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Abstract

In recent years research interest and the use of 2D hybrid organic-inorganic perovskites (HOIPs)
in optoelectronic devices, in particular solar cells, has increased substantially due to their high
stability, relatively cheap costs and ease of fabrication, and intriguing optoelectronic properties, in
comparison to their 3D counterparts. Optimization of these properties for solar cells applications
however still requires more in-depth studies. Of the various methods used previously, high external
pressure has emerged as a clean and effective method for inducing modifications to the structures
of 2D HOIPs, in turn inducing modifications to the optoelectronic properties. In this study, we
report the first high-pressure studies on three different 2D HOIPs: N,N-dimethylphenylene-p-
diammonium (DPDA) lead iodide (DPDAPbI;), cyclohexane methylamine (CMA) methyl
ammonium (MA) lead iodide (CMA>MAPb:I7), and cyclohexane methylamine (CMA)

formamidinium (FA) lead iodide (CMA2FAPb>I7).

The effects of high-pressure on both the structures and optoelectronic properties of DPDAPbI4
were studied by performing Raman spectroscopy, Fourier-transform infrared (FTIR) spectroscopy
X-ray diffraction (XRD), photoluminescence (PL), and UV-Vis absorption measurements. The
vibrational spectroscopy in tandem with the XRD and PL measurements identifies a phase
transition. Vibrational spectroscopy also indicates pressure-induced enhancement of the N-H I
hydrogen bonding interactions between the NH;" groups and the lead iodide octahedra, indicating
shortening of the Pb-I bond lengths, confirmed by the computational studies, thus providing critical
information regarding the mechanism behind the bandgap reduction. Synchrotron XRD

measurements confirm the phase transition with distortion analysis indicating enhancement of the



octahedral distortion between 1-2 GPa. The enhancements in both the hydrogen bonding
interactions and the octahedral distortion were found to constitute the origins behind the phase
transition. PL measurements show a redshift of the free exciton (FE) peak along with broadening
of the self-trapped exciton (STE) peak at low-pressure. UV-Vis absorption confirms the bandgap
reduction, and all measurements indicate reversible structural modifications and pressure-induced
optoelectronic properties. For CMA>MAPb>I7 and CMA2FAPb:I7 FTIR measurements suggest a
possible phase transition between 3-5 GPa along with N—H I hydrogen bonding interactions
between the NH;" groups and the lead iodide octahedra. Synchrotron XRD measurements confirm
the phase transition while analysis of the LeBail refined cell parameters indicates negative linear
compressibility for both compounds. PL. measurements show a redshift for both major PL peak
and UV-Vis absorption shows a bandgap reduction for both compounds. In general, the structural
modifications and optoelectronic properties were found to be reversible upon decompression. Our
results provide a solid understanding of the pressure effects on the structures and optoelectronic
properties of both n =1 and n = 2 2D HOIPs with differing organic spacers, a crucial step for the

use of 2D HOIPs in applications such as solar cells.

Keywords: 2D hybrid organic-inorganic perovskites, high-pressure, diamond anvil cell, Raman

spectroscopy, Fourier-transform infrared spectroscopy, X-ray diffraction, photoluminescence,

UV-Vis absorption, phase transition, bandgap



Summary for Lay Audience

The use of sustainable energy sources, in particular solar energy, has increased significantly over
the years as a result of the increasing concerns of climate change. As such, research has heavily
focused on two-dimensional hybrid organic-inorganic perovskites (HOIPs) for use in solar cells.
2D HOIPs are semiconducting materials consisting of an inorganic octahedra separated by organic
spacers. The efficiency of perovskite solar cells has increased considerably over the years.
However, optimization of their properties, in particular for solar cells applications, still requires
more in-depth studies, thus modification of said properties is crucial. The goal is to permanently

reduce the bandgap of 2D HOIPs to achieve the limit for maximum efficiency.

In this work we study the effects of high-pressure (HP) on 3 2D HOIPs, DPDAPbI,,
CMA>MAPD:I7, and CMA>FAPb>I7 with differing organic spacers. We use Raman spectroscopy,
Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), photoluminescence
(PL), and UV-Vis absorption measurements. Our findings provide critical information on the
behavior of both the structures, in particular phase transitions, hydrogen bonding, distortion, and
amorphization, and the optoelectronic properties, such as the PL emissions and the bandgap upon
pressure treatment. Understanding the changes in the optoelectronic properties is crucial for
applications such as solar cells. These findings in turn also provide a solid understanding of the
behavior of 2D HOIPs with both soft and rigid ring spacers as well as a basis for modifying the

structures through HP to achieve the desired properties for solar cell applications.
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1. Introduction

1.1 Perovskites in Energy Applications

It has been well documented that the continued use of current sources of energy, such as fossil
fuels, has had a severely damaging impact on the environment, leading to intense changes in
climate and increased global warming, which in turn results in the rapid melting of glaciers, rising
sea levels, ect.! The use of these current sources have also had a negative impact on the worldwide
economy.! As a result, significant research has gone into the discovery of alternate sources of
energy, one of the most common being solar energy.! Photovoltaic solar cells, which operate by
photovoltaics, have emerged as a leading candidate in the search for renewable energy sources as
a result of their ability to produce an adequate amount of energy for human use.! Photovoltaics
involves the conversion of light into electricity; hence in the case of solar cells, sunlight is absorbed

and converted into energy via photovoltaics.

Solar cells consist of two semiconducting layers, an n-type where the negative charges dominate
(i.e. electrons), such as silicon doped with phosphorus, and a p-type where the positive charges
dominate, such as silicon doped with boron, separated by an interface known as a junction. The
semiconducting layers consist of a lower-level valence band and a higher-level conduction band,

separated by a bandgap of particular energy, as shown in Figure 1.1.2



Eg=0¢eV Eg=0.1-3.0 eV Eg>3.0 eV

B e

metal semiconductor  insulator
Figure 1.1. Diagram of the bandgap in a metal, semiconductor, and insulator.?

Energy ———»

Upon absorption of sufficient energy equivalent to the bandgap, the electrons in the valence band
are able to transfer to the conduction band, thus allowing them to conduct electricity. In terms of
single-junction solar cells the efficiency limit, given the optimal bandgap, is widely known as the
Shockley-Queisser limit.>* This limit was first theorized by William Shockley and Hans Queisser
in 1961, with their calculations determining that the maximum efficiency of a single-junction solar
cell was limited to around 30% with a bandgap of 1.1 eV using a sun temperature of 6000 K and
a cell temperature of 300 K.* It has also been determined that illumination via the AM 1.5G
spectrum, the standard spectral irradiance spectrum, leads to a maximum efficiency of about 33.7%

(bandgap of around 1.34 eV).>

Silicon is the most commonly used material in solar cell fabrication, however the production and
disposal of Silicon-based solar cells often have highly negative effects on both the environment
and public health.” The production often requires the purification of silane (SiHa4), which is highly
toxic, and phosphine and diborane are often used to dope the silicon, both of which are also highly
toxic.” As a result, other semiconducting materials have been studied for use in solar cells, such as
perovskites, with applications in solar cell fabrication steadily increasing over the years. In

particular, perovskite solar cells have shown significant improvement in their efficiencies,

2



reaching a record 25.2% as of July 2020, which is also very close to the record efficiency of 26.7%
for c-Si solar cells.® The power conversion efficiencies of the best performing perovskite solar

cells can be seen in Figure 1.2.°
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Figure 1.2. Efficiencies of the best performing single junction perovskite solar cells as of 2020.°

In addition to applications in the field of solar cell fabrication, perovskites, especially in the form
of metal halide perovskites (MHPs), have also been used in Light Emitting Diodes (LEDs), Field
Effect Transistors (FETs), lasers, photodetectors, and hard radiation detectors.!®!! MHPs, first
studied by Weber et al. in 1978, have been the most common type of perovskite used in such
applications for several years.'%!! MHPs have also been proven to work effectively in both energy
storage, in particular batteries and supercapacitors, and conversion devices.! MHPs have been
used in lithium ion batteries, however this is a field that still requires serious improvement.' MHPs
have also been extensively studied in supercapacitors due to their electronic and ionic conduction

characteristics, thus allowing them to act as the electrode in the supercapacitor. '



1.2 Structures of Perovskite

Perovskite, named after Lev Perovski, was first discovered as a calcium titanium oxide mineral
(CaTiOs) within a piece of skarn rock in 1839 by Prussian minerologist Gustav Rose.!>!? Since its
discovery, the crystal structure has been utilized in various other compounds over the years.
Perovskite compounds typically exist as an ABX3 structure (3D perovskites), similar to the
structure of CaTiOs, where A is typically a cation, B a divalent cation, and X an anion.!® The three
common crystalline phases of the typical ABXj3; perovskite include cubic, tetragonal, and

orthorhombic, as shown in Figure 1.3.1:13

a
Cubic:a=b=c Tetragonal:a=c#b Orthorhombic:azb #c¢

Figure 1.3. Three common crystalline phases of ABX3 perovskite, where red balls are A, blue
balls are B, and green balls are X.!

For a crystal to be identified as a perovskite, it must adhere to two unique factors, the tolerance
factor and the octahedral factor, both first proposed by Victor Goldschmidt in 1926, and are often
used to identify stability.! The tolerance factor, t, can be described as the ratio between the
distances between the A and X sites and the B and X sites, as shown in Equation 1.1, where Ra,
Rg, and Rx are the ionic radii of A, B, and X, respectively, where Rj is always greater than Rg,

and a typical value of 0.7-1.11 means the crystal can be identified as a perovskite.!!*



R4 + Ry

= Ry + Ry (D

The octahedral factor, p, is the ratio between Rg and Rx, as shown in Equation 1.2, with a value

of 0.44-0.90 being the ideal crystal structure.'

H=g (1.2)

The material must have tolerance and octahedral factors that fall within the ideal ranges for it to
operate as a perovskite in applications such as solar cells, materials with values out of the ideal

range will degrade much faster, thus disrupting the cell.!

Additionally, non-cubic perovskites have been known to exhibit the piezoelectric effect, which is
the ability of a crystal to generate an electrical charge in response to applied mechanical stress. In
particular, the external stress results in the atoms in the unit cell shifting with respect to each other,

with a shift in certain directions resulting in polarization.'

Given that perovskites are
semiconducting materials, the electrical charge created upon the application of stress can be
correlated with the electrical conductivity achieved upon the excitation of the electrons from the
valence band to the conduction band upon the absorption of energy equivalent to the bandgap.
Furthermore, perovskites, specifically hybrid perovskites, are also known to exhibit

piezochromism, which is the ability of a material to change colour upon the application of pressure

and is closely related to the electronic bandgap change.

Over the years a transition from fully inorganic to hybrid perovskites, known as hybrid organic-
inorganic perovskites (HOIPs), formed from combinations of organic and inorganic materials, has

witnessed a major influx of research. In 2009, Kojima et al. successfully developed a perovskite
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solar cells from methyl ammonium (MA) lead iodide (CH3NH3Pbls) and methyl ammonium lead
bromide (CH3NH3PbBr3) nanocrystals, as n-type semiconductors, self-assembled on a TiO;
surface, with power conversion efficiencies of 3.8% and 3.1%, respectively.'® This was the first
significant report of hybrid perovskites, and the efficiency of the CH3NH;3Pbl3 cell was further

improved to 9.7% by Kim et al. in 2012."”

Unfortunately, 3D HOIPs suffer from some serious drawbacks, such as stability concerns,
restricted chemicals for composition, and use of toxic chemicals, that tend to limit their utilization
in optoelectronic applications.!""'®#1? In the ABXj structure, A is typically Cs*, CH;NH3" (MA), or
[HC(NH2)2]* (FA), B is Pb**, Ge**, or Sn**, and X is CI', Br", or I.!! However, only 3 A-site cations
in regards to the 3D type are capable of maintaining the ideal corner-sharing octahedral network
(Cs*, MA, and FA).!® Furthermore, 3D HOIPs also tend to use more volatile and toxic cations,
whilst also suffering from further stability issues due to humidity and light.!” The instability of 3D
HOIPs in the presence of humidity and water is believed to be a result of their low formation
energy.?’ Further toxicity issues arise due to the high toxicity of lead, which is also highly water
soluble.?! Cesium-based perovskites, where Cesium replaces the A-site organic cations, have been
shown to improve stability and efficiency.! The stability, structural, and composition concerns of

3D perovskites are often significantly lowered by switching to 2D perovskites.

1.3 2D Hybrid Organic-Inorganic Perovskites

2D HOIPs have become popular materials for solar cell development with the efficiency of 2D
HOIP solar cells jumping from 4.7% in 2014 to 18.2% by 2018.!” Additionally, 2D HOIPs also

have certain advantages over their 3D counterparts, in that they much more stable against humidity



and light, they are generally able to use larger and less volatile (usually hydrophobic) organic
cations, thus enhancing both the chemical and thermal stability, they are much more durable, have
greater chemical versatility, and have greater processability.!” The octahedral connectivity mode
is a major factor in determining stability in 2D HOIPs, as seen in Figure 1.4.!! The three modes
that have been observed include corner-sharing (sharing of a corner), edge-sharing (sharing of an
edge), and face-sharing (sharing of a face).!! The best stability is provided by the corner-sharing
octahedral network as it lowers the bandgap, with 2D perovskites more capable of achieving this

network, making them ideal for optoelectronic applications.'!
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Figure 1.4. Octahedral Connectivity Modes in 2D Perovskites and examples, where (a) is corner-
sharing, (b) is edge-sharing, and (c) is face-sharing.!!

The impact of 2D HOIPs in applications such as solar cells, has steadily increased over the years.?
One major reason for this is that 2D HOIPs are much simpler in structure and reducing from 3D
to 2D allows for both improving the optoelectronic properties and access to various hybrid organic-
inorganic materials.!! 2D perovskites typically consist of metal halide octahedra situated in

between two adjacent organic cation layers.”? The organic layers typically act as insulating



barriers, restricting the charge carriers to 2D.!! 2D HOIPs have a (A");,Ap—1BnX3n41 formula, as

seen in Figure 1.5, where A’, the organic spacer, can be either monovalent (m = 1) or divalent (m

=2), and n is the number of metal halide octahedra.'!*?

2D Perovskite
(A, )m(A)n-1 an3n+1

# Small organic cation A

(A= Cs*, MA* or FAY)
Figure 1.5. 2D HOIP structures forn = 1, n = 2, and n = 3, where A’ is the organic spacer, A is
the organic cation, B is the metal, and X is the halide.'!

2D perovskites typically consist of layers that are obtained by making cuts along the
crystallographic planes of the corresponding 3D perovskite, with the 3 most common orientations
being the <100>, <110>, and <111> (i.e. cut along the <100>, <110>, or <111> plane).!” The most
common type of 2D halide perovskite for solar cell applications is the <100>-oriented one, which
can further be classified into two further types, Ruddlesden-Popper (RP) and Dion-Jacobson (DJ)
perovskites.!”?* Hybrid RP perovskites stem from inorganic perovskites such as Sr3Ti,O7, first
synthesized and studied in 1957 by Ruddlesden and Popper.!>** RP perovskites are derived from
the 3D structure by cutting inorganic layers of varying n value along the <100> plane, and placing
them between bulky ammonium cation bilayers, whereas DJ perovskites are derived by cutting
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inorganic layers from the 3D structure that stack directly on top of each other.!” A major advantage
of RP perovskites is the superior ability to control the n value (thickness), which is a highly
valuable property in regards to photovoltaic applications, thus making them the most commonly
studied 2D perovskite for solar cell applications.!” Both RP and DJ perovskites typically have a
(A",A,,_1B, X354, formula, where A’ for the RP phase is an ammonium cation (RNH3), typically

of alkyl or aryl type, such as butylammonium (BA) or phenylethylammonium (PEA).!%%

In 2D perovskites, the semiconducting inorganic octahedra in between the organic spacers allows
for a 2D multiple quantum well (MQW) electronic structure, which forms from a natural bottom-
up self-assembly, and where the wells are the perovskite layers and the barriers are the insulating
organic spacers.'* The organic spacer insulating barriers help restrict the charge carriers to 2D
and the 2D MQWs help stabilize excitons, which can be observed at ambient temperatures.'! In
general, the length of the A’ organic spacer dictates the width of the barrier, while the well width
can vary depending on the value of n (i.e. the layer thickness or number of metal-halide
octahedra).?® The typical structure of this 2D MQW is shown in Figure 1.6.

2D quantum well

organic organic organic

o CBM

> =

o

5 VBM

C

L

perovskite perovskite
24 Length

Figure 1.6. Structure of 2D Multiple Quantum Well."!



The presence of the bandgap often leads to the formation of excitons in 2D HOIPs.?” 2D HOIPs
experience both quantum and dielectric confinement, mainly due to the difference in permittivity
between the inorganic layer and the bulky organic cation.?” These confinements lead to increased
correlations between the electrons and the electron holes, thus increasing the exciton binding
energy (Ep) in 2D HOIPs compared to their 3D counterparts from tens of meV in CH3NH3Pbl; to
hundreds of meV.?’ The excitonic emission is often governed by the spacing between layers, which
varies depending on the choice of the organic spacer (A’).!! In the RP phase, the presence of the
bulky spacer bilayers leads to increased separation between the inorganic layers (around 1.5 times
the length of the organic spacer), ultimately leading to no perovskite-perovskite interactions, which
in turn results in an excitonic emission that depends solely on the spatial electronic confinement
of the layers.!! By contrast, in the DJ phase the inorganic layers are much closer together due to
the stacking conformation, which produces weak perovskite-perovskite interactions, leading to an

exciton energy redshift.!!

There are many factors which influence the bandgap of 2D HOIPs, two of the most common being
quantum and dielectric confinement.!! In the case of lead halide perovskites (LHPs), quantum
confinement present in 2D LHPs leads to greater exciton binding energies (190-400 meV for pure
2D LHPs) and bandgaps compared to their 3D counterparts.?® The bandgap can also be effected
by the dimensionality, where the lower the n value, the greater the bandgap, as seen in
(BA),(MA),,_1Pb, 15,1 where the bandgap decreases from 2.35 eV forn=1to 1.6 eV forn=o0
(i.e. the 3D case).!! As the spacing between the inorganic layers has a major impact on the exciton
emission, they also impact the bandgap where the greater the spacing, the greater the bandgap,

meaning RP perovskites have greater bandgaps compared to DJ perovskites.!! The bandgap can
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also be affected by the metal-halide bond angle, where the greater the angle, the lower the bandgap,
as a result of increased structural distortion.!! Increasing the value of n leads to a further class of

2D HOIPs, namely high n-2D HOIPs.??

1.4 High n-2D Hybrid Organic-Inorganic Perovskites (n=2-5)

2D HOIPs can be separated into two classes based on the n value, n = 1 2D HOIPs which only
have one metal halide octahedra, while high n-2D HOIPs often consist of greater n values (i.e.
greater metal halide octahedra), typically values between 2-5.22 In 1991 Calabrese et al. proved
that for the RP phase, 2D (n = 1) and 3D perovskites were extreme cases by synthesizing n =2 2D
lead perovskite crystals, such as (Me(CH,)gNHs),Pb,1,.%° As discussed previously, varying the
value of n allows for tuning of the bandgap, due to increasing quantum confinement, and it is this
ability and the structural versatility that makes high n-2D HOIPs such a vigorously studied material
class in regards to optoelectronic applications.”?> However, it has been shown that due to the
similarity in structure between high n 2D HOIPs and 3D HOIPs, for n > 5, pure crystals and films
are often difficult to synthesize.?? Several studies have been done on high n-2D perovskites and
the tuning of the bandgap through changing n. (BA),(MA),,_1Pb; 15,4+, was studied by Stoumpos
et al. at various n values with the bandgap decreasing as n increased.’*3! Cao et al. also showed

further tuning of the bandgap by switching the metal from Pb to Sn.*

In comparison to n = 1 2D HOIPs, for higher n-2D HOIPs the crystal orientation and phase
distribution are significantly different.?> Whilst the synthesis of pure high n-2D HOIP crystals is
possible, films deposited via solution methods often contain various phases with varying n

values.?? For example, synthesized n = 4 2D HOIP films might also contain n = 1-5 2D HOIP
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phases as well as 3D HOIP phases, with these often referred to as mixed states.?? In regards to how
the different phases are distributed across the thin films, the smaller n phases often dominate the
substrate side (i.e. side on which the film is deposited) while the higher n and 3D phases often
dominate the air side.?? Due to the primary charge transport channels being located within the
inorganic layers, the crystal orientation of 2D perovskite films is highly important for their
performance in optoelectronic devices, with a vertical orientation of the inorganic layers, first
achieved via a hot-casting method by Tsai et al., desirable for use in solar cells.?** Increased

efficiency has also been reported for high n-2D HOIP solar cells.?*3*

High n-2D HOIPs exhibit several advantages in comparison to 3D and low n-2D HOIPs. It is
understood that a major factor detrimental to the performance of solar cells is trap states,
specifically charge carrier trapping.’® These traps can often lead to defects, which are believed to
be suppressed in high n-2D HOIPs, in turn leading to a decrease in the level of self-doping and
providing incredibly high light detectivity of the photodetector.’® High n-2D HOIPs are also
believed to suppress ion migration, which can often lead to increased degradation of 3D perovskite
solar cells.?? High n-2D HOIPs have also shown to exhibit enhanced stability compared to their
3D counterparts, which is a major advantage in solar cell fabrication.?? In particular, 3D
perovskites like MAPbI; are unstable in the presence of moisture.?! High n-2D HOIPs have
exhibited enhanced stability in the presence of moisture and allow for device fabrication under
humid conditions.?!*” The improved stability under humid conditions is a result of the greater

formation energies of low dimensional perovskites due to greater van der Waals interactions.*’
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1.5 Effects of High Pressure on 2D Hybrid Organic-Inorganic

Perovskites

The application of high external pressure has been shown to result in modifications towards both
the structural (i.e. phase transitions) and optoelectronic (i.e. bandgap tuning) properties of 2D
HOIPs.?#3% 40 The use of high external pressure is a clean and powerful method for tuning the
optoelectronic properties of 2D HOIPs.*®**' The primary experimental techniques used for
analyzing the structural properties and pressure-induced phase transitions are Raman
Spectroscopy, Fourier-Transform Infrared (FTIR) Spectroscopy, and X-ray Diffraction (XRD).
The primary techniques for analyzing the optoelectronic properties include UV-Visible Absorption
Spectroscopy (UV-Vis) and Photoluminescence (PL). Numerous high-pressure studies have been
conducted, particularly on lead-iodide 2D HOIPs, to examine and understand its effects on the
structural and optoelectronic properties. The observed bandgap transitions of such studies are

summarized in Table 1.1.

13



Table 1.1. Bandgap transitions of high-pressure studies on lead-iodide 2D HOIPs

Organic | Perovskite formula | Bandgap | Pressure | Maximum | Experimental Reference
Spacer transition of pressure methods for
(eV) smallest | achieved | characterization
observed (GPa)
bandgap
(GPa)
PDMA 1 N/A N/A 0.35 XRD, PL, UV- | Muscarella
Vis et al.*?
(BzA), (BzA)Pbl4 N/A N/A 0.35 XRD, PL, UV- | Muscarella
Vis et al.*?
(PMA), (PMA),Pbl4 2.15-1.26 20.1 27.2 XRD, FTIR, Tian et al.*!
UV-Vis
(PEA) (PEA).Pbl4 2.26-1.83 5.8 10 XRD, PL, Gao et al.*
TRPL, UV-Vis
(BA)2 (BA),Pbly 1.97-1.7 53 10 XRD, PL, Yin et al.#
TRPL, Raman,
UV-Vis
(BA) (BA),Pbl4 2.28-0.95 35 40 XRD, PL, Yuan et
TRPL, UV-Vis al.®
(BA) (BA),Pbl4 2.29-1.78 6.7 28.2 XRD, UV-Vis | Liuetal.*
(BA) (BA)2(MA)Pbslio | 1.94-1.79 1.9 26 XRD, UV-Vis | Liuetal.*
(BA)2 (BA)2(MA)3Pbaliz | 1.81-1.72 1.5 26 XRD, UV-Vis | Liu et al.#
(ETA) (ETA).Pbly 2.24-1.85 8.0 20.2 XRD, PL, Fang et
Raman, UV-Vis al.¥’
(Gua), (Gua),Pbl4 2.55-2.32 5.5 13.8 Raman, UV-Vis, | Lietal.*®
PL
3AMP (3AMP)Pbl4 2.10-1.63 20.1 134 XRD, FTIR, PL, | Kong et
UV-Vis, al.®
3AMP | (BAMP)(MA)Pb.l; | 1.85-1.78 20.3 72.2 XRD, FTIR, PL, | Kong et
UV-Vis, al.®
3AMP | BAMP)(MA);Pbali3 | 1.74-1.52 22.1 76.6 XRD, FTIR, PL, | Kong et
UV-Vis, al.®

The properties and band structure are often governed by the bond angle and bond length of the

inorganic lattice, thus making them the key in regards to tuning the bandgap under high pressure.’

0

Distortion of the crystal lattice is observed depending on the direction the external pressure is

applied in, which in turn leads to octahedral tilting and shortening of the bond angle.!' The buffer-
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acting organic layers help to relieve the excess stress.!! Structural changes can be observed upon
compression, such as in lead-iodide 2D HOIPs where the change is a result of the narrowing of the
Pb-I-Pb bond angle and the shortening of the Pb-I bond length, as seen in Figure 1.7.*¢ The

narrowing of the Pb-I-Pb bond angle leads to an increase in the bandgap, whilst the shortening of

41,46

the Pb-I bond length leads to bandgap narrowing.

Shorten
the Pb-I-Pb
bond length

Narrow
the Pb-I-Pb
bond angle

Compression Compression

- i

Figure 1.7. Effect of external pressure on Pb-I-Pb bond angle and Pb-I bond length.*

The interaction between the organic and inorganic layers of 2D HOIPs are governed by the H-X
hydrogen bonding, where X is the halide anion.*! In the case of lead-iodide 2D HOIPs, the
hydrogen bonding occurs between the hydrogen of the NH3* group and the I" anions.*! It has been
shown that the application of external high pressure induces an enhancement of the hydrogen
bonding, which in turn leads to the shortening of the Pb-I bond length and the subsequent

narrowing of the bandgap.*!

The bandgap is often governed by the alteration of the valence band maximum (VBM) and the

conduction band minimum (CBM).*! In Pb-I 2D HOIPs, different spacers can lead to different
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VBM and CBM compositions and thus varying interactions. For example, in (PMA)>Pbls the VBM
is characterized by strong hybridization induced by antibonding interactions between the Pb 6s
and I 5p orbitals in the [Pbls]* octahedral network, while the CBM is characterized by
hybridization induced by Pb 6p and I 5p antibonding interactions.*! For the VBM the major
contribution comes from the I 5p orbital, and for the CBM the major contribution comes from the
Pb 6p orbital.*! The change in the bandgap is thought to originate from the VBM as the Pb 6p
orbital is less sensitive to external pressure.*! On the other hand, in (ETA).Pbls the main
contribution for the VBM comes from the Pb 6s states, with some contribution from the I 5p states,
while the main contribution for the CBM comes from the Pb 6p states, with some contribution

from the I 5s states.*’

Along with tuning of the bandgap, the application of high external pressure has also been shown

to induce structural changes, most notably phase transitions, in 2D HOIPs.?34% 5! Observed phase

transitions of high pressure studies on lead-iodide 2D HOIPs are summarized in Table 1.2.
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Table 1.2. Phase transitions of high-pressure studies on lead-iodide 2D HOIPs
“ Same crystal structure and space group as (b), but different a and b axis

Organic Perovskite | Crystal structure, | Observed phase | Pressureto | Reference
Spacer formula Space group transition achieve
transition
(GPa)
(BA)2 (BA)2Pbl4 Orthorhombic, Orthorhombic 1.12 Azeem et
Pbca Pbca > al.>?
Triclinic P1
(BzA) (BzA),Pbls4 Orthorhombic, N/A N/A Muscarella
Pbca et al.*?
PDMA | (PDMA)PbIl4 Monoclinic, N/A N/A Muscarella
P2i/c et al.*?
(PMA): | (PMA),Pbls | Orthorhombic, Orthorhombic 4.6 Tian et al.*!
Pbca Pbca >
Orthorhombic
Pccen
(BA), (BA),Pbl4 Orthorhombic, (1) (1)0.1 Yin et al.#
Pbca Orthorhombic
Pbca (b) >
Orthorhombic
Pbca (a)*
(2) 2) 1.6
Orthorhombic
Pbca (a) >
Monoclinic
P2i/a
(Gua), (Gua),Pbl4 N/A N/A 5.5 Li et al.*8

In the case of lead-iodide 2D HOIPs, the phase transitions are often in correlation with the observed

bandgap transitions.*!**>> Phase transitions are governed by the tilting and distortion of the Pbls

octahedral network, which is also the result of changes to the Pb-I-Pb bond angle.>* 3> Upon

compression, the common pathways to induce inorganic lattice can relaxing include octahedral

tilting and bond shortening, with octahedral tilting dominating at low pressures (typically < 5

GPa).*° For example, the compression of (BA),Pbls results in a reduction of volume due to the
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shortening of the Pb-I bond, thus resulting in a photoluminescence redshift, as observed by Azeem

et al.>?

Another key effect of applying 2D HOIPs to high external pressure is the amorphization of the
material. Amorphization is the process where, under compression, the unique crystalline properties
of the perovskite material are lost.>® It is also important to note whether the such processes
(compression, phase transition, amorphization) are reversible or irreversible. For example, Zhan
et al. observed in their high-pressure study of (PMA),CuBr;s that the compression process below
40 GPa was indeed reversible, due to the consistency of the Raman peaks, along with an observed

irreversible pressure-induced amorphization process, due to the broadening of the Raman peaks.>*

1.6 Thesis Objectives and Outline

The purpose of this thesis is to communicate the effects of high-pressure on the structures and
optoelectronic properties of DPDAPbIl;, CMA:2MAPb>I7;, and CMA2FAPb:I;. 2D HOIPs were
selected as a result of their enhanced stability in comparison to their 3D counterparts and the
increased diversity of the organic spacer cations that can be used, thus allowing for more diverse
properties.!> ' DPDAPbI,; was selected due to the high rigidity of the DPDA spacer, believed to
be at the limit for accepted rigidity in 2D perovskites.”> CMA>MAPbI; and CMA>FAPb>I; were
selected due to the lower bandgaps of high-n CMA-based perovskites, thus decreasing the overall

reduction required to achieve the desired Shockley-Queisser limit.36’

This study represents the first time DPDAPbIs, CMA>2MAPb:1I7, and CMA2FAPb:I7 have all been

probed by HP through both experimental and computational methods. As reaching the Shockley-
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Queisser limit is crucial for solar cell applications, the main objective is to permanently alter the
bandgap using HP to achieve this limit. An increase in the photoluminescence intensity upon
compression is also desirable for solar cell applications, as well as for other applications including
light-emitting diodes. The insights and findings from this study not only help to understand and
predict how similar 2D HOIPs may behave at HP, but they also help provide a basis for the design
of future 2D HOIPs for practical applications. The results and findings of this study build upon
previous studies conducted on the compounds of interest, in particular the results of DPDAPbl4
build upon the previous temperature-based study by Hautzinger et al.>> Vibrational spectroscopy,
namely Raman and FTIR, and XRD measurements were used to examine the structural
modifications. The excitonic behavior was examined using PL measurements and the bandgap

behavior was examined through UV-Visible absorption.

This thesis comprises a total of 5 chapters, where chapter 2 discusses the theoretical background
required for the study along with the experimental techniques used. Chapter 3 discusses the
experimental findings of DPDAPbI; while chapter 4 highlights the findings of both CMA>MAPb:I,
CMA>FAPb:I;. Chapter 5 discusses the overall conclusions of this work along with the future work

stemming from the results obtained in this study.
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2. Experimental Theory and Methodology

2.1 High Pressure Theory

2.1.1 Thermodynamics of High Pressure

It is well known that pressure is described by equation 2.1, where F, is the force applied
perpendicular to the surface and A is the area of the surface. According to statistical mechanics,
pressure can be defined using equation 2.2 as the change in the Helmholtz free energy with respect

to volume at constant temperature and N, where N is the number of particles.'

P=—r (2.1)
oF
P=- <W)T'N (22)

The phase of a material depends heavily on the pressure and temperature, and the most stable phase
is often achieved when the Gibbs free energy (G) is at a minimum. A phase transition is said to
occur when the changes in G are associated with changes in the structural details of the phase. A
phase transition is usually either first or second order. A first order phase transition occurs when
the first derivative of G with respect to any thermodynamic variable is discontinuous at the phase
boundary, for example volume in equation 2.3. The phase boundary between two phases is defined
as the temperature-pressure conditions at which G is the same for both phases. The energy barrier
for changing phases for first order transitions is known as the latent heat. If the first derivative is
continuous but the second derivative is discontinuous, a second order phase transition is said to

occur. Second order transitions are both smooth and have no energy barriers at the phase boundary.
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( )T = (2.3)

An equation that relates the volume, pressure, and temperature of a certain phase is known as an
equation of state (EOS). For example, the EOS for an ideal gas is commonly known as the ideal
gas law. Several EOS have been proposed for high-pressure studies, with the most common one
being the Birch-Murnaghan (B-M) EOS."? Typically, the third order B-M EOS is used and is
shown by equation 2.4, where Vj and By are the volume and bulk modulus at 0 GPa, respectively.!
The third order B-M EOS can be simplified to the second order B-M EOS by simply setting By =

4.

UJIN

7 5
P = ;Bo 3 3‘ ll - _(4 Bo) (2.4)

A crucial factor of the B-M EOS is the bulk modulus, which is a measure of the resistance towards
compression in a material. Coincidently, the compressibility is inversely proportional to the bulk
modulus. The bulk modulus at P = 0 GPa can be seen in equation 2.5, while for an isothermal
compression computing the derivative of the bulk modulus is also important, as seen at P = 0 GPa

in equation 2.6.

By = —V (S—D (2.5)
B = (%) (2.6)
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2.1.2 Crystallography

A crystal is a solid that is formed through the infinite repetition of identical groups of
atoms/ions/molecules (known as a basis), which are attached by a set of mathematical points
known as the lattice.> The smallest volume that contains the characteristics of the lattice is called
the unit cell and the infinite repetition of this cell in 3D forms the crystal lattice. The crystal
structure of a compound can be described using the six lattice parameters (a, b, and ¢ for the
dimensions made by the edges and a, B, A for the angles made by the edges at the vertex).
Furthermore, the spacing between the planes in the crystal is known as the d-spacing (dix). In this
work, the DPDAPbI; sample exhibits a monoclinic crystal structure with a primitive (P) lattice
wherea#b#canda=y= 90" # LS. The CMA>MAPb21; and CMA2FAPb217 compounds exhibit an
orthorhombic crystal structure with a primitive lattice where a # b # c and a =y = = 90°. The

equations for the d-spacings are given by equations 2.7 (monoclinic) and 2.8 (orthorhombic).

1 1 (h® k2sin?f 1> 2hlcosp
7 T eip\oz T Tz Tz T T (2.7)
diy  Sin?f\a b c ac
1 h® k? N 12 28
d2,, a*> b? c? (28)

2.1.3 Phonons

Similar to how a photon is a quantum of electromagnetic/light energy, a phonon is classified as a
quantum of vibrational energy in the crystal lattice, whose energy can be described by equation

293

e = (n+2) ho (2.9)
(n+3)

27



Crystals contain both acoustic (longitudinal and transverse) and optical (longitudinal and
transverse) phonons.®> The primitive cell (smallest possible unit cell) with # atoms contains 3n
vibrational modes, 3 acoustic modes (one longitudinal and two transverse) and 3n — 3 optical

modes.?

Phonons can be thought of as harmonic oscillators, which can be described using Hooke’s Law
whereby the greater the spring constant (k), the greater the vibrational frequency and thus the
greater the energy. As high pressure tends to push atoms and molecules closer together, which in
turn decreases the bond length and thus increases the bond strength. Such stronger bonds lead to

greater spring constants and thus high-pressure results in greater vibrational energy modes.

2.1.4 Bandgap

As previously discussed, 2D hybrid organic-inorganic perovskites (HOIPs) are semiconducting
materials, consisting of the valence and conduction bands, separated by the bandgap. The bandgap
can be described as the difference in energy between the conduction band minimum (conduction
band edge) and the valence band maximum (valence band edge), with thermal excitation of

electrons upon increasing the temperature.’

The electronic structure of crystalline semiconductors can be described using band theory. The
crystal momentum (k-vector) plays a key role in determining the type of bandgap present. If the k
values of the CBM and VBM are the same, then the bandgap is considered direct, meaning a direct
transfer of electrons upon absorption of energy equivalent to the energy difference is permitted. If

the k values of the CBM and VBM are different, then the bandgap is considered indirect, meaning
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the electrons must absorb energy from a phonon that is equivalent to the wavevector (k¢) separating
the electrons and the holes in the band structure.? Figure 2.1 illustrates the schematics of direct and
indirect bandgaps. and the holes in the band structure.® and the holes in the band structure.® Figure

2.1 illustrates the schematics of direct and indirect bandgaps. and the holes in the band structure.’

Conduction Conduction
band edge band edge
Valence band edge Valence band edge

Figure 2.1. Schematic of direct (left) and indirect (right) bandgaps.?

2.1.5 Excitons

Upon the absorption of energy equivalent to the bandgap, the subsequent excited electron leaves a
positively charged hole in the valence band, which can in turn interact with free electrons in the
conduction band via Coulombic attraction, thus forming electron-hole pairs known as excitons.*
Excitons can be classified as either free, excitons that move freely through the crystal, or self-
trapped (STE), excitons that are surrounded by a dense cloud of phonons, thus deforming the lattice
making it difficult for the excitons to move. STEs are more stable than free excitons, meaning

electrons and holes will self-trap immediately upon photogeneration.’
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2.2 Diamond Anvil Cell

2.2.1 DAC & Components

High pressure in this study was achieved using a diamond anvil cell (DAC), one of the most
common tools used for high pressure studies. As a result of being the hardest material on earth
capable of withstanding very high pressure, along with its transparency to both visible light and x-
rays, diamond is ideal for the achievement of high pressure.®*” A DAC consists of two diamond
anvils, a piston and cylinder, 2 seats, 4 screws with washers, a metal gasket, pressure gauge, and
occasionally a pressure transmitting medium (PTM). Each diamond is placed in separate seats with
one on the piston and the other on the cylinder, as seen in Figure 2.2. A small amount of sample is
placed into the gasket which is then placed between the two diamond anvils and pressure is applied
by turning the screws, compressing the cell. The two main types of diamonds used in DACs are
type I and type II, while the size of the culet is often 400 or 600 microns, depending on the type

used.

E am / asket
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Figure 2.2. Schematic of DAC.}

The screws are prepared such that two are right-handed and the other two are left-handed, thus
allowing for a more symmetrical application of pressure. Turning both sets of screws in the same
direction by the same distance allows for the increase of pressure, whilst also ensuring the

diamonds do not crack or get damaged. The washers are stacked on the screws in an up-down
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configuration to again allow for better control when applying pressure. For this study, washers

were stacked in groups of 8, with 4 up followed by 4 down.

The gaskets are generally made of stainless steel due to its hardness and relatively low cost.
Preparation involves first pre-indenting the metal gasket by applying pressure using the DAC, for
this study pre-indentation was done up to 8 GPa. Afterwards the sample chamber is created by
drilling a hole into the gasket using an electronic discharge machine, while the size depends on the
size of the culet used. For this study 210-micron needles were used to drill the holes for the Raman,
FTIR, and PL measurements, while 260-micron needles were used to drill the holes for the UV-

Vis measurements.

2.2.2 Pressure Gauges

Pressure calibration was a significant obstacle during the early years of the DAC, an issue
eventually eliminated with the introduction of the ruby fluorescence method in 1972 by Forman et
al., which uses rubies (Cr’* doped AlLOs, 403 : Cr*") to measure the pressure.>’ Ruby
fluorescence consists of a doublet emission at ambient pressure, denoted Ry (A =692.7 nm) and R»
(L = 694.2 nm), which redshift linearly as pressure is increased.® A wavelength-pressure
relationship for the R was obtained by comparing the observed redshift to fixed pressure points
of well-known freezing points of various liquids and certain solid-solid phase transitions.® Forman
et al. determined that the R lines experience broadening if the ruby is subjected to non-hydrostatic
pressure, along with the linear shift when the ruby is subjected to hydrostatic pressure in the 1-22
kbar range.® The pressure-induced ruby fluorescence peaks along with the observed redshift can

be seen in Figure 2.3.° The pressure-wavelength relationship can be described by equation 2.10,
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where AA is the change in wavelength, 4, is the wavelength at ambient pressure, and A and B are

constants which are determined through empirical fitting, for this study we use A = 1904 and B =

7.665.10
P(GPa) = 2 (1+M>B 1 210
Q) =3 7 (2.10)
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Figure 2.3. Ruby fluorescence peaks under pressure.’

In this study, ruby balls were loaded into the gasket chamber along with the samples for the Raman,
FTIR, Photoluminescence (PL), and UV-Visible Absorption measurements. Whilst most
measurements in this study made use of the ruby fluorescence method, pressure measurements for
XRD measurements pressure were achieved using the XRD patterns of gold flakes in the sample
and the equation of state for gold. Gold was used as XRD measurements were performed remotely,
and thus in-person handing was not required, as opposed to the ruby fluorescence method. Ruby
fluorescence measurements require taking the pressure readings using another system, thus the

DAC must be manually moved.
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2.2.3 Pressure Transmitting Media

The broadening of the R lines due to nonhydrostatic pressure can lead to a poor transmission of
pressure in solids, thus resulting in a pressure gradient across the sample.!! This gradient can
cause the sample to experience different bulk modulus and shear-induced phase transitions, which
are inconsistent and unreliable.!>!* A pressure transmitting media (PTM), which are typically
liquids that remain in the liquid phase in the low pressure range along with being very soft in the
solid phase, thus allowing for the PTM to deform, resulting in a uniform transmission of pressure,
reducing the pressure gradient. Complex fluids such as a 4:1 methanol-ethanol mixture remains
hydrostatic up to 104 kbar at ambient temperature, while adding a small amount of water to create
a 16:3:1 methanol-ethanol-water mixture provides a hydrostatic range up to 145 kbar.® Inert gases

such as helium, neon, argon, and other liquids like silicone oil and N> are also commonly used.®!!

In this study, KBr was used as the PTM for the Fourier-transform infrared (FTIR) measurements
due to its transparency to mid-infrared light. Silicone oil was used as the PTM for the X-ray
diffraction (XRD), Photoluminescence (PL), and UV-Vis absorption measurements. KBr was
obtained from PIKE Technologies as a solid under ambient conditions and silicone oil (5 ¢St

viscosity) was obtained from Sigma-Aldrich.

2.2.4 Sample Preparation

All three samples examined in this study: DPDAPbl;, CMA>MAPb:1;, and CMA>FAPb>I7 were
synthesized by Matthew Hautzinger from Prof. Song Jin’s group at the University of Wisconsin-
Madison. Powder samples were used for Raman and FTIR measurements by packing the ground

power into the gasket chamber. For XRD measurements, the ground powder was packed into the
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DAC without the gasket to increase the density order, thus providing higher diffraction intensities.
KBr was loaded along with the powder samples in the gasket for the FTIR measurements to help
reduce laser damage. Raman measurements did not require any PTM as the highest achieved
pressure was relatively low and minimal laser damage was observed. Silicone oil was used as the
PTM for XRD, PL, and UV-Vis absorption measurements. PL. and UV-Vis measurements were
done using single crystals as they were found to give more accurate results, with both the crystals

and silicone oil being loaded into the gasket chamber.

2.3 Experimental Techniques

Structural and optoelectronic properties of all three samples were studied through Raman, FTIR,
XRD, PL, and UV-Vis measurements. Vibrational spectroscopy like Raman and FTIR help to
examine the changes in vibrational frequencies as pressure increases, which can in turn provide
useful information on the structural properties.  Splitting/merging of  peaks,
appearance/disappearance of new/old peaks, and sudden changes in the Raman shift as pressure
changes can help identify possible phase changes. The broadening and gradual disappearance of
peaks as pressure increases can help identify amorphization. Phase changes can also be observed
in XRD measurements through peak splitting, peak appearance/disappearance, and sudden
changes in peak shifts which can help identify the crystal structure of the compound in the low and
high-pressure phases. Optoelectronic properties, such as photoluminescence and bandgap can be

determined through PL and UV-Vis measurements.
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2.3.1 Raman Spectroscopy

There are two forms of scattering that occur when monochromatic light is used to illuminate a
material, elastic, and inelastic scattering. Elastic scattering, known as Rayleigh scattering, is the
most common and occurs when the scattered photons have the same frequency as the incident
beam (v9) and is strong.'# Inelastic scattering, known as Raman scattering, occurs when the photons
are scattered with a very weak intensity (around 107 times vy) and frequency of vy £ v,,, where v,
is the vibrational frequency of the molecule.'* The Raman scattering of a photon follows either the
emission or absorption of a phonon and can be described using a Feynman diagram (Figure 2.4).?
The shifts in frequency are classified as either Stokes (vo - vi») where a photon of lower energy is
emitted and is subsequently shifted downfield to a lower frequency and excited to a higher
vibrational energy level (phonon emission), or Anti-Stokes (vo + vi») where a photon of higher
energy is emitted and is subsequently shifted upfield to a higher frequency and relaxed to a lower
vibrational energy level (phonon absorption).'* The processes of Stokes and Anti-Stokes scattering
can be seen in Figure 2.4, where o, k correspond to the incident photon, ®’, k correspond to the

scattered photon, and Q, K correspond to the emitted/absorbed phonon.?

Stokes Anti-Stokes

Figure 2.4. Schematic of Raman shifts: Stokes (left) and Anti-Stokes (right).?
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Classical theory can be used to explain Raman scattering as shown in equation 2.11, where a is
the polarizability, q is the nuclear displacement, oo is the polarizability at equilibrium, and qo is
the displacement at equilibrium.'* For Raman scattering to be possible, the rate of change of a with

respect to the change in q evaluated at equilibrium must not equal zero (Raman active).'*

Ja

(60() 40
dq”°
Quantum mechanically, during Raman scattering a phonon is either created or destroyed, where

the energy (Av) is stated by equation 2.12, where vpuonn 1s the frequency of the scattered photon

and Vphonon is the frequency of the created/destroyed phonon.?
hvphoton = hv, hvphonon (2.12)

For this study, an Acton SpectraPro 25001 spectrometer was used for the Raman measurements,
which includes a charged coupled device detector that is cooled by liquid nitrogen. The grating
used was 1200 I/mm and calibration was done using neon emission lines. Manual adjustment of
the DAC was performed once mounted on the stage. A schematic of the system can be seen in
Figure 2.5. The laser used was a class 3B diode red laser (A = 780 nm) with a maximum power <

500 mW due to the PL of the samples studied, in particular DPDAPbI,.
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Figure 2.5. Schematic of Raman system.'”

2.3.2 FTIR Spectroscopy

In contrast to Raman spectroscopy, FTIR spectroscopy involves the absorption of photons. The
absorbance is obtained by taking a reference spectrum (/y) in addition to the sample spectrum (I)
and is then calculated along with the transmission using the Beer-Lambert law, as seen in equation

2.13, where « is the absorbance and 7 is the transmittance.

lo
a = 10g10(7) (2.13)
- I
=1

While in Raman spectroscopy monochromatic is used as the beam, in FTIR spectroscopy the beam

is formed from broadband light that is passed through a Michelson interferometer, which helps to
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collimate the incoming light and controls the wavelengths of light emitted towards the sample.
Once collimated, the light is then sent to a beam splitter, a fraction of the original light is sent

through the sample and then refocused towards the detector.

For this study a VERTEX 80V FTIR spectrometer from Bruker with a mercury cadmium telluride
midband detector that was cooled with liquid nitrogen was used. The detector allowed for
measurements between 600 cm”’ and 5000 cm’, with manual adjustment of the DAC being
performed once mounted on the stage. A schematic of the system can be seen in Figure 2.6. A
background was taken by first loading an empty gasket into the DAC and adjusting the iris to the
same size as the gasket hole, which is left unchanged for the duration of the background
measurement. The gasket was then removed, the DAC is closed ensuring the diamonds do not
touch, the edge is located and focused, and finally the position is readjusted, and the background
is taken and used as the reference spectrum taken and used as the reference spectrum touch, the
edge is located and focused, and finally the position is readjusted, and the background is taken and

used as the reference spectrum.
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Figure 2.6. Schematic of FTIR system.'®

2.3.3 X-Ray Diffraction

In regards to determining the structure of crystalline materials, diffraction is the most common
method, with the three main techniques using x-rays, electrons, and neutrons. However, as
diamond is unable to effectively transmit electrons and neutrons, X-ray diffraction (XRD) is the
most convenient diffraction technique for DACs. X-ray diffraction involves subjecting the material
to a beam of collimated monochromatic hard x-rays (on the order of angstroms). Upon contact
with the crystal, the x-rays are diffracted, producing patterns resulting from both constructive and
deconstructive inferences, and thus the intensities and angles can be measured. As crystalline
substances consist of parallel rows of atoms separated by a “unique” distance known as the d-

spacing, XRD patterns follow Bragg’s Law, as seen in equation 2.14 and Figure 2.7, where n is
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the order of diffraction, 4 is the wavelength, d is the d-spacing, 4 is the diffraction angle, and d and
0 are dependent on the Miller indices (hkl).!”

nil = Zdhleinehkl (214‘)

0, 20 — Bragg angles
2A = 2d,,, sin® —path difference

(hkl)

Figure 2.7. Schematic of Bragg’s Law.!”

While XRD measurements of a sample can be conducted in either single crystal or powder form,
all measurements in this study were performed with powder samples. Single crystal diffraction
uses crystals to reflect the x-ray beam to measure the angles and intensities. However, while all
information about the structure can be obtained, single crystals are difficult and sometimes
impossible to prepare, orienting the crystal is time-consuming, and data analysis is often
complicated if more than one phase is present. Powder diffraction involves using a crushed powder
sample to diffract the x-ray beam. In comparison to its single crystal counterpart, some key
advantages to powder diffraction are that powder samples are easier to prepare, observation of all
reflections are guaranteed, and is the best way to monitor phase changes as a function of

temperature and pressure. Thus, it is crucial to crush the sample into a fine powder.
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XRD measurements can be done in the lab, however poor XRD quality is common given the
relatively low intensity of x-ray emission from in-lab sources. Thus, for experiments using a DAC,
synchrotron XRD is preferred due to their much greater emission intensities and ability to choose
the wavelength. Synchrotron x-ray sources also provide more intense peaks due to the high

emission intensity, thus leading to a better signal-to-noise ratio.

Refinement of the 1D XRD powder patterns allows for structural analysis at high pressure. The
most effective refinement method is Rietveld refinement, which can provide the lattice parameters,
which can in turn be used to determine potential phase changes and obtain the bulk modulus of a
particular phase. The lattice parameters can also be used to determine any anisotropic compression
present upon compression. The subsequent crystal structures at high-pressure can be used to
determine the bond lengths and bond angles. This allows for the analysis of potential distortion of
the lead-halide octahedra, further providing a better understanding of the connection between the
structural modifications and the pressure-tuned optoelectronic properties. Furthermore,
amorphization of the sample can also been identified through broadening of the XRD peaks upon

compression.

For this study, the high pressure XRD measurements were performed remotely at the 16-BMD and
16-IDB HPCAT beamlines at the Advanced Photon Source (APS). Samples were prepared and
pre-loaded in-lab before being shipped directly to the APS. DACs were mounted with a membrane
on the stage, both of which were controlled manually. NoMachine, a remote desktop software, was
used to remotely align the DAC and collect the diffractograms, with very fine CeO2 used as the

calibration for both beamlines. Dioptas was used to mask and integrate the diffractograms. For the
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DPDA sample, the 1D XRD powder patterns were refined first through LeBail refinements and
then further through Rietveld refinements to obtain both the cell parameters and unit cell volumes
using GSAS-II (General Structure Analysis System II).!"® For the CMA samples, only LeBail

refinements were performed.

2.3.4 Photoluminescence

Photoluminescence occurs upon the emission of light following the absorption of photons. In
semiconducting materials, photons are emitted upon radiative recombination of electron-hole
pairs. In 2D HOIPs, this recombination often occurs through exciton emission, generally either
free (FE), self-trapped (STE), and at times both.!%?*2122 The total energy of an exciton is given by
equation 2.15, where E; is the bandgap energy, E is the exciton binding energy, and Eji, 1s the
kinetic energy.

E, =E;— Ey + Eyin (2.15)
Photoluminescence measurements were performed using the same Acton SpectraPro 25001
spectrometer and LN2-cooled charged-coupled device detector as the Raman system. A beam
splitter was used to direct the laser towards the sample. Excitation was achieved using a Laserglow
Technologies continuous-wave diode-pumped solid-state laser emitting at a 360 nm wavelength
with maximum laser power of 0.25 mW to ensure no laser-induced damage. The DAC was
manually adjusted once mounted on the xyz stage, and a 300 I/mm grating was used to allow for a

larger wavelength band to be measured. A schematic of the system can be seen in Figure 2.8.
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Figure 2.8. Schematic of PL and UV-Vis system.?’

2.3.5 UV-Visible Absorption

UV-Visible absorption spectroscopy is a common technique used to measure the amount of light
a sample absorbs in both the UV and visible parts of the electromagnetic spectrum.
Semiconducting materials will absorb light with greater energy than its bandgap and in turn
transmit light with lower energy than the bandgap. In order to obtain an accurate measurement, a
background must be taken first with the empty gasket to determine the transmission through the
diamond anvils, which in this case acts as the sample holder. For all UV-Vis measurements in this
study a background measurement was taken at the beginning and used for all pressure points.

Silicone oil was used as the PTM, with a single crystal being loaded such that it only covers part
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of the gasket with the other part covered by the silicone oil. After the background is taken the

transmission is measured and the subsequent absorbance can be calculated.

The absorbance was calculated using equation 2.16, where T is the transmittance. The bandgap
can then be calculated using the absorbance and equation 2.17, where o is the absorption
coefficient, E, is the bandgap, and 4 is a proportionality constant.>* The value of 7 is determined
by the nature of the electronic transition, either allowed or forbidden and direct or indirect,

summarized in Table 2.1.%*

A= —10g10 T (216)

(ahv)% = A(hv — E,) (2.17)

Table 2.1. Values for n for electronic transitions

Type of Transition Allowed/Forbidden n
direct allowed 1/2
direct forbidden 3/2
indirect allowed 2
indirect forbidden 3

Upon plotting ahv vs. hv (known as a Tauc plot), the bandgap can then be extrapolated by fitting
the linear portion of the plot with the bandgap being the x-intercept.?* The Tauc method has been
used as an effective method for estimating the bandgap of materials, such as for ZnO shown in

Figure 2.9 below.?*
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Figure 2.9. Tauc plot of ZnO thin film with bandgap of 3.27 eV.*

Monitoring the bandgap change, either a reduction or increase, upon compression can help further
the understanding of the potential PL changes. The structural modifications can then be used to
determine the mechanisms behind the bandgap change, thus providing valuable insights into the

effects at high-pressure on the studied materials.

UV-Vis measurements in this study were performed using an Ocean High-Resolution spectrometer
from Ocean Insight, employing a setup similar to the PL measurements (Figure 2.8). The beam
splitter was pulled out as laser excitation is not required for UV-Vis measurements. A 75 W xenon
light source from ThorLabs with an emission wavelength range of 240-1200 nm was used, and an
optical fiber was employed to direct the light to the sample. The DAC was manually adjusted once

mounted on the xyz stage. Similar to the FTIR measurements, an iris was used to select a region
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of sample chamber, which remained unchanged once selected. A reference spectrum was obtained
using an empty portion of the chamber, followed by a dark background measurement by blocking
the light source in the same empty section. Once both spectrums were saved, a portion of the

sample was moved into place and the measurement was taken.
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3. Effects of High Pressure on the Structures

and Optoelectronic Properties of DPDAPbI,4

3.1 Introduction

The organic spacer is of particular interest in regards to the structural and optical properties of 2D
HOIPs.">3 The selection of the organic spacer is highly important in regards to maintaining
structural stability in the 2D structure, with several factors governing the selection.!* One such
factor is the charge of the spacer, with 1+ (monovalent) and 2+ (divalent) spacers the most common
for 2D HOIPs, while trivalent (3+) and higher charge spacers are not ideal due to their inability to
achieve charge balance.® Another important factor is the shape of the spacer, with considerations
required for both the amino head and the organic tail.> Primary ammonium cations are preferred
for 2D HOIPs as they are much easier to insert between the inorganic layers.® The organic tail can
adopt 1 of 3 shapes: linear, branched, or cyclic, with linear tails the most flexible and most common
for 2D HOIPs whilst cyclic tails are the least flexible due to restricted position of the ring.®> The
size of the spacer is also of importance, for example it was reported that the linear spacers for n =
1 2D HOIPs contain 18 carbons.? On the other hand, cyclic spacers with 3-6 carbons were the only

one found to form 2D HOIPs, with greater member rings only able to form 1D structures.**

The <100> orientation is the most common for 2D HOIPs, with the major classes being
Ruddlesden-Popper (RP) and Dion-Jacobson (DJ) perovskites.>> While the RP type has been more
extensively studied, DJ-type perovskites have been gaining interest in recent years. In particular,

focus has been shifted towards 2-dimensional network (2DN) lead halide perovskites which are
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templated by alkylammonium dications, (NRN)PbX4 (NRN = alkyldiammonium).®”-8>1%!1 One
such example is DPDAPbI4, a DJ 2D HOIP where the N,N-dimethylphenylene-p-diammonium
(DPDA) spacer is divalent (m = 1) and thus has a 2+ charge. Furthermore, the DPDA spacer is
both rigid and asymmetrically substituted into the spaces formed by the Pbls octahedra, as seen in
Figure 3.1b, thus leading to greater distortion in the lead halide octadehra.® 2D metal halide
perovskites are of particular interest due to their effective light emission and non-linear electronic

properties.&1213:14

A) B)
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Figure 3.1. Structure of DPDAPbI,. (A) Schematic of DPDA spacer and (B) Crystal structure at
ambient pressure.

As detailed in Table 3.1, DPDAPbI; has a monoclinic crystal structure with a P21/n space group
at ambient pressure and was first synthesized in 2017 by Hautzinger et al.® The Pbls octahedra
exhibit a corner-sharing octahedra mode (Figure 3.1b) and this particular HOIP is isostructural.®

As seen by the structure (Figure 3.1a), the DPDA spacer consists of a phenyl ring with two

50



ammonium ligands (VH" and NH;") attached in the para position, where NH" has two additional

methyl groups attached.®

Table 3.1. Crystallographic parameters of DPDAPbI, under ambient conditions.®

Parameter DPDAPbI,
Crystal Structure Monoclinic
Space Group P2i/n
T (K) 100(1)
a (A) 6.417(2)
b () 12.601(3)
c () 21.734(5)
B (®) 96.832(7)
Vv (%) 1744.9(8)

The two Pb-I-Pb bond angles of 167° and 177° (Figure 3.2) are both close to the ideal angle of
180° and greater than the values of 166° and 177° for the PbBrs analogue, whilst the Pb-I bond
distances of 3.0158(8) (A) and 3.3873(8) (&) are much closer in range than those of the PbBry
analogue. These larger angles are a result of the deep penetration of the DPDA cations into the
Pbls> octahedra spaces (Figure 3.1b). In particular, the NH3" plane distance from the iodide plane
is -1.110(2) (A), a much greater penetration compared to the typical range of -0.7-0.7 (A) for 2DN
lead-iodide perovskites studied by Du et al.!3 Du et al. observed that the Pb-X-Pb (X =TI, Br, CI
) bond angle decreases for penetration between -0.7-0.4 (&), whilst penetration beyond 0.7 (A)
increases the Pb-X-Pb bond angle.!® In the case of DPDAPbI,, the greater penetration results in an
increase in the H-I distance, thus weakening the hydrogen bond interaction and increasing Pb-I-

Pb bond angles.®!?
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Figure 3.2. DPDAPbI, Pb-1-Pb bond angles along ¢ axis where grey balls represent Pb, and pink
balls represent 1.6

As seen by the UV-Vis absorption spectrum of DPDAPbI, (Figure 3.3A), the main excitonic peak
occurs around 2.37 eV and is significantly redshifted in comparison to previously studied 2DN
lead-iodide perovskites.® This redshift is a result of the increased Pb-I-Pb bond angles in the lead-
iodide octahedra, which leads to increased orbital overlap in the lead and iodide LUMO, thus
leading to a conduction band of lower energy and decreasing the exciton energy, as previously
shown by Amat et al. in 2017 during their study on band gap tuning of MAPbI; and FAPbI;.5"
The PL spectrum of DPDAPbI4 (Figure 3.3A) also shows a broad peak at around 537 nm under
ambient conditions attributed to the emission of free excitons (FE), as indicated by the relatively
weak shift of the emission relative to the excitonic absorption peak.® Temperature-dependent PL
spectrum (Figure 3.3B) showed that the intensity of the free exciton peak increased as the
temperature decreased, along with the onset of a new broad redshifted low energy peak.® This new
peak is attributed to the low-temperature emission of self-trapped excitons (STE), and has

previously been reported in 2DN lead-bromide perovskites but not in 2DN lead-iodide
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perovskites.®!® A strong correlation between octahedral distortions and the emission of STEs has
been previously shown, and thus it is not surprising that DPDAPbI4 exhibits this broad emission

at low temperatures.®!6
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Figure 3.3. (A) Absorbance (line) and PL (scatter) spectra of DPDAPbI; under ambient
conditions. (B) Temperature-dependent PL spectrum of DPDAPbI,.°

The density functional theory (DFT) calculated partial density of states (PDOS) of DPDAPbI4
(Figure 3.4) indicates that the major contribution to the valence band maximum (VBM) comes
from iodide and the major contribution to the conduction band minimum (CBM) comes from the
lead-iodide bonds.® Contributions from the DPDA spacer are observed for the near-edge
conduction band, suggesting that the properties of DPDA might contribute to the electronic

structure of DPDAPbI,.°
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Figure 3.4. Partial Density of States (PDOS) of DPDAPbI,.

The rigidity of the organic spacer in 2D HOIPs can play a significant role in optimizing the
optoelectronic properties for use in various applications, including solar cells. The DPDA dication
spacer is of particular interest given its high rigidity and deep insertion into the lead-halide
octahedral spaces, leading to enhanced octahedra distortions. These results coupled with the
intriguing photoluminescent properties at ambient pressure make DPDAPbI, a highly promising
candidate for HP studies, with the ideal goal of permanently changing the optoelectronic
properties, particularly the bandgap, by achieving irreversible pressure-induced modifications.
Studying the changes to both the structure and optoelectronic properties at HP of DPDAPbI4 can
provide valuable insights into the impact of rigid spacers in inducing modifications to the Pbls
octahedra and how the deep insertion of the spacer can modify the hydrogen bonds between the
NH;" groups and the iodine. Furthermore, understanding the behavior of DPDAPbI,at HP can also

provide a basis for the study of other 2D lead-iodide perovskites with highly rigid organic spacers.
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In this chapter, the behavior of DPDAPbI+ was probed at HP. Vibrational spectroscopy was used
to provide a preliminary characterization of a possible phase transition and the hydrogen bonding
between the NH; "™ group of the DPDA organic spacer and the iodide of the Pbls octahedra. X-ray
diffraction measurements at HP provide confirmation of the phase transition and help to
characterize the compressibility upon compression. Furthermore, analysis of the Rietveld
refinement of the 1D powder patterns provides further evidence of the phase transition and also
offers valuable insights into the octahedral distortion enhancement at HP. The optoelectronic
properties were probed at HP through photoluminescence, used to examine the excitonic and
bandgap behavior upon compression, and UV-Vis Absorption measurements, used to provide a
direct measurement of the bandgap change at HP. This work represents the first HP study on

DPDAPbI,; and builds upon the previous temperature-based study conducted by Hautzinger et al.®

3.2 Synthesis and Experimental Details

The synthesis of DPDAPbI; was performed by Matthew Hautzinger from Dr. Song Jin’s group at
the University of Wisconsin-Madison. The high sensitivity of DPDAPbI, to light resulted in slight
modifications for the sample loading for the Raman measurements. DPDAPbI; powder was loaded
into the gasket along with the ruby and KBr to help avoid laser damage due to the high fluorescence
of the ruby ball. No pressure transmitting medium (PTM) was required for Raman measurements
due to the softness of the sample. Calibration was achieved using neon emission lines and a 1200
I/mm grating was used. A red excitation wavelength (A = 780 nm) was used due to the large
luminescence from the sample. For FTIR measurements, DPDAPbI; powder was loaded into the
gasket along with the ruby and KBr to reduce laser damage and no PTM. In-situ synchrotron

X-ray diffraction (XRD) were performed remotely at the 16-BMD and 16-IDB HPCAT beamlines
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at the Advanced Photon Source (APS). Calibration was done using a 20 keV (A = 0.6199 A) X-ray
beam along with CeO; powder. The packed DPDAPbI, powder sample was loaded into the gasket
chamber along with ruby balls for initial pressure gauging, fine gold powder for in-situ
measurements, and silicone oil as the PTM. The Photoluminescence and UV-Vis absorption
measurements were performed using single crystals with silicone oil as the PTM. To avoid laser
damage of the sample, the ruby was loaded near the edge of the gasket to separate it from the single

crystal.

3.3 Results and Discussion

3.3.1 Vibrational Spectroscopy

Raman and FTIR Spectroscopy were employed to measure and identify various vibrational modes
within the DPDA spacer. This allowed for the characterization of structural changes and possible
phase transitions in DPDAPbI4. Among the numerous vibrational modes observed, this work
primarily delves into those that offer significant insight into intriguing pressure-induced structural
modifications and phase transitions. The Raman and FTIR spectra at ambient pressure can be seen

in Figure 3.5.
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Figure 3.5. Ambient pressure vibrational spectra of DPDAPbI,.

The observed vibrational modes for both the Raman and FTIR measurements were assigned using
DPDA calculations in its vapor phase in vacuum compared with the ambient pressure spectra (0

GPa). Table 3.2 and Figure 3.6 display the assignment of the characteristic peaks and schematics

of the modes, respectively.

Table 3.2. Characteristic Peak Assignment for DPDA Spacer.

T
1600

Peak | Calculated (crm’) | Raman (cm™) | FTIR (cm™) Assignment
1 450 405 N-CH; scissoring
2 551 535 Ring bending
3 845 828 834 Ring CH puckering
4 1329 1318 Ring breathing |
5 1353 1335 Ring breathing II
6 1509 1440 1430 CH3-NH rocking
7 1535 1465 1459 NH; bending
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1329 cm™

V4

Figure 3.6. DPDA Spacer Vibrational Mode Schematics. a) NH; bending, b) CH3 — NH rocking,
c) N — CHj; scissoring, d) ring breathing I, e) ring breathing II, f) ring bending, and g) CH ring
puckering.

A peak splitting in the Raman spectra of the N-CHj; scissoring mode (Figure 3.7) is observed,
indicating a possible phase transition around 1.5 GPa. Initial broadening is observed up to 2.64
GPa with the two peaks being unresolvable, followed by a resolvable doublet upon further

compression beyond 2.64 GPa. Furthermore, the observed blueshift of the ring bending mode

(Figure 3.8) provides further evidence of the phase transition with a greater shift experience
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beyond 1.5 GPa. The observed splitting likely indicates a pressure-induced enhancement in both
the octahedral distortion and the N-H I hydrogen bonding interactions, with the latter most likely
leading to shortening of the Pb-I bond lengths upon compression, which in turn would further

suggest a bandgap reduction.
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Figure 3.7. Raman spectra of N-CH3 scissoring mode. (A) spectra upon compression and (B)
Raman shift as a function of pressure.
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Figure 3.8. FTIR spectra of the ring bending mode. (A) spectra upon compression and (B)
wavenumbers as a function of pressure.
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The IR and Raman spectra of the NH3 bending and CH3-NH rocking modes all exhibit a redshift
upon compression (Figure 3.9), thus providing evidence of the N-H 1 hydrogen bonding
interactions. These interactions are believed to be Hy---1 bonding occurring between the organic
DPDA spacer cations (NH3") and the iodide in the inorganic Pbls octahedra, with similar
interactions having been previously observed in PMA>Pbl,."" Furthermore, the more significant
shift beyond 1.5 GPa provides further evidence of the proposed phase transition and indicates an

enhancement in the hydrogen bonding interactions upon compression.
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Figure 3.9. Raman and FTIR spectra of the NH3 bending and CH3-NH rocking modes. (A) Raman
spectra upon compression, (B) FTIR spectra upon compression, and (C) Raman shift of NH3
bending (blue pentagons), CH3-NH rocking modes (red circles) and frequency of NH3 bending
(open blue triangles), CH3-NH rocking modes (open black squares) as functions of pressure.

The ring CH puckering mode also experienced a redshift upon compression with a more significant
shift observed in the low-pressure region (>1.5 GPa) followed by a more constant shift upon
further compression beyond 1.5 GPa (Figure 3.10). Interestingly, the ring breathing mode I

exhibits a blueshift upon compression following a similar pattern to the ring CH puckering mode

with a more significant shift observed in the low-pressure region followed by a constant shift
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beyond 1.5 GPa (Figure 3.10). These results provide yet further evidence of the proposed phase

transition around 1.5 GPa.
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Figure 3.10. FTIR spectra of the ring CH puckering and ring breathing I modes. (A) spectra upon
compression and (B) frequency of ring CH puckering (black squares) and ring breathing I (red
circles) modes as functions of pressure.

Upon further compression beyond 5 GPa amorphization of the DPDA spacer becomes apparent
evidenced by the broadening of the peaks in both the Raman and IR spectra. Furthermore, upon

decompression both the Raman and IR spectra were found to be identical to the pre-compression

state, suggesting reversible structural modifications and no metastable changes occurred.

3.3.2 X-Ray Diffraction

To help confirm and provide further evidence of the pressure-induced structural modifications in
DPDAPbI; in-situ synchrotron XRD measurements were performed at HP. At ambient pressure,
DPDAPbI; was identified as having a monoclinic crystal structure with a P21/n space group. The

refined lattice parameters are shown in Table 3.3 in comparison to the previous values obtained by
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Hautzinger et al.* DPDAPbI,; was also determined to have a slightly distorted Pbls octahedra where

the ¢ parameter is nearly 3 times the length of the a parameter and twice as long as the b parameter.

Table 3.3. Refined unit cell parameters of DPDAPbI4 at ambient pressure for study in comparison
with previous work by our collaborators.

Parameter This study Collaborators
T (K) 300 100(1)
a (A) 6.452 6.417(2)
b (A) 12.671 12.601(3)
c (A) 21.897 21.734(5)
B (°) 97.012 96.832(7)
V (A3) 1776.6 1744.9(8)

As shown in Figure 3.11, majority of the diffraction peaks were found to shift to higher 26 angles
upon compression, indicating a lattice contraction. Furthermore, the lack of significant changes
suggests that the proposed phase transition is likely isostructural. The broadening of the peaks
above 5.5 GPa indicates the onset of amorphization, in good agreement with the vibrational

spectroscopy measurements.

Intensity (arb. units)

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
20 (°)

Figure 3.11. XRD patterns of DPDAPbI,; upon compression.
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Rietveld refinements of the 1D XRD patterns were performed using the initial P2i/n crystal
structure upon compression to around 5.5 GPa. Upon further compression the onset of
amorphization made refinement much more challenging. The Rietveld refinement at 3.59 GPa can
be seen in Figure 3.12. Upon decompression the recovered state was found to be identical to the
pre-compression, thus once again indicating reversibility consistent with the vibrational

spectroscopy measurements.
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Figure 3.12. Rietveld refinement for 3.59 GPa.

Upon plotting the refined lattice parameters as functions of pressure (Figure 3.13 and Table 3.4),
an anisotropic compression along the ¢ direction was determined evidenced by the greater
compressibility in comparison to the @ and b parameters. This was likely a result of the sandwich
structure resulting from the rigid organic spacers and the inorganic octahedra. Furthermore, all
parameters were found to slow slight discontinuities at around 1.5 GPa, providing confirmation of
the phase transition. The space group was also found to be unchanged for all refinements, thus also

confirming the phase transition as isostructural.
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Figure 3.13. Rietveld refined results on 1D XRD patterns of DPDAPbI,. (A) Normalized unit cell
parameters as functions of pressure and (B) unit cell volume as a function of pressure fitted with
the 2™ order Birch-Murnaghan equation of state (solid black line).

Pressure (GPa) a (A) b (A) ¢ (A) B (©) V (A3)

0 6.4519 12.6705 21.8965 97.012 1776.6243
04 6.4267 12.5715 21.5148 96.6164 1726.6737
0.74 6.3573 12.5142 21.1571 95.4403 1675.6035
1.16 6.3224 12.4232 20.8121 94.5832 1629.4476
1.56 6.2722 12.3308 20.4878 93.8124 1581.0456
1.75 6.2618 12.3082 20.4221 93.7903 1570.5188
2.31 6.2361 12.2743 20.1997 93.6549 1543.0163
2.86 6.2027 12.1992 20.042 93.5566 1513.6167
3.59 6.1681 12.1289 19.8255 93,5528 1480.3401
3.98 6.1492 12.0556 19.7288 93.4807 1459.8433
4.93 6.1153 11.9776 19.4789 93.1579 1424.5971
5.47 6.0804 11.9209 19.342 92.8536 1400.244

Upon fitting the unit cell volumes with the 2™ order Birch-Murnaghan equation of state (Figure

3.13) for both phases, once again a slight discontinuity was observed around 1.5 GPa providing

further evidence of the phase transition. It was determined that V5 = 1780.77 A3 and Ky = 11.77

GPa for phase I and Vp = 1700.43 A3 and Ky = 19.46 GPa for phase II. These results suggest a
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greater bulk modulus for phase I, thus indicating greater compressibility in phase I compared to

phase II.

3.3.3 Photoluminescence

To probe the effects of HP on the excitonic structure within DPDAPbI;, HP PL measurements
were conducted using 360 nm UV excitation. The PL spectra upon compression along with the
optical images is shown in Figure 3.14. DPDAPbI, was found to have a slightly asymmetric
emission profile at ambient pressure with a peak at around 538 nm, attributed to the emission from
free excitons (FE), which have been frequently observed is previously studied 2D HOIPs.® Upon
compression the peak is found to broaden, attributed to the emission from self-trapped excitons
(STE), which have been observed previously in (3AMPY)Gela.'®!” Furthermore, the intensity of
the FE peak is found to increase upon compression to 1.49 GPa at which point the intensity is
around 3-4 times greater than that at ambient pressure. This is subsequently followed by a gradual
decrease in intensity until eventual quenching at 5.56 GPa. These changes are further evidenced
by the optical images showing a clear change from bright green emission at low-pressure to even

greenish-red and eventual black upon compression to 5.70 GPa.
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Figure 3.14. PL measurements of DPDAPbI; at selected pressures with optical images.

A broadening of the STE peak was observed upon compression to 1.23 GPa followed by a
narrowing of the STE peak and increased domination of the FE peak until eventual full dominance
beyond 3.29 GPa. The schematics of the emission profiles at 1.49 and 3.29 GPa can be seen in
Figure 3.15. This broad STE emission at low-pressure has also been previously reported at low-
temperature by our collaborators, thus indicating strong correlation between the pressure and
temperature-based measurements. The observed changes in the STE and FE peaks likely result

from changes in the octahedral distortion upon compression, which have previously reported in

other 2D HOIPs.%'¢
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Figure 3.15. PL emission profiles showing both free (blue) and self-trapped (green) excitons in
DPDAPbI; at (A) 1.49 GPa and (B) 3.29 GPa.

A continuous redshift of the prominent FE peak is observed upon compression at a rate of 15.71
nm/GPa (Figure 3.16). This observed redshift likely indicates a bandgap reduction, which would
suggest a shortening of the Pb-I bond lengths upon compression. Furthermore, the maximum PL
intensity observed at 1.49 GPa in phase I provides further evidence of the phase transition at 1.5

GPa. These results are once again evidenced by the optical images shown in Figure 3.14.
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Figure 3.16. PL of DPDAPbI, at HP. (A) normalized spectra upon compression and (B) emission
wavelength and peak intensity as functions of pressure.

Furthermore, upon decompression the PL peak profile and position were found to return to that of
the pre-compression state (Figure 3.17), thus indicating reversible excitonic changes consistent
with the reversible structural modifications highlighted by both the vibrational spectroscopy and

XRD measurements.
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Figure 3.17. PL spectra of DPDAPbI, before and after compression.
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3.3.4 UV-Vis Absorption

To probe the effects of HP on the electronic structure of DPDAPbI; and provide direct
measurements of the bandgap behavior, UV-Vis absorption measurements were conducted at HP.
As seen in Figure 3.18, a continuous redshift of the absorption edge is observed upon compression,
indicating a bandgap reduction in good agreement with the HP PL measurements. This is further
evidenced by the optical images which shows a yellow-orange crystal near ambient pressure. This
is followed by a change to orange-red upon compression to around 2.5 GPa. Further compression
results in a change to red around 6 GPa and eventual dark reddish-purple around 8 GPa.
Furthermore, upon decompression the crystal was found to blueshift and eventually return to the

pre-compression bright yellow color.

Upon performing Tauc analysis at ambient pressure, DPDAPbI; was determined to have a direct
bandgap of 2.26 eV, in good agreement with computational value of 2.103 eV and the previous
value of 2.37 eV reported by Hautzinger et al.® One possible reason for the difference between the
experimental value and the previously reported value is the use of thin films by Hautzinger et al,
while this study used a slightly thicker single crystal.® Upon plotting the bandgap as a function of
pressure (Figure 3.18) a bandgap reduction was confirmed from 2.26 to 1.87 eV upon compression
to 8.84 GPa, once again in excellent agreement with the PL measurements. Furthermore, the
bandgap was determined to be direct for all pressure points and upon decompression the bandgap
was found to return to 2.25 eV. This result coupled with the optical images indicates reversible
bandgap behavior, once again consistent with the vibrational spectroscopy, XRD, and PL

measurements.
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Figure 3.18. UV-Visible absorption of DPDAPbI, at HP. (A) optical images at selected pressures
for both compression and decompression, (B) absorbance spectra upon compression, and (C)
bandgap as a function of pressure in comparison with computational values with Tauc plot at 6.87
eV in inset.

3.3.5 Comparison of Experimental and Computational Results

To develop a deeper understanding of the pressure-induced structural modifications on DPDAPbI4,
computations were performed on unit cell parameters and the unit cell volume (Figure 3.19). All
parameters were found to decrease monotonically, an expected result as a single crystal structure
and space group were assumed. Once again, the ¢ parameter was found to exhibit the greatest

compressibility, confirming the anisotropic compression along the ¢ direction. Furthermore, the
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computed bulk modulus of 12.31 GPa is around 4.59% greater than that of phase I and around

36.74% smaller than that of phase II. Given this, it can be confirmed that the greatest

compressibility does indeed occur in phase 1.
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Figure 3.19. Experimental lattice parameters and cell volume in comparison to computational
results as functions of pressure. (A) a parameter, (B) b parameter, (C) ¢ parameter, and (D) unit
cell volume.

Computational work was also performed to obtain the theoretical band structures and density of
states (DOS) (Figure 3.20) to better understand the pressure-induced changes in the optoelectronic

properties of DPDAPbI,. As mentioned earlier, the computational bandgap value of 2.103 eV is in

good agreement with the experimental value of 2.26 eV. As evidenced by the DOS calculations,
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the valence band minimum (VBM) is mainly contributed by the I 5p orbitals while the conduction
band maximum (CBM) is mainly contributed by the Pb 6p orbitals and the carbon of the DPDA
spacer cations. While the experimental bandgap is greater than the computed bandgap at all
pressures (Figure 3.18), they are good agreement at low-pressure. Furthermore, the VBM energy
was found to increase at a slightly greater rate compared to the CBM energy (0.3335 eV/GPa vs.
0.2936 eV/GPa), thus indicating a faster reduction of the CBM and confirming the bandgap
reduction upon compression. Continuous changes for the contributions at all pressures confirm the

direct bandgap was maintained with no transition to an indirect bandgap, consistent with the

experimental results.
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Figure 3.20. Computed band structures and DOS for DPDAPbI, at (A) 0 GPa and (B) 9 GPa.



3.3.6 Significance of Results

Structural modifications have been identified by the vibrational spectroscopy measurements and
the diffraction analysis. Furthermore, the PL measurements indicate these changes are likely
influenced by changes in the octahedral distortion. Therefore, it is crucial to examine the distortion
upon compression and in turn determine the structural origins behind the modifications and the

mechanisms behind the pressure-induced optoelectronic properties of DPDAPbI,.

To understand the effect of HP on the distortion of the Pbls octahedra computational distortion
analysis was performed for both the bond length distortion (Ad) and the bond angle variance (o)
based on the methods used in previous studies.®?° The bond length distortion was calculated using
equation 3.1, where d;1is the six individual Pb—I bond lengths and d is the average Pb—I bond length.
The bond angle variance was calculated using equation 3.2, where 6; is the individual I-Pb—I bond

angles.

I d;—d
Adz\/gZ[ — ]2 (3.1)

om | G0y 62

As seen in Figure 3.21, an initial decrease in Ad is observed upon compression to around 1 GPa,
indicating relaxation of the octahedral distortion at low-pressure. This initial decrease is in good
agreement with the broadening of the STE PL peak at low-pressure, an intriguing result given that

previous HP studies on other 2D HOIPs suggest an enhancement of the octahedral distortion leads
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to broadening of the STE peak.!® 82021 While the factors contributing to the initial decrease in Ad
remain to be fully understood, the penetration depth of the DPDA spacer cations into the Pbls
octahedral spaces is a possible factor. The penetration depth was determined as the distance
between the N atoms and the plane of the axial iodide atoms?', and the computational results
indicate a decrease in the penetration depth upon compression (Figure 3.22). These results suggest
a pressure-induced relaxation of the organic-inorganic interactions between the DPDA spacers and
the lead-iodide octahedra, thus possibly influencing the octahedral distortion at low-pressure.
Furthermore, upon further compression, a prominent increase in Ad is observed between 1-2 GPa,
indicating a significant enhancement in octahedral distortion, in good agreement with both the
broadening of the STE PL peak (Figure 3.15) and the isostructural phase transition at 1.5 GPa.
Upon even further compression, a general decreasing trend in Ad beyond 2 GPa indicates a return
to a less distorted octahedra, in good agreement with the narrowing of the STE and subsequent full
dominance of the FE PL peak beyond 3.29 GPa (Figure 3.15). Furthermore, ¢ also exhibits an
initial decrease at low-pressure, however the magnitude of the decrease likely indicates that Ad is

the most significant factor behind the overall pressure-induced octahedral distortion.
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Figure 3.21. Computational distortion analysis of DPDAPbI,. (A) bond length distortion and (B)
bond angle variance as functions of pressure.
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Figure 3.22. Penetration depth of DPDAPbI,. (A) Schematic of penetration depth and (B)
computational penetration depth as a function of pressure.

Furthermore, understanding the structure-property relationships can help determine the structural
origins behind the observed structural modifications, in particular the phase transition at 1.5 GPa.

A shortening of all the Pb-I bond lengths was observed upon performing the diffraction analysis.

The equatorial bonds on average were found to contract from 3.22 to 3.14 A upon compression to
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1.56 GPa, in good agreement with the observed increase in Ad between 1-2 GPa. The axial bonds,
intriguingly, exhibited a slight increase from 3.27 to 3.33 A upon compression to 1.56 GPa. These
results also correlate strongly with the confirmed isostructural phase transition at 1.5 GPa, thus the
pressure-induced enhancement of the octahedral distortion constitutes a crucial factor behind the
phase transition. Furthermore, computational work conducted on the N—HI hydrogen bond
lengths (Figure 3.23) indicates, on average, a shortening of these bonds from 2.96 to 2.85 A upon
compression to 2 GPa, confirming the enhancement in the hydrogen bonding interactions
previously proposed by the vibrational spectroscopy measurements and once again in good
agreement with the observed phase transition. Thus, it can be concluded that the pressure-induced
enhancement of both the octahedral distortion and hydrogen bonding interactions constitute the

structural origins behind the observed phase transition at 1.5 GPa.
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Figure 3.23. Hydrogen bonding in DPDAPbI;. (A) N-H 1 hydrogen formation at ambient
pressure and (B) average computational N—H I hydrogen bond length as a function of pressure.
Understanding the mechanisms behind the pressure-induced optoelectronic properties is a crucial

factor for the design of new 2D HOIPs for various optoelectronic applications, in particular solar

cells. Previous studies conducted on other 2D HOIPs indicate a strong correlation between the
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enhancement in the hydrogen bonding interactions and the subsequent bandgap reduction.!”*? In

(PMA)>Pbl, a pressure-induced enhancement in the hydrogen bonding interactions was found to
lead to a significant bandgap reduction from 2.15 eV to 1.26 eV whilst also inducing Pbls
octahedral distortion.!” Another recently studied DJ 2D HOIP, (34MP)Pbl; also showed a
substantial bandgap reduction from 2.10 eV to 1.63 eV resulting from the Pb-I bond length
shortening.®> As discussed above, enhancement of the N-H I hydrogen bonding interactions
between the DPDA spacer cations and the inorganic octahedra is confirmed by the observed
shortening of the calculated N—H'I hydrogen bond lengths from 2.96 to 2.84 A upon compression
to 10 GPa (Figure 3.23). Furthermore, the computations also indicate a shortening of the average
Pb-I bond lengths from 3.27 to 3.02 A for the equatorial bonds and from 3.30 to 3.05 A for the
axial bonds, in good agreement with the experimental results. A reduction of the computed Pb-I-
Pb bond angle from 165 to 150° is also observed upon compression. These results are consistent
with the previous studies conducted on (PMA)>Pbl; and other 2D HOIPs, and the enhancement in
the N—H I hydrogen bonding interactions induces shortening of the Pb-I bond lengths and in turn
leads to the overall bandgap reduction of DPDAPbI; upon compression. Additionally, the
enhancement of the N-H I hydrogen bonding interactions upon compression to 2 GPa (Figure
3.23) is also in excellent agreement with the observed pressure-induced enhancement in the
octahedral distortion, thus it is possible that the octahedral distortions might also play a crucial
role in the bandgap reduction. These observations provide a solid understanding of the interplay
between a highly rigid organic spacer and the inorganic octahedra leading to the pressure-induced

optoelectronic properties at high-pressure.
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3.4 Conclusions

We report the first ever high-pressure study on DPDAPbI,, a DJ type 2D HOIP with a highly rigid
and asymmetrically inserted DPDA organic spacer. A phase transition at 1.5 GPa was identified
through the vibrational spectroscopy measurements and later confirmed by the XRD and PL
measurements along with the subsequent distortion analysis. XRD analysis also confirmed
anisotropic compression along the ¢ direction. The PL measurements indicate a 3-4-fold increase
in the intensity of the prominent FE peak upon compression to 1.49 GPa followed by a gradual
decrease and eventual quenching upon further compression. The UV-Vis absorption
measurements indicate a direct bandgap throughout compression and a bandgap reduction from
2.26 eV to 1.87 eV upon compression to 8.84 GPa. The distortion analysis indicates a significant
enhancement in the bond length distortion between 1-2 GPa, consistent with the enhanced PL
intensity of the FE peak and the subsequent broadening of the STE peak upon compression to 1.23
GPa. An enhancement in the hydrogen bonding interactions is proposed through the vibrational
spectroscopy measurements and is later confirmed by the computational work, with the
enhancement leading to the shortening of the Pb-I bond lengths upon compression, thus
constituting the mechanism behind the overall bandgap reduction. Furthermore, the pressure-
induced enhancement in the hydrogen bonding interactions in tandem with the enhanced
octahedral distortion constitute the major structural origins behind the observed phase transition.
Overall, these results help deepen the understanding of the impact of HP on the structural
modifications and the optoelectronic properties of DPDAPbI.4, thus providing a basis for the design

of future 2D HOIPs for practical applications like solar cells.
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4. Effects of High Pressure on the Structures and
Optoelectronic Properties of CMAMAPb;I; and

CMAFAPb:I,

4.1 Introduction

Among the various applications of both 3D and 2D hybrid organic-inorganic perovskites (HOIPs),
their use in solar cell fabrication has been extensively studied in recent years.!? In particular, the
efficiency of perovskite solar cells have significantly improved over the years, reaching a record
25.6% in 2020, very close to the 26.7% achieved for Si-based solar cells.®> Furthermore, in 2020
Al-Ashouri et al. reported a perovskite-silicon tandem solar cell through self-assembly with a
certified efficiency of 29.15%.%*° However, 3D perovskites exhibit significant disadvantages
including poor stability against humidity and light, restricted chemical composition, and the use
of toxic and volatile cations.!"®”® As a result, a transition to the use of 2D hybrid organic-
inorganic perovskites (HOIPs) in solar cell applications has been made, in particular CMA-based
2D HOIPs (CMA = cyclohexane methylamine) largely due to their enhanced stability under humid
conditions and favorable optoelectronic properties.'®!! Additionally, as the optoelectronic
properties, in particular the bandgap, can be easily modified using high pressure, the ability to
achieve the desired Shockley-Queisser limit of 1.34 eV for the bandgap is greatly increased, thus
further making 2D HOIPs a highly promising candidate for solar cell fabrication.!*!® In particular,

high n-2D HOIPs have generated significant interest in solar cell applications over the years.
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High n-2D HOIPs consist of a greater number of metal-halide octahedra, typically for n = 2-5.'
High n-2D HOIPs also exhibit enhanced stability against moisture in comparison to their 3D
counterparts, thus allowing for solar cell fabrication under humid conditions.'>!® Another
significant advantage of high n-2D HOIPs in comparison to 3D and low n-2D HOIPs is the
suppression of trap states, which can lead to defects thus compromising the performance of the
solar cell.'”"!® Amongst the numerous previously studied 2D HOIPs, CMA-based 2D HOIPs have
garnered significant interest for solar cell applications due to their favorable properties.!®!! In
particular, (CMA),(MA),,_1Pb;, 15,41 highn-2D HOIPs where CMA is cyclohexane methylamine
and MA is methylamine exhibit lower bandgap values at ambient pressure, thus providing greater
potential for achieving the Shockley-Quiesser limit.!%!! Wei et al. showed such perovskites exhibit
enhanced efficiency, with the best efficiency of 15.05% achieved when n = 9.!
(CMA),(MA),,_1Pb, 15,1 high n-2D HOIP solar cells have also been shown to exhibit improved
stability under humid conditions, with the n = 4 perovskite solar cell maintaining 95% of its initial
efficiency upon exposure to ambient air with 60% relative humidity for 1500 hours in comparison
to only 30% for the MAPbI; 3D counterpart.!® Moreover, Wei et al. showed that the n = 9
perovskite solar cell also retained 95% of its initial efficiency upon exposure to ambient air with
40-70% relative humidity for 4600 hours.'! In comparison, the efficiency of the MAPbI; 3D
counterpart solar cell rapidly declined after 500 hours followed by becoming completely damaged

after 2160 hours.!!

In addition to the enhanced stability under humid conditions, (CMA),(MA),_1Pb,l5,41
perovskites also exhibit excellent optoelectronic properties. In particular, Wei et al. reported that

the n = 1 perovskite (CMA.Pbl,) exhibited PL emission at 536 nm with intensity much greater
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compared to most lead-based n = 1 perovskites.!? Furthermore, Jia et al. reported a surprisingly
high photoluminescence quantum yield of 16.3% for CMA:Pbl4, which is rarely observed in
previously studied 2D lead-halide perovskites.!” CMA is also a highly soft organic spacer, thus
making high-pressure (HP) studies highly intriguing, especially given the greater expected
compressibility. Thus, this along with the improved stability and promising optoelectronic
properties under ambient conditions make (CMA),(MA),,_1Pb, 15,1 perovskites ideal candidates
for high-pressure (HP) studies as the modifications to achieve the desired properties for
implementation in solar cell applications are greatly reduced. Additionally, understanding of the
behavior of high n CMA-based 2D lead-iodide perovskites can provide valuable insights into the
impact of greater lead-halide octahedra in achieving the desired properties for solar cell

applications.

Among the several organic cations used for perovskites, in particular 3D perovskites,
methylammonium (MA) and formamidinium (FA) are two of the most common.! Unfortunately,
MA-based perovskites tend to exhibit greater bandgaps values along with poor thermal stability. '3
For example, Wei et al. reported bandgap values at ambient pressure of (CMA),(MA),_1Pb,l5,41
perovskites of 2.36, 2.13, 1.96, and 1.86 for n = 1, 2, 3, and 4.!° In comparison, FAPbI;-based
PSCs have exhibited improved thermal stability and resistance to evaporation along with a more
ideal bandgap of 1.48 eV, thus providing a better ability to achieve the desired Shockley-Quiesser
limit and ideal bandgap of 1.34 eV.?%*! Moreover, FAPbI;-based PSCs achieved a certified
efficiency as high as 25.2%, thus making FA-based perovskites promising candidates for PSCs.?
Thus, given the lower bandgap values of FA-based perovskites, it would be of great interest to

examine the behavior of CMA>FAPb:17under high-pressure. As a result, performing high-pressure
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studies can provide a solid comparison between the use of MA and FA organic cations, in
particular for assessing the ability to achieve the Shockley-Quiesser limit at high-pressure, thus

also providing a potential basis for the use in solar cell applications.

CMA>MAPD>I7 and CMA>2FAPb:17 have been previously synthesized by our collaborators from the
Song Jin group at the University of Wisconsin-Madison. As seen in Figure 4.1, CMA>MAPb:[7 and
CMA>FAPb:I7 both have an orthorhombic crystal structure with Pbcn and Pnma space groups,
respectively (Table 4.1). The CMA organic spacer consists of a cyclohexane ring with a single
NH;" group attached. According to the previous study by Wei et al. CMA>MAPb:I; exhibits strong

photoluminescence at 595 nm and an optical bandgap of 2.13 eV at ambient pressure.

A)

Figure 4.1. Crystal structures of (A) CMA2MAPb:17 and (B) CMA2FAPb:I; at ambient pressure
with the structures of the MA and FA A-site cations.
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Table 4.1. Crystallographic parameters of CMA>MAPb:I; and CMA>FAPb:I; under ambient
conditions from our collaborators.

Parameter CMA;MAPb;I; CMA:FAPbI,
Crystal Structure Orthorhombic Orthorhombic
Space Group Pbcn Pnma

a (A) 8.770(19) 8.869(3)
b (A) 8.760(19) 44.050(13)
¢ (A) 44.400(9) 8.801(3)

V (A3) 3410.0(22) 3438.2(19)

Z 4 4

In this chapter the effects of HP on the structures and optoelectronic properties of CMA>MAPb:I7
and CMA>FAPb:I; were investigated and compared. Vibrational spectroscopy was used to identify
potential phase transitions and changes in the hydrogen bonding between the NH3 groups of the
CMA spacer and the iodine of the lead-iodide octahedra at HP. X-Ray diffraction (XRD)
measurements were performed at HP and along with the LeBail refinements of the 1D powder
patterns were used to examine the compressibility and provide further evidence of the phase
transitions. The optoelectronic properties at HP were studied through Photoluminescence (PL) and
UV-Vis Absorption (UV-Vis) measurements. PL was used to examine excitonic behavior at HP

while UV-Vis measurements were used to study the changes to the bandgap.

4.2 Synthesis and Experimental Details

The CMA2MAPb21I; and CMA2FAPb:I7 crystals used in this study were synthesized by Matthew
Hautzinger from Prof. Song Jin’s group at the University of Wisconsin-Madison. FTIR
measurements followed the method detailed in section 2.3.2. Powder samples were loaded for the
FTIR measurements. KBr was loaded for the FTIR measurements to reduce laser damage while

no pressure transmitting medium (PTM) was required. XRD measurements followed the methods
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detailed in section 2.3.3. Packed powder samples and silicone oil as the PTM were used for the
XRD measurements. Photoluminescence and UV-Vis absorption measurements followed the
methods detailed in section 2.3.4 and 2.3.5. Measurements were performed using single crystals

with silicone oil as the PTM.

4.3 Results and Discussion

4.3.1 Vibrational Spectroscopy

The vibrational modes in both CMA>MAPb>I7; and CMA>FAPb:I; were examined through high-
pressure (HP) FTIR spectroscopy to help identify and characterize the structural changes and
potential phase transitions upon compression. Of the various vibrational modes observed, focus is
on those that provide the best understanding of the pressure-induced structural modifications, in
particular those for the CMA spacer and MA and FA organic cations. The FTIR spectra at ambient

pressure for both compounds are shown in Figure 4.2.
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Figure 4.2. FTIR spectra of CMA>MAPb>I7 and CMA>FAPb217 in comparison with CMA:Pbl, at

ambient pressure.
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The vibrational modes were assigned through calculations of CMA in vapor form in vacuum and
comparing it with the 0 GPa spectra. The assignment of the characteristic peaks is shown in Table

4.2 along with the schematics of each mode shown in Figure 4.3.

Table 4.2. Characteristic peak assignment for CMA spacer and MA™ cation.

Calculated (cm™) | CMAMAPb:I; (ecm™) | CMAFAPbI; (cm™) Assignment
980 981 979 C-N stretching (MA")
1020 1029 1027 NH; rocking
1500 1452 1453 NH; bending
1502 1469 1468 NH; bending
1669 1581 1581 NH3 scissoring

Figure 4.3. Schematics of characteristic vibrational modes in CMA. (A) C—N stretching mode, (B)
NH; rocking mode, (C) NH3 bending mode, (D) NH; scissoring mode.

The C-N stretching mode for both CMA>MAPb:I; (981 cm™) and CMA2FAPb>I7 (979 cm™)
exhibits a blueshift upon compression (Figure 4.4). Both compounds experiencing a significant

shift between 3-5 GPa with CMA,FAPb:I; experiencing a much greater shift compared to
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CMA>MAPb;I;. The NH; rocking mode for both CMA>MAPb>I7 (1029 cm™) and CMA2FAPb>I,
(1027 cm™) also exhibits a blueshift upon compression (Figure 4.5). Both compounds once again
experience a significant shift between 3-5 GPa, with CMA2FAPb>I; once again experiencing the
greater shift . These results indicate a possible phase transition between 3-5 GPa, possibly a result

of the high softness of the CMA spacers.
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Figure 4.4. FTIR spectra of C—N stretching mode. (A) spectra of CMA>MAPb>I7upon compression
and (B) frequency as a function of pressure. (C) spectra of CMA2FAPb:[7 upon compression and
(D) frequency as a function of pressure.
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Figure 4.5. FTIR spectra of NH; rocking mode. (A) spectra of CMA>MAPb:17 upon compression
and (B) frequency as a function of pressure. (C) spectra of CMA2FAPb:[7 upon compression and
(D) frequency as a function of pressure.

The NH3 bending modes for both compounds exhibit a redshift shift upon compression (Figure
4.6), indicating Hy---I hydrogen bonding interactions likely between the NH3 groups in the CMA

spacers and the iodides in the lead-iodide octahedra. The presence of these bonds is further

evidenced by the pressure-induced redshift of the NH; scissoring mode for both compounds
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(Figure 4.7). Both modes, in general, experience a more significant shift between 3-5 GPa, thus
providing further evidence of the phase transition between 3-5 GPa. These results also indicate a

possible bandgap reduction, which in turn would suggest a shortening of the Pb-I bond lengths

upon compression.
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Figure 4.6. FTIR spectra of NH; bending modes. (A) spectra of CMA>MAPb:>I7 upon compression
and (B) frequency as a function of pressure. (C) spectra of CMA2FAPb:[7 upon compression and
(D) frequency as a function of pressure.
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Figure 4.7. FTIR spectra of NH; scissoring mode. (A) spectra of CMA2MAPb:17upon compression
and (B) frequency as a function of pressure. (C) spectra of CMA2FAPb:[7 upon compression and
(D) frequency as a function of pressure.

Furthermore, the broadening of the characteristic peaks beyond around 4 GPa indicates the onset
of amorphization. Additionally, upon decompression the recovered state was found to be identical

to the pre-compression state for both compounds (Figure 4.8), indicating reversible structural

modifications and no metastable changes upon pressure treatment.

92



A) 3 B)
— After 204 —— After
—— Before — Before
*] "o w
Q (0]
© [\
= <
§ § 1.0 H
< <
14
0 T T T T 0.0 T T T T
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000

Wavenumbers (cm™) Wavenumbers (cm™)

Figure 4.8. FTIR spectra of (A) CMA>MAPb>I; and (B) CMA2FAPb:[; before and after
compression.

4.3.2 X-Ray Diffraction

To help provide further evidence of the pressure-induced structural modifications upon
compression, in particular the proposed phase transition, in situ X-ray diffraction (XRD)
measurements were performed. Based on the single crystal diffraction measurements conducted
by our collaborators, both CMA>MAPb>I; and CMA>FAPb>I; were found to exhibit an
orthorhombic crystal structure with Pbcn and Pnma space groups, respectively. The initial lattice
parameters were obtained upon performing LeBail refinement of the diffraction patterns, as seen

in Table 4.3.

Table 4.3. LeBail refined lattice parameters of CMA>MAPb>I; and CMA>FAPb:I; at ambient
pressure.

Parameter CMA;MAPDI, CMAFAPb:I,
Space Group Pbcn Pnma
a (A) 8.8319 8.8939(22)
b (A) 8.703 44.224(8)
c(A) 45.3086 8.7817(19)
V (A% 3482.6415 3454.0519
Z 4 4
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As evidenced by Figure 4.9, a disappearance of the peaks at around 11.5° and 12.8° above 3.20
GPa in CMA>MAPb:I7, shown by the black arrows, is observed. Moreover, broadening of the peaks
around 11.3° and 12.7° above 3.50 GPa in CMA:FAPb:I;, shown by the red arrows, is also
observed. These changes in the diffractions patterns provide further evidence of the phase
transition between 3-5 GPa. Once again the lack of significant changes in the diffractograms at HP

indicates the phase transition is isostructural.
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Figure 4.9. XRD diffractograms upon compression of CMA samples. (A) CMA>MAPb:[; with
pressure-induced modifications shown by black arrows, and (B) CMA>FAPb>I; with pressure-
induced modifications shown by red arrows.

Lebail refinements of the 1D XRD powder patterns were performed for both compounds to obtain
the lattice parameters (Table 4.4 and Table 4.5), thus helping to gain a better of the structural
modifications at HP. LeBail fitting below 3 GPa was found to be highly reliable (Figure 4.10),

however upon further compression beyond 5 GPa the increase in uncertainty makes refinement

much more challenging.
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Upon performing the initial LeBail refinements, both CMA>MAPb2l; and CMA>FAPb21; were
found to maintain their respective space group symmetry throughout compression, thus providing
evidence that the phase transition is indeed isostructural. As seen in Figure 4.11 and Table 4.4, for
CMA>MAPD;I; the greatest compressibility occurs along the ¢ axis, indicating anisotropic
compression along the ¢ direction. Interestingly, the b parameter was found to increase upon
compression beyond 3 GPa, suggesting a possible negative linear compressibility of the b
parameter at high-pressure. Such negative linear compressibility has been previously observed in
CMAPbI;» In contrast, for CMA2FAPb,I; the greatest occurs along the b axis, indicating
anisotropic compression along the b direction (Figure 4.11 and Table 4.5). Furthermore, a negative
initial compressibility is also observed for both the a and ¢ parameters at low-pressure (<3.5 GPa)
and high-pressure (>3.5 GPa), respectively (Figure 4.11 and Table 4.5). These results in turn

provide further evidence of phase transition between 3-5 GPa for both CMA compounds.
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Figure 4.11. LeBail refined lattice parameters. (A) Normalized unit cell parameters of
CMA>MAPD:I7 and (B) normalized unit cell parameters of CMA>FAPb>15.
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Table 4.4. LeBail refined lattice parameters of CMA>MAPbI7 at HP.

Pressure (GPa) a (A) b (A) c (d) Vv (83)
0.20 8.8319 8.7031 45.3086 3482.6415
0.50 8.8288 8.7123 44.8089 3446.6628
0.60 8.8336 8.7142 44.4943 3425.0715
0.70 8.8261 8.6999 44.2984 3401.5053
0.85 8.7406 8.6913 43.6019 3312.3131
1.10 8.6732 8.6448 42.9636 3221.3282
1.30 8.6466 8.5987 42.6283 3169.3934
1.50 8.6195 8.5623 42.3565 3126.0258
1.80 8.607 8.4958 42.0658 3075.9924
2.10 8.5683 8.4635 41.7738 3029.3445
2.40 8.534 8.4198 41.4796 2980.499
2.60 8.4639 8.4093 41.1847 2931.3404

3 8.4326 8.3536 40.8409 2876.9377
3.20 8.3838 8.3459 40.6456 2843.9868

4 8.2347 8.3926 40.2234 2779.8611
4.50 8.0602 8.4831 39.9859 2734.0552
4.90 7.9768 8.4978 39.8471 2701.0456
5.30 7.9424 8.4743 39.7977 2678.6352
5.80 7.917 8.4551 39.7714 2662.2588
6.30 7.9169 8.4407 39.731 2654.9913
6.90 7.9168 8.4342 39.8146 2658.4957
8.10 7.9363 8.4156 40.1831 2683.7781

0 8.81550 8.72710 45.70280 3516.0881
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Table 4.5. LeBail refined lattice parameters of CMA2FAPb:[7 at HP.

Pressure (GPa) a (A) b (A) c (d) Vv (83)

0 8.8939 44.224 8.7817 3454.0519
0.30 8.88552 44.83332 8.76043 3489.8680
0.50 8.89 4487167 8.76742 3497.4048
0.80 8.926 43.619 8.744 3404.4169
1.60 8.96273 42.32987 8.73024 3312.1783
1.80 8.9583 42.09471 8.7146 3286.2476
2.20 9.004 41.878 8.663 3266.5530
2.60 9.071 41.373 8.646 3244.7962
2.90 9.19647 41.08944 8.60381 3251.1907
3.50 9.30638 40.82654 8.56571 3254.5197
3.90 9.27062 40.57695 8.61797 3241.8521
4.20 9.24209 40.43131 8.63021 3224.8488
5.10 9.18662 40.01519 8.68644 3193.1759
5.80 9.13458 39.54092 8.73743 3155.8712
6.80 9.0944 38.68996 8.95701 3151.6305
8.40 8.91277 38.3497 9.06585 3098.7261
10.50 8.71612 37.95082 9.10946 3013.2633
1.30 8.81590 40.48640 8.64094 3084.1585

Additionally, once again upon decompression both CMA>MAPb217 and CMA2FAPb:17 were found

to nearly return to their pre-compression states (Figure 4.12), thus again indicating reversible

modifications of the crystal structures and no metastable changes upon pressure treatment,

consistent with the FTIR measurements.
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Figure 4.12. XRD patterns of (A) CMA:MAPb>I7 and (B) CMA>2FAPb:1; before and after
compression.
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4.3.3 Photoluminescence

To help us examine the impact of high-pressure (HP) on the photoluminescence (PL) emissions
we first performed HP PL measurements using 360 nm UV laser excitation. As shown in Figure
4.13, at ambient pressure both CMA>MAPb,I7 and CMA>FAPb:I7 exhibit two distinct symmetric
PL peaks at around 518 nm (peak A) and 578 nm (peak B) respectively. Based on the previous
study conducted on CMA>Pbl, for n = 1 the major PL peak was found to occur at 521 nm.?* Thus,
the peak at 518 nm is most likely associated with the n = 1 octahedral layer while the peak at 578
nm is most likely associated with the n = 2 octahedral layer. In general, the intensity of both peaks
increases upon compression in the low-pressure region (> 2 GPa). The intensity of peak A
increases until 1.51 GPa for CMA>MAPb:17; and 0.97 GPa for CMA2FAPb:I7, at which point the
intensity is around 14 times stronger for CMA>MAPb:17 and two times stronger for CMA>FAPb:1I;
compared to the values at ambient pressure. In comparison, the intensity of peak B increases until
0.85 GPa for CMA>MAPb>17 and 1.32 GPa for CMA>FAPb:17, at which point the intensity is around
7 times stronger for CMA>MAPb>I7 and 1.5 times stronger for CMA2FAPb21; compared to the
values at ambient pressure. These results likely suggest a much greater pressure effect of the PL
intensity for CMA>MAPb>I7; compared to CMA2FAPb:I;. Upon further compression, the peak

intensities gradually decrease until full quenching at around 8 GPa for both compounds.
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Upon compression, a redshift of both peaks for both compounds is observed, thus indicating a
possible bandgap reduction, consistent with the redshift of the Hn---I hydrogen bonding
interactions. The redshift is further evidenced by the optical images in Figure 4.13 which show a
clear change from bright green emission at low-pressure to red and eventual black around 8 GPa.
Interestingly, peak A is found to quench quicker than peak B, with full quenching observed upon
compression to 3.83 GPa for CMA>MAPb:1I7 and 6.85 GPa for CMA2FAPbI;. Moreover, peak B
for both compounds exhibits a prominent increase in the redshift between 3-5 GPa, providing

further evidence of the phase transition identified by the FTIR and XRD measurements.

In addition, upon decompression the PL peaks for both compounds were once again found to return
to pre-compression shape and position (Figure 4.14), thus indicating reversible PL behavior and

no metastable change occurs, consistent with the vibrational spectroscopy and XRD

measurements.
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Figure 4.14. PL spectra of CMA>MAPb>I; (A) and CMA>FAPb>I; (B) before and after
compression.
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4.3.4 UV-Vis Absorption

HP UV-Vis absorptions measurements were used to analyze the impact of HP on the bandgap
behavior of both CMA>MAPb:I; and CMA>FAPb:I;. As seen in Figure 4.15, both compounds
exhibit a redshift in the absorption edge upon compression, thus indicating a bandgap reduction in
good agreement with the PL measurements. This is further evidenced by the optical images which
show a clear change from a bright red crystal at ambient pressure to gradual dark red upon
compression to around 10 GPa for both compounds. Interestingly, for CMA2MAPb>1I7 a continuous
redshift of the absorption is observed upon compression to 4.77 GPa after which further
compression to 7.53 GPa results in a temporary blueshift followed by a return to a redshift upon
further compression to 9.88 GPa. Furthermore, upon decompression both compounds were found
to return to the pre-compression state, indicating reversible bandgap behaviors, again consistent

with the PL measurements.

Tuac analysis at ambient pressure indicates a bandgap of 2.08 eV for CMA>MAPb:[7 and 2.11 eV
for CMA2FAPD:I;. A direct bandgap was observed at all pressure points and upon plotting the
bandgap as a function of pressure, a monotonic bandgap reduction is observed from 2.08 to 1.95
eV upon compression to 4.77 GPa for CMA>MAPb>I7 and 2.11 to 1.86 eV upon compression to

9.99 GPa for CMA>FAPb:1I7, once again consistent with the redshifts of the two major PL peaks.

102



A) Compression Decompression
2.34 GPa 538 GPa 9.88 GPa 5.07 GPa 1.05 GPa
B) C)235
50 Y
1 ® CMA,MAPb,I,
) 2.30 ® CMA,PbI,
.88 1
X 2.25 o
2.20
< | °
8 30 i
c 2.15
@ a
£ S o
o [*)]
@ T 210+
< 2 ]t :
2.05 - ; .i j % ;
2.00 % . 3 .
] [] W °
1.95 - L ®
) [ )
O T T T T 190 T T T T T T T T T T T
1.8 1.9 2.0 2.1 2.2 2.3 o 1 2 3 4 5 6 7 8 9 10
Energy (eV) Pressure (GPa)
D) Compression Decompression
Ambient 223 GPa 6.32 GPa 999 GPa 5.09 GPa 0.01 GPa
E) ¢4 F)235 -
230 ®  CMA,FAPD,I,
] ® CMA,PbI,
2.25—_ °
2.20
4 [ ]
40 — 2.15
[0] % 1 )
2 ~ 2.10
© o ]
Ke)
§ 30 4 .g’ 2.05 ﬁ* °
1 [ )
Q ©
< @ 2001 ﬁ% R
1.95 - L % % e
1 [ )
.90 } }
1.85 - } }
1.80 -
0 T T i T T T T T T T T T T

zfo 2f1 22 23
Energy (eV)

1.2 3 4 5 6 7 8 9 10
Pressure (GPa)

Figure 4.15. UV-Vis absorption of CMA>2MAPb:17; and CMA2FAPb:17 at HP in comparison with
CMA>Pbly. (A) Optical images of CMA>MAPb:I7 at selected pressures, (B) absorbance spectra of
CMA2MAPbD:I7 upon compression, and (C) bandgap as a function of pressure. (D) Optical images
of CMA>FAPb>I; at selected pressures, (E) absorbance spectra of CMA2FAPb>I; upon
compression, and (F) bandgap as a function of pressure.
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Additionally, once again upon decompression the absorption edge and bandgap value returned to
the pre-compression state for both compounds (Figure 4.16), indicating reversible bandgap

behavior consistent with the FTIR, XRD, and PL measurements.
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Figure 4.16. UV-Visible absorption spectra of CMA>MAPb:I7 (A) and CMA2FAPb:I7 (B) before
and after compression.

4.4 Conclusions

This study represents the first high-pressure study conducted on both CMA>MAPb>I; and
CMA>FAPb:I;. FTIR measurements indicate a possible phase transition between 3-5 GPa and
amorphization above 4 GPa. Redshifts of the NH3 bending and NH; scissoring modes for both
compounds suggests Hn---I hydrogen bonding interactions between the CMA spacers and the
lead-iodide octahedra, indicating a possible bandgap reduction likely resulting from shortening of
the Pb-I bond lengths. The phase transition was further confirmed by the XRD measurements and
LeBail refinements of the 1D powder patterns identified the phase transition as isostructural.

Furthermore, a possible negative linear compressibility of the b unit cell parameter was observed
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for CMA>MAPb:17 upon compression beyond 3 GPa with similar negative linear compressibility
previously observed in CMA2Pbl,4. A negative linear compressibility of both the a parameter at
low-pressure (<3.5 GPa) and the ¢ parameter at high-pressure (>3.5 GPa) was also observed for
CMA>FAPb:I;. The PL measurements indicate a prominent redshift of the second PL peak (578
nm) for both compounds between 3-5 GPa provides further evidence of the phase transition. The
redshifts also indicate a possible bandgap reduction consistent with the redshift of the Hy---1
hydrogen bonding interactions identified by the FTIR measurements. UV-Vis absorption
measurements confirmed the bandgap reductions with reductions of 2.08 to 1.95 eV upon
compression to 4.77 GPa and 2.11 to 1.86 eV upon compression to 9.99 GPa for CMA>MAPb:I,
and CMA>FAPb:I7, respectively. Computational studies along with further Rietveld refinements
of the XRD patterns are required to provide further confirmation of the proposed pressure-induced
structural modifications and optoelectronic properties as well to identify the origins behind the

phase transition and mechanisms behind the pressure-induced optoelectronic properties.
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S. Summary and Future Work

5.1 Summary

The use of two-dimensional hybrid organic-inorganic perovskites (HOIPs) in optoelectronic
applications, in particular solar cells, has increased substantially over the years due to their high
stability, greater organic-inorganic combinations for synthesis, ease of fabrication, and ease of
modification of both the structures and optoelectronic properties. Pressure is an easy and effective
method for studying the behavior and modifying the properties of several materials. For 2D HOIPs
high-pressure (HP) is used to induce modifications to the crystal structures, changes in the
bandgap, and to tune the photoluminescence (PL) emission and wavelength. In this work HP was
used to induce modifications to the structures and optoelectronic properties of DPDAPbI4, a
Dion-Jacobson type 2D HOIP with a highly rigid organic spacer, and CMA>MAPb:I; and

CMA>FAPb:I7, n = 2 Ruddlesden-Popper type 2D HOIPs with a very soft organic spacer.

In chapter 3, the structures and optoelectronic properties of DPDAPbI; were studied at HP using
Vibrational spectroscopy, X-ray diffraction (XRD), PL, UV-Vis absorption, and density functional
theory calculations (DFT). A phase transition at 1.5 GPa was proposed by the vibrational
spectroscopy measurements, later confirmed by the XRD and PL measurements and identified as
isostructural by the XRD measurements. The greatest compressibility was found to occur during
Phase I with a bulk modulus of 11.77 GPa and an anisotropic compression along the ¢ direction
was also observed. Amorphization was observed upon compression beyond 5 GPa. Hy---1 bonding
was also observed through the vibrational spectroscopy measurements. A 3-4-fold increase in the

intensity of the major free exciton (FE) peak upon compression to 1.49 GPa was observed through
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the PL measurements followed by a gradual decrease in intensity until quenching at around 6 GPa.
Broadening of the self-trapped exciton (STE) peak was observed upon compression to 1.23 GPa.
A bandgap reduction from 2.26 to 1.87 eV upon compression to 8.84 GPa was observed by the
UV-Vis absorption measurements. Distortion analysis indicated a significant enhancement in the
octahedral distortion between 1-2 GPa, in good agreement with the broadening of the STE peak.
DFT calculations confirm the enhancement of the N—H I hydrogen bonding interactions, resulting
in the shortening of the Pb-I bond lengths upon compression and leading to the overall bandgap
reduction. The pressure-induced modifications of DPDAPbI; are mainly driven by interactions
between the rigid organic spacer and the lead-iodide octahedra, thus indicating a strong likelihood

of reversible structural and optoelectronic property changes.

In chapter 4, the structures and optoelectronic properties of CMA>MAPb2[; and CMA2FAPbI7
were studied at HP using Fourier-transform infrared spectroscopy, XRD, PL, and UV-Vis
absorption. The FIIR measurements propose a possible phase transition between 3-5 GPa for both
compounds, later confirmed and identified as isostructural by the XRD measurements. Hy---/
bonding was also observed along with amorphization beyond 4 GPa. Furthermore, a negative
linear compressibility of the b unit cell parameter was observed for CMA>MAPb>I; upon
compression beyond 3 GPa, and of both the a parameter at low-pressure (<3.5 GPa) and the ¢
parameter at high-pressure (>3.5 GPa) was also observed for CMA>FAPb:[;. PL measurements
provide further confirmation of the phase transition resulting from the prominent redshift of the
second PL peak (578 nm). UV-Vis absorption measurements indicate bandgap reductions of 2.08
to 1.95 eV upon compression to 4.77 GPa and 2.11 to 1.86 eV upon compression to 9.99 GPa for

CMA>MAPD:I; and CMA2FAPbD:I;, respectively. These reductions are likely to result from
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shortening of the Pb-I bond lengths most likely from enhancement of the N—H I hydrogen
bonding interactions upon compression. All measurements in general showed a return to the pre-
compression state, indicating reversible modifications of both the structures and optoelectronic

properties as well as no metastable changes upon compression.

5.2 Future Work

A solid understanding of DPDAPbIl;, CMA>MAPb>I7, and CMA2FAPb:I7 has been established
throughout this study, however further experiments and computational work are required to

strengthen the understanding of 2D HOIPs at HP.

For CMA>MAPbD:17, and CMA2FAPb:I7 single crystal XRD measurements at HP should be
performed to provide a better understanding of the atomic positions and atom occupancy. Rietveld
refinements of the 1D XRD powder patterns are also required to provide a deeper understanding

of the compressibility and the potential negative linear compressibility.

Computational studies should also be performed for both CMA>MAPb:17, and CMA>2FAPb>I7 to
further the understanding of the pressure-induced structural modifications and optoelectronic
properties and to help propose the mechanisms behind these changes. It is likely believed that the
bandgap reduction is a result of shortening of the Pb-I bond lengths due to enhancement of the

N-H"T hydrogen bonding interactions upon compression.

Finally, it would also be of high interest to study tin-based 2D HOIPs at HP. Lead-iodide 2D

HOIPs have been the most extensively studied HOIPs at HP over the years, showing intriguing
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modifications to both the structures and optoelectronic properties. Tin is another common metal
used to form 2D HOIPs!, and given the highly interesting properties of lead-based 2D HOIPs at
HP, studying tin-based 2D HOIPs at HP would provide a solid comparison between structures and
properties of both at HP. Vibrational and XRD measurements should be performed to identify
possible structural modifications at HP while PL and UV-Vis absorption measurements should be

used to probe the optoelectronic properties at HP.
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