.4 Film morphology
The thin film morphology was characterized by a Leica POM at room temperature
(Figure 6.5). The grain size statistics are determined by Gwyddion software 15 grains in

different areas for the perovskite thin film with each hot-casting temperature.

Figure 6.5. Leica polarized optical microscope.

The AFM measurements were performed using by a Bruker Dimension Icon FS at
room temperature (Figure 6.6). The perovskite films were fabricated on the silicon substrate.
The surface topographical images were obtained in tapping mode using a silicon tip at a
resonant frequency of 300 kHz and a spring constant of 26 N/m. The root mean square (RMS)

roughness values were extracted from an image of 10 um x 10 pm.
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Figure 6.6. Dimension Icon fast scanning atomic force microscope.

6.5.5 Film thickness
The thickness of (TEA)2Snls perovskite thin film on silicon wafer was measured by

a Bruker Tencor Profilometer (Figure 6.7).

Figure 6.7. Bruker Tencor Profiler.
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6.5.6 Molecular organization

The one-dimensional X-ray diffraction patterns of the 2D perovskite thin films were
recorded in the 26 between 3° and 40°, with a step of 0.01° and a speed of 10 degrees per
minute, using a Rigaku SmartLab HR-XRD equipment with Cu Ko (A = 1.5406 A) radiation

(Figure 6.8). The interlayer distance was calculated by Bragg’s law 2dsinf = nA.

Figure 6.8. XRD of Rigaku D/MAX 2600 V

GIWAXS measurements were performed by means of a solid anode X-ray tube
(Siemens Kristalloflex X-ray source, copper anode X-ray tube operated at 35 kV and 20 mA),
Osmic confocal MaxFlux optics, X-ray beam with pinhole collimation, and a MAR345 image
plate detector (Figure 6.9). The beam size was 1.0 x 0.2 mm? (width x height), and the samples
were irradiated just below the critical angle for total reflection with respect to the incoming X-
ray beam (~0.1°). The scattering intensity was detected on a two-dimensional image plate

(MAR-345) with a pixel size of 150 um (2300 x 2300 pixels), and the detector was placed 523
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mm from the sample center. All X-ray scattering measurements were performed under vacuum
(~1 mbar) to reduce air scattering and beam damage to the sample and degradation of
perovskite materials. All data processing and analysis were performed using the software

package Data squeeze.

Figure 6.9. Schematic of the GIWAXS for thin-film measurement.

6.5.7 Optical-pump THz-probe spectroscopy

The OPTP setup was driven by a commercial, regenerative amplified, mode-locked
Ti:sapphire femtosecond laser with a 1 kHz repetition rate. The pulse duration was around 50
fs, and the central wavelength was ~ 800 nm. A single-cycle THz pulse was generated by optical
rectification on a 1 mm thick ZnTe crystal. The THz electrical field was probed in the time
domain with an 800 nm sampling pulse using the electro-optic effect in a second ZnTe crystal,
by varying the time delay between THz and sampling beam with an optical delay stage. For the
pump-probe measurements, excitation by 400 nm light pulse was used. It was produced by
second harmonic generation based on 800 nm light by beta barium borate (BBO) crystal. The
pump-probe delay was controlled by a second optical delay stage. The photoconductivity

(a(t,)) dynamics was monitored by probing the relative change in the peak field of the THz
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pulse (— AE(t,)/E,) induced by photoexcitation, thanks to the linear proportionality of these

two quantities within the thin-film approximation:[1]

(n1+ny)  AE(tp)
ZO l E(]

o(t,) = — (Equation 6.1)

Here, AE(t,) = Epump (tp) — Eo is the pump-induced THz electric field changes, and t,, is the
pump-probe delay. n, and n, are the refractive indices of the media before and after the sample

(in our work, n, and n, are 1 and 1.95 for vacuum and fused silica, respectively), Z, = 377 Q

is the impedance of free space, [ = 50 nm is the film thickness.

Frequency-domain photoconductivity spectra

The frequency-domain photoconductivity spectra were obtained at a specific pump-
probe delay time by Fourier transforming the complete time-domain AE(t) and E,(t) (where
t represents the sampling-probe delay time) into frequency-domain AE (w) and Ey(w), and

applying thin film approximation as in OPTP measurement:

_ (ni+np) AE(w)
Zo'l Eo((l))

o(w) = (Equation 6.2)

In the study, the time-domain data was collected at 3 ps after photoexcitation by simultaneously

moving the pump and sampling stage.

6.6 NMR spectra

In Chapter 2, the NMR spectra were recorded with the NMR spectrometer Bruker
Avance 300 (Bruker, 300 MHz for *H and 76 MHz for *C) at room temperature. Chemical
shifts (o) were reported in parts per million (ppm) and were referenced to the residual solvent
signal as an internal reference ((CD3)2SO: 2.50 ppm for *H, 39.5 ppm for 3C). Coupling
constants (J) were given in Hz and the apparent resonance multiplicity is reported as s (singlet),
br s (broad singlet), dd (doublet of doublets), or m (multiplet). Elemental analysis was carried

on a Vario MICRO cube (Elementar).
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In Chapter 3, the solution NMR experiments were performed on a Bruker Avance
400 MHz spectrometer equipped with a BBI probehead with z-gradients. H spectra were
acquired using 32 scans and a recycle delay of 2 s. 1°Sn spectra were acquired using 256 scans
and a recycle delay of 10 s. DMSO-ds from the company Deutero GmbH was used as solvent

without further purification. All NMR experiments were performed under ambient conditions.

6.7 Impedance spectroscopy
In Chapter 2, the impedance measurements were performed with the FET
configuration by connecting source and drain electrodes using a computer-controlled Solartron

impedance analyzer under ac voltage of 100 mV in a vacuum chamber.

6.8 Perovskite FETs characterization

The device characterization was performed using a semiconductor parameter analyzer
(Keithley 4200-SCS) in a low-temperature probe station (Figure 6.10). The temperature-
dependent measurements were performed using a Desert Cryogenics low-temperature probe
station. The transfer characteristics were collected in pulse mode, and the output characteristics
were measured in continuous mode. In the pulse mode, Ves was applied over a short impulse

of 1s.
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Figure 6.10. Probe station for contacting the devices under vacuum and low
temperature.

6.9 Kelvin probe force microscopy

Mapping of the FET potential distribution was performed via KPFM, using an Asylum
Research MFP3D Microscope (Oxford Instruments) together with a lock-in amplifier (HF2LI-
MOD, Zurich Instruments). To avoid degradation of the perovskite film, the setup is placed in
an argon filled glovebox with atmosphere containing less than 1 ppm O and minimal humidity.
Our sample holder allows to establish an electrical connection to the source, drain and gate
electrodes and ground them, or apply direct current voltages to them individually. To control
the source and drain electrode voltages, we used the auxiliary output channels of the HF2 lock-
in amplifier and applied a maximum voltage of 9 V (Figure 6.11). To generate the gate voltage,
we used a 44 V battery stack. For the KPFM measurement we used Pt-Ir metal coated
cantilevers (Bruker, SCM-PIT-V2), with resonance frequency wo ~ 75 Hz and spring constant
~ 3 N/m. The scan rate of the measurements was 0.2 Hz. To obtain reliable data, frequency
modulation KPFM was employed, in the heterodyne configuration, whereby the cantilever is

mechanically excited at its first resonance, wo, and electrically excited with an amplitude of 1V
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at its second resonance minus the first (m1-mo).[2] Frequency mixing between the mechanical
motion and the periodic electrostatic force generate a sideband signal on the second resonance

frequency, o1, that we use as input signal for the KPFM feedback.

(a)

KPFM cantilever

(b)

external
voltage source
J

Figure 6.11. (a)Schematic representation of KPFM experiment and (b) image of experimental
setup. The connections with the relevant electrodes were established with silver paste and
copper tape.

6.10 DFT calculation

The computational methodology employed in this study involved first-principles
calculations based on density functional theory (DFT) implemented in Vienna Ab-initio
Simulation Package (VASP, version 6.3.1).[3] The calculations utilized the generalized
gradient approximation (GGA) in the Perdew—Burke-Ernzerhof (PBE) functional form and
incorporated Van der Waals interactions via Grimme's D3 method.[4] The projector augmented
wave (PAW) method was utilized to describe valence-core interactions.[5] The calculations
considered the following numbers of valence electrons for each atom type: Sn (14), | (7), C (4),
H (1), N (5). A plane-wave energy cutoff of 520 eV was employed for all calculations. During
geometry relaxation, forces of each atom below 0.01 eV/A were used. The structural relaxation
was carried out by sampling the Brillouin zone on a4 x 4 x 1 k-mesh and a5 x 5 x 1 k-mesh
was used to calculate the density of states (DOS). To address the underestimation of
semiconductor band gaps by DFT within the GGA, the GGA-1/2 approach was employed. This
method corrects the spurious electron self-interaction term.[6,7] Additionally, the calculations

accounted for spin-orbit coupling (SOC) since it is known to be significant in describing the
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electronic structure of organic-inorganic hybrid perovskites. The VESTA and Sumo packages
were utilized for structure visualization and projected DOS, respectively.[8,9] The planar

average electrostatic potentials were plotted using VASPKIT.[10]

6.11 GIWAXS simulation

The GIWAXS simulations were carried out using the software SimDiffraction (By
Prof. Dr. Dag W. Breiby at PoreLab, Department of Physics, Norwegian University of Science
and Technology), which is developed to provide accurate calculated scattering patterns for
textured polycrystalline thin films.[11] Based on the molecular crystal structure specified in the
CIF files generated from the theoretical modeling, the GIWAXS patterns were predicted, taking
into account the pronounced preferred orientation of the crystallites. In the present case, the a-
b plane of the proposed unit cells was found to be highly parallel to the substrate surface. An
orientational distribution of a few degrees (< 3°) about the surface normal was included in the
simulations, understood to correspond to both divergence in the incoming beam, and actual
slight crystallite alignment variations. The simulations were convoluted with a fixed radial peak
width of 0.05 A, accounting for crystal size broadening and also the non-monochromatic
nature of the beam and other geometric broadening effects. For direct comparisons with the
simulated scattering patterns, the experimental raw data were interpolated to rectilinear (Qxy,

Q) cylindrical coordinates.
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