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Abstract

Two dimensional perovskites are planes of perovskite octahedra confined by an or-
ganic spacing layer, making a multiple quantum well structure. The structure of the
organic spacing molecule causes distortions to the perovskite sheet which impacts the
electronic and optoelectronic properties of the material. Using pump probe circu-
lar dichroism the spin dynamics of the 2D perovskite (4AMP)MAPb,I; are reported
and compared to a material with the same perovskite sheet but a different spacing
molecule (BA;MAPD,I7). The spin lifetime in (4AMP)MAPbDsI; was found to be 15
ps and decreased with increasing excitation energy, consistent with BAsMAPbDsI;. It
was found that the spin lifetimes in (4AAMP)MAPbD,I; had no dependence on carrier
density over two orders of magnitude, contrary to BAsMAPbDsI;. This is attributed
to the lack of out-of-plane tilting in (4AMP)MAPbD,I;, which leads to a suppression

of the precessional spin relaxation in this material.
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List of Abbreviations and Symbols Used

Tth

4AMP

BA

Band Gap - the difference in energy between
the highest occupied band and the lowest un-
occupied band.

Carrier Mobility - a measure of the ease of
movement of a carrier through a lattice.

Carrier Lifetime - The average time after ex-
citation for a carrier to undergo an inter band
decay process.

Spin Lifetime - The averrage time for a fully
spin polarized ensemble of carriers to decay to
a statistically random distribution.

Carrier Thermalization Time - The average
time required for an excited distribution of
carriers to reach quasi-equilibrium with the
lattice.

Diffusion Length - a measure of the distance
an excited carrier can travel through a lattice
before recombination occurs.

4-Aminomethyl Piperidinium
Methyl Ammonium Lead Todide
((C6N2H16) (CHgNHg)n_lpbnlgn_l) - a Dion
Jacobson perovskite

Buytalamonium Methylammomium Lead Io-
dide (BAy;MA,,_1Pb,I3, 1) - a Ruddlesden
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EY
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SOC

XRD

Bir-Aronov-Pinkus - a spin relaxation mecha-
nism occurring primarily in p-doped semicon-
ductors.

D’yakonov perel mechanism - a spin relax-
ation mechanism occurring between momen-
tum scattering events.

Elliot-Yafet Mechanism - a spin relaxation
mechanism occurring during momentum scat-
tering events.

Optical Parametric Oscillator - a laser cavity
used to up convert the Mira HP-F into the
visible part of the spectrum.

(PEA)3(MA),Pbsl; - a Ruddlesden Popper
perovskite.

Spin-Orbit Coupling - a relativistic interaction
of a particle’s spin with it’s motion inside a
potential.

X-Ray Diffraction - a experimental technique
used to evaluate the structure and elemental
components of a solid state crystal.
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Chapter 1

Introduction

1.1 Overview

Demand for innovations in solid state electronic devices such as transistors, integrated
circuits, diodes, solar cells, relays, and hard disks is on the rise, especially given the
need to develop lower cost approaches to these technologies for use in developing
nations and the quest for devices that take less energy both to produce and operate.
Traditional solid state devices are typically silicon based. Although silicon is abundant
in the earth’s crust, it suffers from an expensive and energy intensive fabrication
process [1]. The development of inexpensive alternatives to silicon using materials
that could be deposited using low-cost solution processing techniques could open up
a new era of cheap electronics. This has lead to a surge of research into organic [2],
and hybrid organic-inorganic materials [3].

One class of hybrid materials is known as perovskites. The crystal structure of a
hybrid perovskite consists of corner sharing octahedra with an anion in each corner,
surrounding a large cation, and bonded together by a smaller cation. Figure [1.1
shows the structure for the perovskite unit cell. These materials are described as
organic-inorganic because the anion and large cation are inorganic materials while an
organic constituent plays the role of the smaller cation. One of the most common
material combinations studied in this class of materials is CH3NH3Pbls, in which
the inorganic matrix is formed by the lead-iodide octahedral and is stabilized by
the organic molecule methyl ammonium. Bulk perovskite materials have the general
formula ABX3. This structure was first characterized by Lev A Perovski for CaTiOs.
Other naturally occurring perovskites include Calcium titanate (CaTi0z), Loparite
((Ce,Na,Ca)(Ti,Nb)O,) and Bridgmanite ((Fe,Mg)SiO,). A perovskite with a halogen
as X, such as MAPbI;, MAPbBr3, or MAPbCl3, are known as halide perovskites.
Halide perovskites were first synthesized by C.K. Moller in 1958 [4].

Hybrid organic-inorganic perovskites possess a number of interesting physical
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Figure 1.1: The crystal structure of an ABXj3 perovskite. The X site forms the corner
sharing anion octahedra bound together through hydrogen bonding with the A site
monovalent cation, the B site is occupied by a large diavalent cation.

properties. For example, the organic constituents can undergo tumbling and other
dynamic configuration changes at elevated temperatures. Together with the large
size of the unit cell, this leads to a complex spectrum of phonon modes @] The
optical and electrical transport properties of these materials are also strongly affected
by the hybrid nature of the crystal structure. Under optical excitation by a photon
of energy exceeding the band gap, an electron is promoted from the valence band to
the conduction band leaving behind a vacancy, which is often thought of as an ex-
cess positive charge known as a hole. The electrons and holes are the charge carriers
that conduct current in an electronic device fabricated from the semiconductor. The
strength of optical absorption is very large in perovskites [7]. In addition, despite the
fact that perovskites are created through solution processing and so possess a large
number of crystal defects, experiments have shown that charge carriers can undergo
transport over long distances before the electron relaxes back down to the valence
band, with diffusion lengths as long as 1 micron . Furthermore, there are a variety

of alternatives for the material constituents, and it is possible to realize perovskite
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structures that naturally form into two-dimensional sheets of octahedra, confining
the movement of electrons and holes to the sheet. This flexibility, together with the
beneficial properties of these materials for optoelectronics, has led to the demonstra-
tion of a whole host of electronic and optoelectronic devices using these materials
including light emitting diodes 9], microelectronics |10H12], telecommunications [13],

lasing [14}|15] and photovoltaics [3,/16].

Among the optoelectronic devices that are being explored as potential applications
of perovskites, photovoltaic applications (such as solar cells) have received by far
the most attention. This is because the efficiency of perovskites-based solar cells,
specifically those based on CH3NH3Pbls, have undergone the fastest rise in solar cell
efficiency of any technology in history. Figure shows the maximum laboratory
efficiency of emerging photovoltaic technologies since 1975 [17]. Perovskites based
cells are represented by orange circles with yellow interior and can be seen to rise at
a much steeper rate than any other technology. The typical structure for a hybrid
organic-inorganic solar cell is shown in Figure(l.3] Photons from the sun are absorbed
in the perovskite layer and the resulting electrons and holes are free to move through
into other parts of the stack. An electron-transport material is deposited above the
absorbing layer such that electrons will preferentially enter this material, which acts as
a funnel to move electrons through the circuit. Similarly the hole-transport material
is deposited below the absorbing layer and serves to “collect” holes, funnelling positive
charge in the reverse direction through the circuit. The high absorption coefficient in
the solar spectrum and the good electrical transport properties of CH;NH3;Pbl; are
believed to be responsible for the rapid increase in solar cell efficiencies using these

materials.

The hybrid organic-inorganic perovskites also possess interesting spin-related prop-
erties, making these materials of interest for spin-based electronics (also referred to
as spintronics). The goal of the spintronics research field is to develop new technolo-
gies, or improve upon existing devices (e.g. by lowering the power consumption),
by exploiting the spin property of the electron. Commercial spintronic technolo-
gies include semiconductor lasers incorporating integrated optical isolators fabricated

from diluted magnetic semiconductors [18] and magnetic random access memory that
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Figure 1.2: (a)The laboratory solar cell efficiencies of emerging photo-voltaic tech-
nologies. Orange circles with yellow interior indicate perovskite based solar cells. (b)
enhanced version of the dotted region to highlight perovskites advances.

Load

TCE Contact
ETM
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Figure 1.3: The architecture of a solar cell consisting of a transparent conductive elec-
trode (TCE) as a top contact, an electron-transport material (ETM), a perovskite
layer, a hole-transport material (HTM), a gold bottom contact, connected to a exter-
nal load.

exploits magnetoresistance in a layered structure of metallic ferromagnetic materi-
als ,. A number of other potential technologies have been proposed, including
all optical switches that exploit spin relaxation of charge carriers, semiconductor lasers
that exploit the spin degree of freedom to lower the threshold current, and spin-field

effect transistors that exploit the spin degree of freedom to control the flow of current



between the source and the drain [21-23].

Perovskites are of interest for applications in this area because their excellent
optical and charge transport properties are accompanied by strong spin-orbit coupling
(SOC), due to the incorporation of heavy elements such as lead and iodine [24]. The

SOC Hamiltonian in a semiconductor can be expressed as:

h

€

Hgo =

In equation , V(7) is the potential experienced by the electrons and may contain
both contributions from the periodic potential of the crystal and an externally applied
potential, m, is the electron mass, c is the speed of light, P is the momentum operator,
and o are the Pauli spin matrices. Since VV/(7) appears in equation , spin-orbit
coupling reflects the interaction of the electrons spin with the electric fields in the
crystal. From the form of the spin-orbit interaction, a moving electron (i.e. an
electron with non-zero momentum) will experience these electric fields as an effective
magnetic field Q o VV(7) x P. This effective magnetic field may be exploited in
a spintronic device since it provides a way to control the spin states of an electron.
When the spin-orbit coupling is large, a small externally-applied electric field will
produce a large effective magnetic field, allowing for a rapid manipulation of the spin
state.

Contributions to the spin-orbit effective magnetic field in a semiconductor may
be classified according to the source electric fields, all of which introduce inversion
asymmetry to the crystal. When the electric fields are tied to the polar bonding
in the crystal structure, the contribution to €2 is called bulk inversion asymmetry.
When an external electric field is applied, or an asymmetry is built-in to a structure
(e.g. through layered growth), the contribution is referred to as structural inversion
asymmetry. Bychov and Rashba analyzed the latter effect for electrons in a two-
dimensional electron gas [25]. Following such work, all such effects are often termed
Rashba effects. In addition to the effective magnetic field that can be used to operate
on the electron spin, Rashba effects also lift the degeneracy of the two spin states of
the electron within the bands away from k = 0. This splitting can be used to realize
spin-dependent transport [26].

Although few spintronic applications have made their way to large markets (save

for magnetoresistive random-access memory (MRAM)) many potential applications
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exist. These include: magnetic tunnel transistors , optical switches , an-
tiferromagnetic storage , spin-cavity resonators for quantum information process-
ing [32], integrated optical isolators [33], spin-valve electronics [34], and spin field-
effect transistors (SFET) [35]. Figure shows schematics for a few simple spin-
tronics applications. Figure [I.5 shows a schematic diagram of an spin field-effect
transistor. This device controls the flow of current through the channel by control-
ling the spin-state of the charge carriers, effectively stopping the flow of charge when

the gate voltage is high.
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Figure 1.4: Assorted spintronic applications (a) a magnetic tunnelling junction
(adapted from reference [36]), consisting of two ferromagnets isolated by a thin (<
10nm) electrical insulator. Switching of the relative polarizations of the two ferromag-
nets allows for a change in tunnelling resistance through the insulator. This switching
activity is the basis for many spintronic appllications. (b) A spin valve (adapted from
reference ), consisting of two ferromagnetic domains, one of which is “pinned” i.e.
the magnetization is insensitive to moderate external fields, while the other is “free”
and can be manipulated with a relatively small applied field. A measurement of the
resistance can then be a measure of the external field in the region (magnetic sensor
application) or a binary storage mechanism (magnetic hard drive storage). (c¢) An
optical isolator (adapted from reference ), this device rotates the polarization of
light between the input and outputs of the isolator, in combination with a polariza-
tion filter at the input/output, this can allow light to propagate through the circuit
in one direction. Optical isolators are used to limit unwanted feedback into optically
insulated electronic chips or a laser cavities. (d) A Magnetic Random Access Memory
read /write head (adapted from reference [39]), a non-volatile memory storage system
based on a magnetic tunnelling junction system. The bit and source line hold a po-
tential across a magnetic tunnelling junction and measure the resistance, application
of a voltage to the word line can alter the orientation of the free layer, changing the
systems resistance, and effectively changing the logic held in the bit.
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Figure 1.5: A Schematic diagram for a non-magnetic spin-field effect transistor. (a)
When the gate voltage is low, the electrons pass unimpeded to the drain, creating
a high output. (b) When the gate voltage is high precessional relaxation is induced
causing the spins to re-orient to a statistically random sample, creating a low output.
SI-spin injector. SC-spin collector. Vi-gate voltage.
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The spin-related properties (including the Rashba effect) of inorganic semicon-
ductors (in particular I1I-V materials such as GaAs, which possess bulk inversion
asymmetry) have been studied extensively over the past two decades [40]. Such ma-
terials have also been the focus of the majority of efforts to develop semiconductor
spintronic devices to date [41]. In contrast very little is known about the spin-related
properties of perovskites. Only a few studies of the dynamics of electron spin have
been carried out in these materials [42145] and the mechanism of spin relaxation
has not yet been identified. In addition, despite numerous theoretical predictions
of Rashba effect in perovskites [46-50], only three reports have emerged claiming to

provide direct experimental evidence of such effects [42,44,45].

This thesis aims to shed light on the spin-related properties of the two-dimensional
perovskite material (4AAMP)MAPbDsl;. For a two-dimensional perovskite, the trans-
port of electrons and holes is confined to two-dimensional sheets separated by insu-
lating organic layers. 2D perovskites have also shown great promise for application
in solar cells because the organic sheets protect the material from moisture degra-
dation, which is a key barrier to wide scale adaptation of solar cells based on the

bulk perovskite MAPbI; [51-53]. In this thesis work, measurements are made of
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the spin lifetime in (4AMP)MAPD,I7as a function of the density of optically-injected
electron-hole pairs and the carrier energy. This work builds directly upon studies of
a similar perovskite structure (BAsMAPbD,I;) by a previous masters student [45]54],
which revealed a Rashba effect detected through the spin relaxation time. The
(4AMP)MAPD,I; material studied in this work is expected to have differing spin
related properties than BA;sMAPD,I; because the symmetry-breaking directions dif-
fer for the two materials (for BAsMAPD,I7, the symmetry breaking direction is along
the stacking direction of the sheets, while for (AAMP)MAPbD,I; it is in the plane of
the sheets). Our findings confirm the absence of an impact of the Rashba effect on the
spin dynamics, as expected from the symmetry in (4AAMP)MAPbD,I;. This work will
aid in the development of spintronic devices using perovskite materials. By providing
insight into the fundamental properties of 2D perovskites, this work will also support
the development of stable solar cells featuring this material.

This chapter is organized as follows. Section [1.2] will formally introduce the con-
cepts of semiconductors including important insight into the impact of quantum con-
finement on the band structure. Section [L.3] will introduce how these confinement
effects can be incorporated into perovskite semiconductors. Section [1.4] will intro-
duce how charge carriers can be injected into a semiconductor using a light source,
including the expected effects of quantum confinement. Section [1.5| introduces the
dynamic processes that occur in semiconductors after excitation has occurred. Sec-
tion gives an up-to-date review of the literature of 3D (|1.7.1)) and 2D (|1.7.2))
perovskite materials, theoretical studies on the effects of SOC in perovskite materials
(1.7.3), experimental studies of the spin-dynamics in perovskites , and existing
applications of perovskite to spintronics )

1.2 Bulk Semiconductors

A band structure describes the allowable energies states an electron can occupy in a
solid crystal. These states arise from the quasi-continuous splitting of atomic energy
levels due to interactions between the many ionic cores (and core electrons) in the
solid [55). This can be described by the nearly free electron model, in which the
ions and core electrons are treated as a weak periodic potential (V(7)), with the

periodicity of the lattice, R. The wavefunctions of the electron are found by solving



the time-independent Schrodinger equation.

(9?4 V@) 009 = Bt (12)

where V(7) = V(7 4+ R). Periodic solutions to Equation are known as Bloch

functions, expressed as:
U() = Uy(F)e™™ (1.3)
which are a product of a plane wave with a Bloch envelope function, Uy(7), that

shares the periodicity of the lattice. The energy eigenvalues, near the zone center,

are described by:
2k
" ome

(1.4)

where m* is the effective mass of the electrons, which differs from the bare electron
mass due to the coupling of the electron with the lattice of ion cores in the crystal.
The solutions in equation describe the allowed states for an electron inside the
crystal. There is a band associated with each orbital in the unit cell of the crystal,
each characterized by it’s own effective mass. The band gap (E¢) is the difference in
energy between the highest occupied band, known as the valence band, and the lowest
unoccupied band, known as the conduction band. A direct band gap is one where the
conduction band minimum and valence band maximum occur at the same wavevector.
Figure [1.6] illustrates the highest energy valence and lowest energy conduction bands
for a direct band gap semiconductor plotted as a function of the electron’s wavevector.

The number of conduction band states (p.(F)) between E and E + dFE will be
given by p.(E)dE = p(k)dk, where p(k) is the density of states in a 3D electron gas

(k? /m?). Therefore the density of allowed energies in the conduction band will be

o) =2 (Cfl—f) (15)

2
Using equation [I.4] to find the derivative and combining with equation [I.5 we find the

given by:

density of states in the conduction band to be:

\/Q(mc)?’/Q

ooy (B E)'? (B2 Eo) (1.6)

pe(E) =

where E, is the lowest energy level in the conduction band, and m, is the effective

mass in the conduction band. Similarly, defining the highest energy in the valence
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Figure 1.6: Simplest representation of a direct band gap semiconductor. The con-
duction band represents the lowest unoccupied electronic states, while the valence
band represents the highest occupied states. The red line indicates a vertical tran-
sition from the valence band to the conduction band induced by the absorption of a
photon.

band as E,, we find the density of states for the valence band to be:

v2(m,)*?

2122 (B — E)1/2 (£ < Ey) (1.7)

po(E) =

where m,, is the effective mass in the valence band, so that the density of states near

the band edges goes as the square root of the excess energy of the carrier.

Since the band gaps of semiconductors are relatively small (1 — 9 eV) the elec-
tronic properties can be manipulated through changes in temperature, doping, and
illumination. This allows semiconductors to be used in many applications includ-
ing transistors, LED’s, solar cells, optical detectors, thermocouples, and Hall effect

sensors to name a few.
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1.2.1 Effects of Confinement on Semiconductors

The electrical properties of a semiconductor can be modified if the dimensions of the
material are made sufficiently small, typically less than 10 nm. These systems can
be achieved by shrinking a solid in one dimension creating a confined nano-sheet, or
quantum well [56-58], in two dimensions creating a confined nano-wire [59,/60], or in
three dimensions creating a quantum dot [61,/62]. Confining the structure changes
the allowed energy states the carriers can occupy which radically alters the electrical
properties from the three-dimensional case. Applications for confined systems include
solar cells [63], single photon sources [64], quantum computation [65], solid lubricants
[66], flexible electronics [67], photocatalysts [68], and LED’s [69).

To gain insight into the influence of confinement on the electrical states of a
semiconductor, consider confining a bulk material in one-dimension (the z-dimension)
to a thickness L. In the bulk case, the wavefunction is a propagating wave with allowed
wavevectors that form a quasicontinuum in all k,,k,, and k.. Imposing the boundary
conditions in a quantum well that the wavefunction must vanish at the edges of the

well leads to a discrete set of allowed wavevectors in the z direction:

27 nmw
= = — =1,2,3... 1.
k’fLZ )\nz L (n ) ) 3 ) ( 8)

and the allowable energy eigenvalues become quantized as:

mh? | hK2 Rk,
"o 2T omr | 2me

(n.=1,2,3,...) (1.9)

The eigenfunctions become:
2 . i(kzx+kyy)
U(r) = 7 sin (kypz)e! ety (1.10)

which are standing waves in the z direction, but travelling waves in the x and y
directions. One can manufacture a semicondutor quantum well by growing one layer
of a semiconductor on top of a flat monolayer of another semiconductor with differing
band gaps. Figure (a) shows a schematic of this structure, where the blue layer
has a larger band gap than the confined yellow layer. Figure (b) shows the
highest energy in the valence band and the lowest energy in the conduction band as
a function of z, as well as the first two confined solutions for each band. Electrons

in this structure would be confined to move only within the yellow layer. Multiple
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quantum wells can be made through the sequential deposition of these layers on top
of one another. Figure (¢) shows how confinement affects the band structure. For
each value of n,, a subband exists representing in plane motion of the electron.

a) c)

z

Energy

I

I

I

I

I

I
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> 2 Wavevector (k,,k, )
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Figure 1.7: (a) A schematic and (b) band diagram of a semiconductor quantum
well. The blue semiconductor has a higher band gap than the yellow semiconductor.
Electrons in this structure will be confined to move in the yellow semiconductor.
(b) The energy splitting caused by the confinement of electrons in the well. Each
band splits into subbands, one for each value of n, in equation This shows the
discretization of the available energy states in a confined structure.

1.3 2D Perovksite Materials

2D perovskites are composed of two dimensional sheets of the same octahedra present
in the bulk perosvkite (Figure [L.I)). The octahedral sheets are separated from one
another by a spacer layer that corresponds to a bilayer of long organic cations. The
most general formula for this type of perovskite is ((RNHs)(2,1)An—1BnX3n41). Here
RNH; is a large aliphatic or aromatic alkylammonium spacer cation that forms a
spacer layer between the sheets of metal halide octahedra, and n indicates the num-
ber of layers of octahedra in each sheet. The subscript (2,1) indicates the charge of the

spacer cation and dictates the phase of the 2D perovskite. These can be categorized
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as Rudlesden Popper ((RNHj)s...) and Dion Jacobson phases ((RNH3);...). Rud-
dlesden Popper perovskites’ spacing layer is made up of two sheets of (+1) cations,
while Dion Jacobson perovskites’ have one sheet of (42) cations. Figure shows a
schematic representation of a 2D perovskite for various n values. As n tends towards
infinity, the perovskite tends towards the bulk case. Figure shows a schematic
of the band diagram for a perovskite thin film (for the n = 2 case). As the spacer
molecule has a much larger band gap and lower electron affinity than the perovksite
layer, this structure represents a multiple quantum well. The barrier height is deter-
mined by the difference in band gap between the spacer molecule and the perovskite
layer, the width of the well is determined by the layer number (n), and the band gap
is determined by the perovskite material. Here the electrons will be confined to move

in the perovskite material.

n=1 n n=3 n — 0o
|

= 2
e i iz
0 'I'l'lr

MMM
00¢ ‘I' RO -
Lot
:lzl:lﬁ
iyl

@Perovskite Octahedral

1 Organic Spacer

Figure 1.8: The crystal structure of 2D Ruddlesden Popper Perovskites. Here the
perovskite octahedra are separated by the organic spacer molecule. As the layer
number (n) grows the crystal structure tends towards the bulk case.

Figure[1.10| shows results of a molecular structural calculation of the crystal struc-
tures for buytalamonium methylammomium lead iodide (BA;MA,,_1Pb, I3, 1, n = 3)

and 4-aminomethyl piperidinium methyl ammonium lead iodide ((C¢NoH16)(CH3NH;3),,—1Pb,I3,-1),
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Figure 1.9: Schematic representation of the band edge diagram for the n = 2 case of
2D Ruddlesden Popper perovskites. CB-conduction band, VB-valence band, Eg-band
gap. The width of the well is directly proportional to the layer number n, the barrier
height is determined by the difference between the band gaps of the perovskite and
organic spacer semiconductors, while the bandgap is determined by the perovskite
material.

adapted from reference [70], hereafter referred to as BA and 4AMP respectively. Fig-
ure m (a) shows the strucuture for the n = 3 case of BA;MA,,_1Pb, I3, 1. In this
case the terminal NH3 group of the BA spacer molecule occupies a site that would
be occupied by a methylammonium cation in the 3D lattice. This functional group
forms weak hydrogen bonds with the surrounding iodide atoms, this bonding causes
out of plane tilting as well as in plane twisting of the perovskite octahedra. In Figure
[1.10] (b) the terminal NH; and the aryl NH, functional groups of the 4AMP spacer
molecule form weak hydrogen bonds with the bridging iodide atoms, indicated by
the red dashed lines, this bonding limits the out of plane distortion of the octahedra.
Further; this causes the in plane twisting to be in phase inside the ochtahedral layers,
as seen in Figure [1.10] (¢). Figure also shows the structure of (d) 4-aminomethyl
piperidinium and (e) buytalamonium. As will be discussed below, the symmetry
properties of the BA and 4AMP perovskites have crucial implications for the nature

of the Rashba effect in each structure.
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Figure 1.10: (a) Side on view: crystal structure of BAMA,,_1Pb,Is,_; (n = 3) (b)
side on and (c) top down view: crystal structure of (4AMP)MAPb,I;. Adapted from
reference [70]. (d) The structure of 4-aminomethyl piperidinium. (e) The structure
of butylammonium.

1.4 Optical Excitation

Optical excitation in a semiconductor occurs when an incident photon, with energy
greater than the band gap of the material is absorbed by an electron in the valence
band. This sets a limit on the maximum wavelength (or minimum energy) that can
be absorbed by a semiconductor, given by:

he
Eq
If the energy of the photon is greater than or equal to the band gap, the electron will

(1.11)

)\max =

be promoted to the conduction band, leaving a hole in the valence band. Since the
momentum carried by a photon in the visible part of the spectrum is much smaller
than the range of carrier momentum shown in an electron band diagram, an optical
transition is represented by a vertical arrow (the red arrow in Figure . In order
to determine the allowable energy transitions for an electron in a bulk semiconductor

absorbing a photon of energy E,;, = hv, conservation of energy gives:

R2k2 R2k2
By~ By =+ Eg +
me 2m,

= hv (1.12)
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where E; and E, are the initial and final states of the electron in the valence and

conduction band respectively. Solving this for k gives:

-y 2m, (hc
P=—"F|—-E 1.13
Z ( ) G) (1.13)
where m,. is known as the reduced mass, given by:
1 1 1
=y (1.14)

my Me My
Substituting equation [1.13] into equation [1.4] gives a relation between the energy of
the excited electron and the frequency of the incident light.
m’f
Ey=FE.+ — (hv — Eg) (1.15)
mC
The density of states with which a photon interacts with an electron in a direct
band gap semiconductor is known as the optical joint density of states (p(v)), this

can be found through
dE
p(v) = p(E)—— (1.16)

dv
where p.(F2) is found through equation [1.6|and the derivative is found through equa-
tion this leads to the optical joint density of states:
(2m,.)3/?

o (hw — E,)'? (1.17)

p(A) =

which describes the density of allowable energy excitations for a electron in a bulk
semiconductor absorbing a photon of energy hr. The probability that an electron is
absorbed in a semiconductor will be dependent on the fermi-distribution functions
in both the conduction (f.) and valence (f,) bands. The probability of an electron

making the transition from E; to F, if given by:

fa(A) = [1 = fo(E2)] fu(En) (1.18)

and the probability of an electron undergoing spontaneous emission from F, to F; is:

fe(A) = [1 - fv(El)] fc(EQ) (119)

The absorption by a semiconductor of photons with wavelength A can be found by
considering the flux passing through a cylindrical region with unit radius and incre-

mental length dz: ,
W) A ) (1) — L] 6 (1.20)

dz  8nr,
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Where ¢(A) is the incident flux of wavelength A\ and 7, is the spontaneous lifetime of
the final state. Therefore the attenuation of light, or the absorption of light (a(A)),

through this region of the semiconductor can be written:

o(N) = 2 o) [fo(E) — fulE)] (1.21)

81T,

In a weakly excited semiconductor the Fermi-energy level lies within the band gap and
the energy levels F; and F5 are at least several times KT then the fermi-distribution
functions can be approximated as f,(F;) ~ 0 and f.(E2) ~ 1 Using the above result

one can obtain the absorption coefficient of the semiconductor:

Vem)? ( ¢
N hv

ao(v) )2 (h — Eg)? (1.22)

Tr

where 7, is the lifetime of the final state. Therefore; we expect the absorption above
the band gap to follow a square root dependence on the photon energy.

Considering the Coulomb interaction of the electron and hole, these pairs can
bind together forming a quasi-particle known as an exciton. Excitons can be mod-
elled as a hydrogenic atom, with a lower binding energy (due to the screening effects
of nearby electrons and holes). As a result, a series of bound states exists correspond-
ing to transition energies slightly lower than the band gap of the semiconductor. This
is represented in Figure [1.0] as a series of smaller discrete levels below the conduc-
tion band. In addition to bound states below the gap, the Coulomb interaction also
enhances the absorption near the band edge by a process known as Sommerfeld en-
hancement [71]. These effects are shown qualitatively as a red curve in Figure [1.11]
(a).

Contrast this with the expected absorption from a quantum well possessing dis-
crete energy levels. In this case, the absorption spectra will be modified by the change
in the density of states for a 2D confined structure. Counting the number of electrons

that fill a circle of radius k in the lowest energy state:

L?m*
N = 1.23
— (1.23)
the density of states in this region can be found through:
dN  L*m*
_ - (1.24)

dE ~ 7h?
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which is constant with energy. The total density of states is found by multiplying
this constant by the energy of the subband in question E., this gives:

L?>m*
pan(E) =~ ; O (hv — E.) (1.25)
where © is the Heaviside step function. The corresponding linear absorption spectrum
is given by:
hy — B2
ap(v) o %@ (hv — E,) (1.26)
(hv)

This absorption is represented as the dashed curve in Figure m (b). Excitonic
and Sommerfeld enhancement applies to each subband in the quantum well, as is

represented schematically by the red curve in Figure m (b).

Absorbance (au)

T T r
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Figure 1.11: Schematic representation of the absorption spectrum, without (dashed
lines), and with (red lines) excitonic and Sommerfeld enhancement effects for (a)
a bulk semiconductor and (b) a quantum well. (¢) Measured linear absorption of
BA;MA,,_1Pb,I5, 1(n = 1-4) and bulk MAPbI;, adapted from reference .

Figure (c) shows the measured absorption spectra for MAPbI; and BA;MA,,_1Pb, 15,4
(n = 1-4). In the bulk case (blue curve) there is a sharp onset to the band edge re-

flecting the strong Sommerfeld enhancement. The exciton binding energy in the bulk
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perovskite has been found to be ~ 15 meV [73]. As a result, the exciton resonance
is not apparent in the absorption curve for bulk MAPbI3. In contrast, the confined
absorption spectra of the BAsMA,,_1Pb, I3, 1 structures show a strong blue shift in
the band gap with decreasing n-value. This observation is consistent with equation
[I.9 as the length of the well is dictated by the layer number n: for decreasing n, equa-
tion predicts an increase in the allowed energy levels. Futhermore, the excitonic
effects are noticeable at energies just below the main absorption peak. This reflects
the increase in binding energy with increasing degree of confinement. These trends

are consistent with the picture laid out in Figure [I.11] (b).

1.5 Dynamic Processes in Semiconductors

Once an electron-hole pair has been formed through optical excitation with a laser
source, these carrier will undergo transport, relaxation and recombination processes.
Transport and relaxation processes are intraband processes, meaning they occur
strictly within the conduction or valence bands, whereas recombination processes
are interband, meaning they occur between the conduction and valence bands. When
a carrier is first excited into the conduction band, it will be in a coherent superposi-
tion of the initial and final states of the transition. In other words, the electron-hole
pair is an oscillating dipole and the phase of this dipole will be determined by the
light field that excited it. The lifetime of this superposition is known as the dephas-
ing time, and is typically sub picosecond. This timescale is dictated by incoherent
(phase breaking) intraband processes such as carrier-carrier scattering, which destroy
the phase relationship between the excitation pulse and the superposition. Once the
dephasing time has passed, the carriers will be in a so called “hot” distribution with
an energetic profile described by a Fermi distribution. The Fermi temperature and
spread of kinetic energies is dictated by the centre photon energy and spectral width
of the laser pulse used to excite the electron-hole pairs respectively. As the carriers
continue to exchange energy with the lattice, the temperature of the distribution will
reach a thermal equilibrium with the lattice. In typical inorganic semiconductors this
occurs on a picosecond time scale.

During the time a carrier is in the conduction band it can undergo transport

processes which move carriers through the crystal. These processes are dictated by
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the carrier’s mobility, denoted u, which can differ for electrons and holes. The carrier
mobility depends on the carrier effective mass and is a measure of how easily a carrier
can propagate through the solid. The distance a carrier can move through a crystal
before recombination occurs is known as the diffusion length (Lp). The relationship

between the diffusion length, carrier lifetime, and the temperature (7) is:

KBT/J
e

Lp = /7 (1.27)

where e is the fundamental charge and Kp is the Boltzmann constant.

Once the Fermi distribution has reached thermal equilibrium with the lattice, the
interband transitions begin. In these processes electrons and holes recombine and
loose their energy either to the lattice or through the emission of a photon. The time
it takes for the electrons to relax down to the valence band is called the recombination

time.

1.5.1 Ultrafast Probes of Carrier Dynamics

To study carrier and spin dynamics in semiconductors, a common ultrafast technique
known as differential transmission is utilized. In the most basic case, an ultrafast
laser pulse is split into two pulses, known as the pump and probe. The probe is kept
much weaker (< 10x) than the pump. The probe pulse is mechanically delayed from
the pump pulse by a time 7, shown schematically in Figure m (a). The pulse is
absorbed by electrons in the semiconductor which make vertical transitions to the
conduction band. This creates a distribution of electrons in the conduction band of
the semiconductor and a distribution of holes in the valence band. This distribution
modifies the absorption coefficient of the semiconductor. This change in absorption

can be expressed as:

Aa = (1— fo— fn) ao(v) (1.28)

where f. (fy) is the distribution function for the electron (holes) in the conduction
(valence) band. This excitation is shown in Figure [1.12) (b). Figure [L.12] (¢) shows
the system at a later time 7. The incident probe pulse is not absorbed as it cannot
excite carriers into the filled states. Therefore; a measure of a change in the intensity

of the probe pulse, between when the pump is present versus absent, will give a
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measure of the absorption of the sample at that energy and delay time. A high probe
signal indicates that there is low absorption and therefore a high carrier occupation,
while a low probe signal indicates that there is high absorption and therefore a low
carrier population. By measuring the change in transmission of the probe pulse as
a function of the time delay between pulses, the change in absorption related to

carrier occupation at the photon energy of the probe pulse can be measured. This

T—To
To

is typically presented as , where T (Tp) is the transmission of the probe beam
in the presence (absence) of the pump beam. The number of carriers at the energy
of the probe pulse will decay with time following excitation due to both intraband
thermalization and interband recombination since both processes take carriers out
of the optically coupled region of the band structure. With an initial population of

electron-hole pairs Ny, the signal will decay according to:

T — Ty = AT o< Ny (e7/7 + e7/mn) (1.29)
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Figure 1.12: (a) Schematic representation of a differential transmission setup. The
pump and probe beams are both incident at the same spot on the sample, the probe
pulse is mechanically delayed with respect to the pump by a time 7. (b) Excitation
of a semiconductor by the pump pulse. The pulse excites a carrier distribution into
the conduction band at the energy of the pump pulse. This distribution will relax
over time. (c) After a time 7 the probe pulse is incident on the sample. The trans-
mission of the probe will depend on the availability of states in the conduction band
corresponding to the energy of the probe pulse.
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Due to the optical selection rules (discussed in detail in section , using cir-
cularly polarized pump and probe pulses, the spin state of the carriers may also be
probed as a function of delay time following optical excitation by the pump pulse.
By measuring the change in transmission of the probe pulse with the same or oppo-
site helicity, the occupation of the same or opposite spin states can be inferred by

considering a quantity known as the degree of spin polarization, defined as:

(NT=N7)
P=———— 1.30
(Nt +N-) (1.30)
where N* (N7) is the population of electrons with the same (opposite) spin state
associated with the circular pump beam. The rates of change of these populations

can be expressed as:

d Nt Nt N—
—Nt = 4+ 1.31
dt T s + s (1.31)
d N- N- Nt
— N = —— - — 4 1.32
dt T s * s ( )

where 7 is the carrier recombination time, and s is the spin relaxation time. The

addition and subtraction of equation and leads to:

% (NT+N7)=—(N"+N") (%) (1.33)
%(N*—N‘) :—(N*—N_) (%_}_%) (1.34)
Which can be integrated to find:
(N* +N7) = Noe™~ (1.35)
(N* = N7) = Noe t1/m+24/5) (1.36)

Equation [1.35] shows that the rate at which the total population decays is dependent
on the carrier recombination time, while equation shows that the difference in
spin polarization is dependent on both the carrier recombination time and the spin
lifetime. Dividing equation by equation [1.35| gives an expression for the degree
of spin polarization, of an initial distribution Fp, as a function of time, independent
of carrier recombination time.

(N*—N7)

Ple) = (Nt +N7)

— Pye /s (1.37)
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1.6 Rashba Effect in Semiconductors

As discussed in section [I.1], the spin-orbit interaction leads to an effective magnetic
field (£2(k)) dependent on the electron momentum (i.e. wavevector k). This effective
magnetic field determines the spin-quantization axis as well as the energetic splitting
between spin states at each k. To gain insight into this effect, it is instructive to
consider the case where the symmetry breaking direction is perpendicular to the two
dimensional plane of transport of electrons. This would describe for example the case
of an applied electric field using a gate electrode across a semiconductor quantum
well. This geometry was first analysed by Bychkov and Rashba [25]. One can show
using a perturbative k - P approach that the spin orbit interaction in this case leads

the perturbative Rashba hamiltonian:
Hp=Qk) o (1.38)

Here o are the Pauli spin matrices and k= k@ + k,y is taken to be in the z-y plane
where 7 is the stacking direction of the quantum well. Given that 2 « VV x k, with
VV in the 7 direction and & in the x-y plane, €2 will be in the x, y plane, perpendicular

to k. Keeping terms that are linear in k, the above result may be written in the form:
HR = )\R (kxdr - kyay) (139)
where the eigenstates are given by:

h2k?
Ey =
2m

+ AplK| (1.40)

e

The Rashba coefficient (Ag) is given in terms of the energy splitting between the two
eigenstates at the minimum of the lower band A\p = AE/|kg| (AE = EL — E_).
Figure (a) shows the Rashba dispersion relation, indicating AE and |kg|. Figure
1.13| (b) shows the direction of the effective magnetic field with respect to the electron

wavevector.

1.7 Literature Review

1.7.1 Perovskite Photovoltaics

Photo-voltaics utilizing perovskites have shown remarkable ability to combine low-

cost fabrication techniques such as spin coating [74], blade coating [75], and spray
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L 4

Figure 1.13: Dispersion relation for the Rashba Hamiltonian. The dotted parabola
represents the unperturbed eigenstates, the red (blue) lines represent the 4 (-) Rashba
energy eigenstates. Here the Rashba coefficient is defined as A\ = AE/|k|. (b) The
Rashba effective magnetic field for a confined 2D electron gas with VV perpendicular
to the plane of the 2D electron gas.

coating [76], with high power conversion efficiencies. In 2009 a group from the Uni-
versity of Tokyo, led by Professor Miyasaka, were the first to incorporate a perovskite
as the absorbing layer of a solar cell. This perovskite was methylammonium lead
iodide (MAPbDI;), which originally gained notoriety due to its high absorption in the
solar spectrum [8]. Although this device achieved modest power conversion efficien-
cies (~ 3.8%) [3] methylammonium lead iodide continues to be at the forefront of
perovskite photo-voltaics. Today the power conversion efficiencies of photo-voltaics
incorporating methylammonium lead iodide have reached 22.1% [77]. This achieve-
ment was brought about through countless research groups competing to obtain a
more efficient cell. Some major advancements in this field include: (i) the chemical
engineering of the hole-transport material [78,79], (ii) development of methods to
control the morphology of the perovskite layer [80], and (iii) the deposition methods
for the perovskite layer [3}74},81}-84].

In addition to the demand for high power conversion efficiency there are two main
obstacles for perovskites to overcome before widespread acceptance can occur: the

presence of lead in the lattice, as well as the stability of the photo-voltaic devices.
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The former issue is being tackled by many groups and is primarily being accom-
plished through the substitution of other group IV elements, such as tin, for the lead
halide [85]. The latter issue occurs due to perovskites degredation due to interactions
with other device layers, and exposure to moisture, heat, and light. Exposure to
these variables either during fabrication or operation can lead to decreases in power
conversion efficiency over time [52]. In 2014 Smith et.al. had success in increasing the
moisture stability of their cells using a new family of perovskite known as Ruddlesden

Popper perovskites (also known as 2D perovskites) [53].

1.7.2 2D Perovskite

Density functional theory has shown that the optical transitions in 2D perovskites are
direct [48/86], confirmed by the steep onset in the linear absorption spectrum [8,/47.86].
Kanatzidis’ et.al. found that quantum confinement blue shifts the bandgap with
decreasing layer number and creates discrete energetic transitions, both noticeable in
the absorption spectra [87] (see Figure[L.11](c)). Blancon et.al. found that the exciton
binding energy and optical bandgap decreased with increasing layer number [86].
These observations are consistent with the quantum well model laid out in section
L2111

The first photo-voltaic cells based on 2D perovskites were demonstrated in 2014
with a power conversion efficiency of 4.7% using (PEA)y(MA)2Pbsl; (known simply
as PEA) [53]. This device showed little changes in XRD or optical absorption after
46 days in 52% humidity. In 2015 Kanatzidis et.al. reported the first photo-voltaic
devices using BA;MA,,_1Pb, I3, 1 perovskites [87]. The authors found that for n < 2
the perovskites exhibited strong photolumenescence at room temperature, implying
they would be suitable for use in LED’s. For n > 2, they found that the perovskites
exhibited strong absorption in the visible spectrum, indicating they would be suitable
for photo-voltaic applications. By fine tuning the perovskite layer thickness, they were
able to achieve devices with power conversion efficiency of 4.02%, in the n = 3 case.
In a later report, Tsai et.al. showed that by orienting the wells perpidicular to the
substrate, power conversion efficiencies of 12.52% can be achieved using the n=3 and
n=4 2D structures [51]. This is due to the alignment of the two dimensional charge

transport direction of the quantum well with the charge collection of the solar cell.
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Tsai et.al. found 3D perovskites photo-voltaics degrade to 40% of their inital
power conversion efficiency in the first 24 hours, followed by a slow falloff down to
<10% after 94 days, while 2D perovskite photo-voltaics retained 80% of its original
power conversion efficiency after 200 hours and slowly degraded to about 70% after 94
days (both in 65% humidity) [51]. These studies illustrate the increased stability of
2D perovskites over their bulk counterparts. However; the power conversion efficiency
of solar cell using these materials has only reached half of the bulk photo-voltaic
devices. A comprehensive study of the charge transport properties of these materials
is necessary to understand where the loss in power conversion efficiency occurs.

Using differential transmission to study carrier lifetimes and diffusion lengths in
PEA, Milot et.al. [88] found that diffusion length increased for increasing layer num-
ber, and actually exceeded that of MAPbI5; for n = 3. XRD analysis revealed that
the n=3 layer preferentially oriented itself perpendicular to the substrate while the
n < 2 cases oriented parallel. These results go a long way to explaining why both
Kanatzidis and Tsai found the n > 3 based solar cells to have the highest power
conversion efficiency. In 2017 Grozema et.al. used a combination of microwave con-
ductivity and photoluminescence measurements to measure the mobility of carriers
for various n values in BAsMA,,_1Pb, I3, 1 [89]. They found that the mobility of
carrier increases with increasing layer number, and depends strongly on temperature.
The authors attributed the increase in mobility to a decrease in exciton binding en-
ergy (~ 370 meV for n = 1, ~ 80 meV for n = 4). The observation of free carriers for
n > 3 further explains why solar cells based on those cases attain the highest power
conversion efficiencies. Despite these advances, the fundamental properties of the 2D
perovskites are still not well understood. The experiments in this thesis work, which
provide information on the carrier relaxation and spin dynamics, will further advance

this fundamental knowledge.

1.7.3 Spin-Orbit Coupling in Perovskite Materials

Early electronic structure calculations for both 3D [90] and 2D perovskites [70] indi-
cate that the strong spin orbit coupling in this material, due to heavy lead and iodine
atoms in the lattce, has a strong impact on band structure. In 2003 Umebayashi et.al.

highlighted the importance of spin-orbit effects to perovskite structures [90]. Using



27

a combination of ultraviolet photoelectron spectroscopy and linear combination of
atomic orbital calculations, the authors showed that the valence band consists of lead
6s and iodide 5p orbitals while the conduction band consists of lead 6p and iodide
5s orbitals. This was confirmed by Even et.al. in 2013 for 3 dimensional perovskite
structures [4748]. Further, Even et.al. showed that the direct transitions in MAPbI;
corresponded to transitions between a single degenerate valence band and a split-off
band in the triply degenerate conduction band. Figure [I.14]shows the results of these
calculations, adapted from reference [48]. The initial calculations incorporating spin-
orbit coupling in perovskite assumed a perfectly symmetric octahedra. It was later
found, through comparison of XRD and molecular structure calculations [46], that
bulk and 2D perovskites octahedra have both static (such as tilting and twisting of
the octahedra) and dynamic (such as rotations of the methylammonium cation) dis-
tortions. These distortions to the idealized structure bring about molecular dipoles,
which are expressed in the crystal structure as bulk inversion asymmetry and give

rise to the Rashba effect.

—Split off band

Energy [eV]

ur Y

Figure 1.14: Calculated band structure for MAPbI5(a) without and (b) with the effect
of SOC. The effect of SOC is to split the conduction band into a split off band, and
a tripley degenerate band. Further; SOC lowers the band gap energy. adapted from

reference

The Rashba splitting in the band structure in perovskites has been the focus of
numerous theoretical studies in recent years [49,91,/92]. Calculations by Kepenekian

et.al. revealed an extremely large Rashba coefficient in MAPbDI3, with a value of
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Ar = 3.76 (3.71) eV-A at the edge of the conduction (valence) band [92]. This
was comparable to the record Rashba splitting observed in BiTel [93]. Even et.al.
calculated the Rashba coefficient for various 2 and 3 dimensional perovskite systems
and found that the Rashba coefficient to be dependent on the temperature and phase
of the crystal. Further; Even showed that the Rashba coefficient can be tuned through
an external electric field, making the case for perovskites use in spin-transistors [92].
In 2016 Neaton et.al. demonstrated that the Rashba splitting (in APbX3; A =
CH3NHZ, CH(NH,)5, Cs*, X = I,Br) can be controlled via chemical subtituion of
the larger cation in the perovskite lattice [49]. The authors further noted that the
Rashba coefficient could be controlled via mechanical strain to the lattice, or via

applied electric fields, confirming the earlier assertion by Even et.al.

In 2014 Kim et.al. used a tight binding approach to show the Rashba effect results
in a mismatch between the spin states in the conduction band minimum and the
valence band maximum, where the strength of this mismatch is characterized by the
Rashba coefficient [91]. Following on the work by Kim et.al. in 2015 Zheng et.al. was
able to show that the mismatch in spin states lead to spin-forbidden recombination
dynamics at the band edge [46]. This mechanism allows perovskites to act as a direct
band gap upon excitation and an indirect band gap upon recombination. This offers a
intrinsic mechanism for explaining the long carrier lifetimes observed in MAPbI3 [94-
97]. The exotic spin properties observed in these calculations are typically expected
in material with inversion asymmetries. However; in 2016 Etienne et.al. showed
that regardless of the symmetry of the crystal these characteristics can arise from
the rotational degrees of freedom associated with the methylammonium cation (in
MAPDI3) [50]. These reports demonstrate the important role that spin-orbit coupling

and the Rashba effect have on the carrier dynamics of perovskite systems.

In 2016 Nieser et.al. made the first measurements of Rashba splitting in a per-
ovskite system using spin and angle-resolved photoemission spectroscopy, revealing a
giant Rashba coefficient with Az = 741 eV-A [98]. Figure m (a) shows the results
of this work. In 2017 Vardeny et.al. used a combination of density functional theory,
transient absorption spectrometry, electrical absorption spectrometry, and transient
photomodulation to measure the Rashba energy splitting and Rashba coefficient in

(C¢HsCoH4NH3)oPbly (PEPI), a layered perovskite with n = 1. The authors were
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able to estimate the Rashba splitting as (40 & 5) meV [43]. Figure [1.15] (b) shows

some of the results of these measurements.
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Figure 1.15: (a) Measured Rashba splitting for MAPbBr; adopted from reference .
The blue and green curve measure the dispersion of differing spin states. (b) Measured
Rashba splitting for PEPI, adapted from . Reprinted with permission from AAAS.
The red and black curves indicate the relaxation through the two pathways shows
graphically beside.

1.7.4 Spin-Dynamics in Perovskite Materials

In 2015 Giovanni et.al. became the first group to measure spin dynamics in perovskite
materials . Here the authors used circular dichroism to measure the spin lifetime
as a function of incident power and temperature in MAPbI3. The authors found spin
lifetimes for electrons (holes) on the order of pico (sub-pico) seconds, and noticed a
decrease in spin lifetime as a function of fluence as well as temperature (from 77-
300 K). This prompted the authors to attribute the Elliot-Yafet (EY) mechanism as
the primary spin-relaxation pathway (in the EY mechanism a spin flip occurs as the
result of a momentum scattering event, this process is described in detail in section
. Concurrently Zhai et.al. used magnetic field-induced circularly polarized
photoluminescence to measure spin dynamics in MAPbI;_,Cl, thin films [43]. By

careful measurement of the relationship between the spin injection, applied magnetic
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field, and temperature the authors were able to estimate the spin lifetimes to be
80 ps at 18 K, comparable to some III-V systems [99]. In 2017 Odenthal et.al. use
time-resolved Faraday rotation to measure spin relaxation in MAPbI3_,Cl, films [44].
The authors found spin lifetimes to decrease with increasing temperature, contrary
to Giovanni et.al. s findings, and to exceed 1 ns at 4 K. This discrepancy could be
attributed to the influence of the lighter chlorine atoms on the SOC. In any event
the vast spread of values of the spin lifetimes highlight the the importance for further
studies of the spin dynamics in these materials.

To the authors knowledge there have only been two experimental reports indi-
cating spin dynamics in 2D perovskite systems. In 2018 Sum et.al. measured spin
dynamics in PEPI using circular dichroism [43]. The authors observed sub-pico second
spin lifetimes and attributed the relaxation mechanism to spin-flip via the Columb
exchange. The final report, published in 2018, by Todd et.al. measure the spin life-
time using the same setup as described in Chapter [3] Figure [I.16] shows their results
for spin lifetimes measured as a function of laser detuning and fluence. The decrease
in spin lifetime with laser detuning (Figure [1.16] (a)) and the increase in spin lifetime
with fluence (Figure [1.16] (b)) indicate that precessional spin relaxation has a signif-
icant effect on spin dynamics in this material. This led the authors to attribute the
D’Yakanov Perel (DP) (see section for a detailed description) mechanism as the
primary relaxation pathway in this system, and to find a Rashba spin splitting of 10

meV for a 50 meV above gap excitation [45].
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Figure 1.16: Measured spin lifetimes in BA;MAPbDsI; as a function of (a) laser detun-
ing and (b) laser fluence. Solid lines show the results of the carrier spin dynamics fit
with the Rashba coefficient as the only fitting parameter. (c) Calculated spin splitting
taken with the optimal parameter from (b). Adapted from reference |45]
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1.7.5 Spintronic Applications of Perovskite Materials

In 2017, Vardeny et.al. demonstrated two optoelectronic-spintronic devices utilizing
perovskite as the optoelectronic component and a CoFeB/MgO/CoFe stack as the
magnetic tunnelling junction . Figure shows schematics of the two devices
made. In Figure (a) the perovskite photo-voltaic cell is used to create pho-
tocurrent. This photocurrent influences the conductivity of the magnetic tunnelling
junction. This represents a unique way to modulate the spin-valve performance with
an external light source, serving as a prototype for a photon-to-spin transducer. Fig-
ure (b) shows a schematic for a magnetic field controlled light emitting diode.
Here the perovskite stack acts as the diode where the injection of carriers into the
perovskite is controlled by a magnetic tunnelling junction. This spin-dependent elec-
troluminescence modifies the output wavelength of the light, in this case from green
to red. These initial demonstrations of spintronic devices using perovskites, together
with the above described studies indicating strong spin orbit coupling, are promis-
ing for the prospect of the development of a broad range of spintronic devices using

perovskite materials.
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Figure 1.17: Schematics of a optoelectronic-spintronic devices from Vardeny et.al.
1100]. (a) a prototype for mosulating spin-valve performance with an external light
source. (b) a prototype for spin-dependent electroluminescence.

1.8 Outline of Thesis

Chapter [2] will outline the theoretical underpinnings necessary to the understanding

of the experimental explorations. Section [2.I]will outline the key points leading to the
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optical selection rules in perovskite materials. Section will explain the differing
spin relaxation mechanisms in semiconductors. Section will outline how bulk and
structural inversion asymmetry affects the spin dynamics in ITI-V and perovskite sys-
tems. Chapter [3| gives an overview of the experimental techniques used. Section 3.1
gives an explanation of the methods used to fabricate the samples studied. Section
and section will give an overview of the experiments used to characterize the
samples. Section [3.4] gives a description of the ultrafast laser source used. Finally
section describes the ultrafast spectroscopic techniques used to study the 4AMP
perovskite in this thesis work. Chapter [4] presents the experimental results which
indicate a reduced role played by precessional spin relaxation in 4AMP relative to
BA systems studied previously [45,54]. This is attributed to direction of the symme-
try breaking in these two materials and is promising for the development of a spin
field effect transistor and spin filters using this material. Chapter [5[ will present the
conclusions drawn by the author, as well as a description of possible future work in

this area.



Chapter 2

Theoretical Considerations

2.1 Optical Selection Rules

Allowed optical transitions are those that conserve energy and angular momentum
between the incident photon and the electron that transitions between the valence
and conduction band. These allowed transitions are described by the optical selection
rules. These depend on the nature of the incident light field and the nature of the
optical transition. For example, a circularly polarized photon will carry angular
momentum of A, which is transferred to the electron-hole pair upon excitation. For

simplicity we will consider only vertical transitions in direct band gap semiconductors.

2.1.1 Electronic Structure of Semiconductors Including Spin-Orbit

Coupling

To understand the optical selection rules of a semiconductor the effects of intrin-
sic angular momentum, or spin, must be taken into account. Blind application of
Pauli’s exclusion principle would assume that the number of available states doubles.
However; the most interesting elements are missed. As a result of the spin-orbit in-
teraction, given in equation [1.1, each of the bands in a semiconductor corresponds
to an eigenstate of total angular momentum J (J = S + L), where S is the spin
angular momentum and L is the orbital angular momentum. Before considering the
band structure of perovskite, it is instructive to consider the simpler case of a I1I-V
semiconductor. Figure shows the (a) crystal and (b) band structure of GaAs.
In GaAs , the cell function UVE(]%) for the conduction band is “s-like” and for the
valence band is “p-like”. Each band corresponds to a particular eigenstate of the
total angular momentum, which are denoted here by |j, m;). The conduction band is

characterized by [ = 0 (|1/2,1/2)). The valence band is characterized by [ = 1 where
the 7 = 1/2 and j = 3/2 states are seperated by an energetic splitting of A called

33
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the spin-orbit splitting energy. The |1/2,+1/2) band is known as the split-off band.
The j = 3/2 band is further split into the light (J, = £1/2) and heavy (J, = £3/2)

hole bands, which are degenerate at the zone center but split away from k=0.
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Figure 2.1: (a) Crystals structure of GaAs, consisting of two face-centred cubic lattices

offest by [1,1,1]. (b) The band structure of GaAs near the zone center including the
effects of spin-orbit coupling. Here the conduction band is “s-like” while the valence
band is “p-like”. This leads to splitting in the valence band into the light hole (lh)

and heavy hole (hh) bands. VB - valence band. CB - conduction band.

Figure shows the calculated band structure of ([CsH;3NHs]Pbl,) a RP per-
ovskite with 1 octahedral between spacer layers, (a) without and (b) with the spin-
orbit coupling included, adapted from referece by Even et.al. Contrary to GaAs,
Evan et.al. found that the lead 6s electrons form the valence band while the iodide
5p electrons form the conduction band. Therefore the conduction band cell functions
has p-symmetry, while the valence band has s-symmetry. Since GaAs and related
[TI-V materials represent the prototypical system, the band edges in perovskites are
referred to as “reversed”. The red double headed arrow indicates the splitting be-
tween the split-off band, with j = 1/2, and the other two conduction bands, with
Jj = 3/2, caused by the spin-orbit interaction. Due to the large spin orbit splitting
(~ leV ,) in perovskites the lowest energy transition will be between the
“s-like” (I = 0,7 = 1/2) valence band and the “p-like” (I = 1,5 = 1/2) conduc-
tion band. Figure (c) shows the calculated band structure for (A4AMP)MAPbD,I;,
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adapted from reference by Kanatzidis et.al. In addition to the inducing the spin-
orbit splitting, the spin-orbit coupling effect further alters the electronic properties
by pushing the conduction band downwards, lowering the band gap energy. These
results illustrate the importance of including spin-orbit coupling effects when con-
sidering the electronic structure of 2D perovskite materials. The spin-orbit splitting
A is much larger in perovskites than in GaAs. (A was calculated to be 1.2 eV in
|CsHy1NH3] Pbly compared to 340 meV in GaAs [40]). Note that the octahedral
distortions were neglected for the calculated results in Figure
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Figure 2.2: Density functional theory calculations of band structure [C;Hy; NHs] Pbly
without (a) and with (b) spin-orbit coupling. (c) Calculated band structure for
(4AMP)MAPbDslI7including the effects of spin-orbit coupling. Adapted from refer-

ence (a and b) and (c). Red double headed arrow indicates the spin-orbit
splitting A.

2.1.2 Optical Transitions in Semiconductors

While considering particular optical transitions in a semiconductor it will be conve-
nient to consider the incident light field as a weak perturbation to the eigenstates of

the system without a light field. The unperturbed Hamiltonian can be expressed as:

Hpjoen |VK) = e,z |VK) (2.1)
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where |VE> are the eigenstates of the unperturbed Hamiltonian, i.e. Bloch states
described by the wavefunctions in equation and e are the eigenvalues. As
discussed in section [1.2] the periodic part of the Bloch states (Uy(7)) are known as the
cell functions. These appear as a linear combination of hydrogenic orbitals centered
about each atom. The bands in a semiconductor originate from the bonding and
anti-bonding atomic orbitals in the unit cell. For example in GaAs the valence band
is formed by the (sp3 hybridized) p-like bonding orbitals while the conduction band
is formed from the s-like anti-bonding orbitals.

To gain insight as to how light interacts with electrons in a semiconductor, we can
consider an electron-hole pair in a direct band gap semiconductor as a dipole with a

perturbing light field described as:
E(t) = eEge™ ! (2.2)

where € is the polarization vector of the light field and w is the angular frequency
of the incident light. The perturbing Hamiltonian caused by the light field can be
expressed as:

H,, = —eF - E(t) (2.3)

This is known as the electric-dipole approximation. We can express the perturbing

Hamiltonian in terms of the Bloch eigenstates |[vk) as:
H,, = (Epe™") Z Z WEY (VK| (—eF) [vk) (vE| (2.4)
vk V'K
where the matrix elements of the electric dipole operator are:

— —

Ay (kK = (VE'| (—eF) [UE) (2.5)

By considering the commutator between the electric dipole operator and Hamiltonian

operator:

—

[I', HBloch] = <V/€\ [I', HBloch] \VE>
= (VE\ (rHpgiocn — HpioenT) |VE>
[I‘, HBloch] = <VE‘ r ’IJE> (euE - el/’l?)
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and recalling the commutator relations between position and momentum:
th
r,H =—P 2.10
rH] = (210)
we can express the electric dipole operator as:
—ihe

me(€VE - eV’E)

— —

dy (K, k) = (V'k| (P) [vk) (2.11)

where the transition is taken to be vertical (/2 =K ). This shows us that optical prop-
erties, such as transition rates and selection rules, are determind by the matrix ele-
ments of the momentum operator between different Bloch states. Since k = K the cell
function part of the Bloch state is what determines the matrix elements. The matrix
elements of H,;, will only be non-zero for light polarizations where € - J;,V/(lg, K ) # 0.
This condition determines the optical selection rules. By considering the cell func-
tions described in equation we find the dipole matrix element vectors listed in
Table [40]. Figure [2.3| shows these transitions graphically. The red (blue) arrows
indicate transitions between states of different spin angular momentum through the
absorption of a right (left) helical photon carrying angular momentum of +A (—h).
As a result of these selection rules, excitation with circularly polarized light leads to
a spin polarized distribution of electrons and holes. At the band edge of GaAs the
electrons would be 50% spin polarized since the heavy and light hole valence bands
are degenerate. In perovskites, in contrast, circularly polarized light leads to a 100%

spin polarized distribution.

2.2 Mechanisms of Spin Relaxation

If a circularly polarized optical pulse is used to excite electron-hole pairs in a per-
ovskite, these carriers will be fully polarized initially. This polarization state will
relax to a statistically random sample. Three spin-relaxation mechanisms have been
identified for electrons and holes in semiconductors: The Bir-Aronov-Pikus (BAP),

Elliot-Yafet (EY), and D’yakonov-Perel (DP), named according to their discoverers.

2.2.1 Bir-Aronov-Pikus

In the BAP mechanism, carriers can undergo spin relaxation in a p-doped semicon-

ductor through electron-hole spin-exchange interactions. The exchange interaction
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Table 2.1: Optical Selection rules for the transitions between the light hole, heavy
hole and split-off bands to the conduction band in GaAs. 7,y indicate unit vectors
perpendicular to the direction of d,.,/(k, k), Z indicate unit vectors parallel to the

direction of d,(k, k).
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Figure 2.3: Optical selection rules for (a) bulk GaAs and (b) perovskites. The state
kets are labelled with the angular momentum quantum number in each band. The red
arrows indicate transitions through the absorption of a right helical photon carrying
angular momentum of +A while the blue arrows indicate transitions through the
absorption of a left helical photon carrying angular momentum of —h. so- split-off
band. hh - heavy hole band. [h - light hole band. CB - conduction band. VB -
valence band.

Hamiltonian is given by:

H = AS - J§(r) (2.12)
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where A is proportional to the exchange integral between the conduction and valence
states, J is the angular momentum operator for electrons, S is the spin operator for
holes, and r is the relative position of electrons and holes. The relaxation rate has
been calculated for p-doped III-V systems as:

1 4 Ag:v

— x N,a
paB
Ts EB

(2.13)

Where ap is the exciton bohr radius, N, is the concentration of holes, A, is the
exchange splitting between electrons and holes, and Fp is the exciton binding energy
[40]. This mechanism is expected to be weak in perovskite materials due to the small
value of the exchange splitting [44]. This mechanism will therefore not be discussed

further in this thesis.

2.2.2 Elliot-Yafet

The EY mechanism works in conjunction with the spin-orbit coupling described by
equation The band state |j, m;) discussed earlier corresponds to the eigenstates
at k = 0. In the presence of the spin-orbit interaction, away from k= 0, the states
are admixtures of the j-states. The rate of spin relaxation via the EY mechanism

can be expressed as:

Ts(lE) x (E(ﬁr A)2 (E%)2 T_lp (2.14)

where 7, is the average momentum scattering time in state E. Since the band states
are not eigenstates of spin, each scattering event has a non-zero probability of caus-
ing a spin flip. The stronger spin-orbit splitting (A) relative to the band gap, the
stronger the degree of spin mixing of the band states, the shorter the spin lifetime.
A distinguishing feature of this mechanism is that the spin lifetime is proportional
to the momentum scattering time. As the carrier density increases the momentum
scattering time should decrease and the spin flip lifetime should also decrease. There-
fore; the spin lifetime should be inversely related to carrier density if the dominate

relaxation pathway is the EY mechanism.
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2.2.3 D’yakonov-Perel

The DP mechanism is also caused by the spin-orbit interaction in systems lacking in
inversion symmetry, such as I1I-V and II-VI semiconductors. As discussed in section
[1.6] the spin splitting induced by the asymmetry can be described by an intrinsic
k dependent magnetic field, €2(k), about which the electrons spin will precess with
Larmor frequency €21(k) = (¢/m)€(k). The corresponding Hamiltonian is given by:

H(k) = %ha - (k) (2.15)

Since the effective magnetic field varies in magnitude and direction with E, electrons
at different k’s will precess at different rates and about axes in different directions.
This collective precession will cause an initially spin polarized distribution of carriers
to become random. In contrast to the EY process, scattering of carriers slows spin

relaxation because the carrier’s spin does not precess as far between scattering events.

As this spin relaxation process occurs between scattering events, an electron can
rotate an angle 6¢ = )7, before another scattering event takes place. It will then
scatter to another k-state where the effective magnetic field is different. As a result
one can consider the phase of the spin state experiencing a random walk with time

steps 1/7,. After a time t the phase will evolve to:

P(t) = 0¢/t/Tp (2.16)

Defining the spin relaxation time as the time it takes for the phase to progress between

the 0 and 1 state, we find the usual motional narrowing expression:

L Qi7, (2.17)
Ts

The rate of this process is determined by ]Q(E)\, which is determined by the strength

of the SOC, the degree of inversion asymmetry, and the momentum scattering time. In

contrast to the EY mechanism, the spin relaxation time is inversely proportional to the

momentum scattering time. Therefore; the spin lifetime will be directly proportional

to the carrier density if the dominate spin relaxation pathway is the DP mechanism.
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2.3 Symmetry Dependent Effects of Spin-Orbit Coupling

As discussed in section [I.6], the spin orbit interaction leads to an effective magnetic

field Q(k). In the general case, this is given by

UF) = (sl g (T (k4 P)) ) (2.18)

e

The direction of symmetry breaking reflects the direction of VV (7). This will depend
on the bulk inversion asymmetry in the semiconductor crystal structure.

For instance, GaAs is a polar semiconductor with electric fields along each bond
between an As and Ga atom. The symmetry of the effective magnetic field in k space is
determined by the symmetry of these polar bonds in real space. Dresselhaus analysed

the effective magnetic field for this system and found that it has the form |102]:

2
Q (E> E Uan— " (k2 — k2))3 (2.19)
meV2meEg | YV F z

This effective magnetic field has a much more complicated structure than the simple
Rashba magnetic fields introduced in section [1.6] reflecting the more complicated
spatial dependence of VV (7). In the general case, as can be seen in equation m,
the strength of the effective magnetic field will depend on the matrix elements between
Bloch states in the crystal. The origins of the large spin orbit coupling in perovskites
occurs due to the large atomic number, Z, which is reflected in the cell functions for
the band edge states being 6s and 5p.

Inversion asymmetry in 2D perovskite structures is dictated by the tilting or
twisting of the lead iodide octahedra in the perovskite crystal structure, which leads
to differences in the adjacent Pb-I bond lengths. The magnitude and direction of these
distortions are determined by the interplay of the small and long organic cations in
the structure. It is of interest to compare the case of BA to 4AMP as it isolates
the role of the spacer molecule. In the BA structure (shown in Figure [1.10] (a)) the
spacing layer is made up of two sheets of (+1) butylammonium cations, which occupy
a place that would be occupied by a methylammonium cation in bulk MAPbI3. The

butylammonium nitrogen groups bond to all the surrounding iodide atoms in the
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perovskite octahedra, causing both out of plane tilting and in plane rotation to the
octahedra. In contrast, the 4AMP perovskite (shown in Figure[L.10] (b)) is comprised
of one sheet of (+2) 4-aminomethyl piperidine cations. The 4AMP nitrogen groups
bond to the bridging iodide atoms, indicated by the red dashed lines in Figure |[1.10
(b), this results in very little out of plane tilting of the perovskite octahedra. The
out of plane tilting and in plane twisting of the octahedra results in differences in the
Pb-I bond lengths creating a dipole across a unit cell. These dipoles are expressed
as an intrinsic electric field in the greater lattice. In the case of BA this results in
VV (7) having components both in the plane and out of the plane perpendicular to
the stacking axis, while in the case of 4AMP this would lead VV (7) to lie in the plane

perpendicular to the stacking direction.

The difference in the direction of VV/(7) has a dramatic effect on the direction of
the effective magnetic field tied to the bulk inversion asymmetry. Section|1.6{describes
the case in which VV/(7) is perpendicular to transport direction (i.e. parallel to the
stacking axis). This leads to an in plane direction for Q(Ig), perpendicular to both k
and the stacking direction (as shown in Figure (a)). For the 4AMP case VV(7)
is in the plane perpendicular to the stacking direction. Since k is also in the plane,

-

Q(k) from equation will be in the stacking direction for all k. This situation is
depicted in Figure (b)).

In practice carriers spins are always optically injected along the stacking direction
(with the light propagating direction parallel to the stacking axis). The effective
magnetic field will have a different impact on the carrier spin dynamics for the two
cases shown Figure . In the case where VV (7) is along the stacking direction (as
shown in Figure (a), the most common Rashba case), the carriers will undergo
precessional spin relaxation via the DP process. In contrast, the case in which VV ()
is in the plane (as shown in Figure (b), and is the case for the 4AMP structure)
the effective magnetic field is parallel to the initial spin polarization direction and no
precession occurs. In this case the DP mechanism is turned off, yet the Rashba effect

is still present.

The situation in 4AMP is analogous to the case of (110)-oriented III-V quantum
wells. Under quantum confinement, the bulk inversion asymmetry effective magnetic

field in equation is modified because the component of k along the quantum
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Figure 2.4: Rashba magnetic fields for the cases if bulk inversion asymmetry (a)
parallel and (b) perpendicular to the stacking axis. Analogous to BA and 4AMP
respectively.

-

well confined direction is enlarged, causing certain components of (k) to become
dominant. For confinement along the (110) direction, the effective magnetic field
is along the stacking direction, with the same form as Figure (b). The turning
off of the DP process in (110) oriented III-V quantum wells has been shown for
both AlGaAs and InAs/GaSbh systems |@| The structure of Q(E) in Figure
(b) is very useful for the development of spintronic devices because, as long as
the 2" component of the spin is utilized, the trade off between spin lifetime and spin

splitting is eliminated. This structure is the basis for both a spin resonant tunnelling
diode |104] and a spin field-effect transistor [30].



Chapter 3

Experimental Techniques

3.1 Sample Fabrication

3.1.1 Precursor Crystals

The material studied in this thesis is the layered (n = 2) Dion-Jacobson Perovskite
4-aminomethyl piperidinium methyl ammonium lead iodide ((4AMP)MAPb,I7). The
full chemical formula for this series of perovskites is (C¢NoH;6)(CH3NH3),,—1Pb, I3, 1.
The precursor crystals were fabricated at North Western University using a technique
called reverse crystallization (laid out in reference |72]), sealed in glass vials, and
shipped to Dalhousie University. In the reverse crystallization procedure, 449 mg (3
mmols) of 99.9 % PbO powder was dissolved in a solution of 6 mL of hydrogen iodide
and 1 mL of hydrophosphorous acid by heating on a 130° hot plate under magnetic
stirring for 5-10 minutes until the solution turned a bright yellow color. 477 mg (3
mmol) of methylammonium iodide was added directly to the above solution under
heating. Separately 37.7 mg (0.33 mmol) of 4-amonomethyl piperidinium (CsNoHig)
was added to 0.5 mL of hydrogen iodide under magnetic stirring at room temperature.
The second solution was added into the perovskite solution under heating and stirring
over 5 minutes. The stirring was then turned off and the solution was allowed to cool
to room temperature. During this process, dark red plate-like crystals precipitated at
the bottom of the vial. These crystals were then extracted via vacuum suction and

dried. This returned a yeild of 684 mg, or 31.5% based on initial lead content.

3.1.2 Thin Films

The thin films used in this thesis were fabricated, by the author, in the Hill Laboratory
at Dalhousie Univeristy. 127.5 mg of (4AMP)MAPb,l; was dissolved in 101.2 ul of
DMF (0.45 M) and heated on a hotplate under magnetic stirring for one hour. This

created a yellow opaque solution. A clean and UV-treated sapphire substrate (0.5

44
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mm thick, 12.7 mm in diameter) was heated to 120° on a hot plate. The substrate
was then transferred to the spin coater and 75 ul. of the perovskite solution was
micro-pipetted onto the center of the substrate. The substrate was then spun for
20 seconds at 5000 rpm. During this process the perovskite solution stayed opaque.
As soon as the spin cycle was completed, the sapphire was transferred to the hot
plate and the opaque solution rapidly ( < 5 seconds) turned a dark red color starting
from the center and moving radially outwards. The resultant film was smooth, dark
red, and semi opaque film completely covering the substrate. Figure (a) shows a
photograph of the completed sample held in a cold finger tip. The resultant film was
stored in a dry nitrogen glove box and transferred to a Janis ST-100 cryostat when

under investigation.

3.2 Linear Absorbance

Linear Absorbance, also known as optical density or extinction, is a measure of the
attenuation of transmitted light through a sample. A broadband source is focused
onto a sample and the transmission is monitored via a spectrometer. This is compared
to a reference spectrum representing the incident flux. Absorbance is related to the
ratio of the incident to the transmitted flux as:

A = logyg (%) (3.1)

where ¢; and ¢, are the incident and transmitted fluxes respectively. In these ex-
periments the source was a broadband tungsten halogen lamp (LS-1-LL) purchased
from Ocean Optics, the sample was held in an ST-100 cryostat, and the transmitted
light was collected by a Ocean Optics USB-4000 spectrometer. The light from the
tungsten lamp was coupled via a QP1000-2-VIS-BX ocean optics optical fibre into
the probe focusing lens in Figure [3.8| resulting in a beam waist of 2 mm. Moving the
beam spot to various locations on the sample showed little change in the absorption
spectrum, indicating homogeneous optical density across the sample.

Figure (b) shows the linear absorption spectra for the thin film prepared at
Dalhousie University (black curve), along side the 4AMP series, for single crystals,
collected at North Western University and a bulk MAPbI;3 crystal, adapted from

reference [70]. These data have been normalized for easy comparison, as the thickness
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of the sample greatly increases the optical depth. The optical absorption at 2.21 eV
for the thin film created at Dalhousie University was found to be 1.2, leading to an
optical depth of 2.7. From a comparison bewteen the green curve in Figure [3.1] and
the black curve (our sample), it is clear that the thin film is primarily composed of
n = 2 4AMP. The increase in absorbance associated with the exciton (~ 2.05 eV) and
interband (~ 2.15 eV) transitions occur at the same spectral locations in the black
and green curve. The exciton is weaker relative to the interband transitions in our
thin film sample, which is expected because the results from reference [70] are taken
on single crystals of 4AMP. The increased disorder in the film will broaden the exciton
resonance, reducing the relative height of the absorption spectrum. The presence of
weak absorption (between 1.8 and 2.0 €V) below the band gap of the n = 2 thin film
likely reflects contamination with a small amount of n = 3 4AMP. As the absorption
coefficient for the n = 3 case is much larger than the n = 2 case around 1.8 eV and
the measured absorption in this region is small compared to that associated with the
n=2 material, the amount of n = 3 contamination in the sample must be small and
most of the optical excitation will occur in the n = 2 crystals. In addition, some
contamination by n = 1 4AMP cannot be ruled out from the absorption spectrum
alone since it would be superimposed as the interband response for n = 2 at high
photon energies. Such contamination, if present, would not affect the differential
transmission and circular dichroism measurements described in sections B.5.1] and
3.5.2 as the photon energies use in those experiments are between 2.0 and 2.2 eV,

below the exciton transition for n = 1 (~ 2.3 V).

3.2.1 Tauc Analysis

A Tauc analysis is used to determine a semiconductor’s band gap. The analysis con-
sists of plotting the absorbance of light times the energy at that absorbance ((ahv)/"),
vs the energy (hv), where the quantity r denotes the nature of the transition (r = 1/2
for direct allowed transitions, applicable to the present case [40,/72]). The resulting
plot has a linear regime between the exciton and interband transitions. Extrapolating
this regime to the horizontal axis gives the materials optical band gap. Figure [3.2
shows the Tauc analysis for the 4AMP sample. The bandgap was determined to be
2.13 £ 0.04 eV, consistent with literature values [72].
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Figure 3.1: Linear Absorption spectra for 4AMP series of single crystals made at
North Western University (coloured curves), adapted from reference [70], and n = 2
4AMP film fabricated at Dalhousie University (black curve).
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Figure 3.2: The tauc analysis carried out on the 4AMP material. The bandgap was
determined to be 2.13 + 0.04 eV.
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3.3 X-ray crystallography

X-ray diffraction (XRD) is a technique used to determine the atomic and molecular
structure of a crystalline material. A periodic lattice such as that shown in the
inset of Figure (a) consists of planes on which the atoms are rigidly stuck (at 0
K). An incident beam of x-rays will interfere constructively only if the extra length
travelled by different x-rays from successive planes is a half integer multiple of the

x-ray wavelength. This is known as Bragg’s Law and is given by:

dsin@zn% (n=1,2,3...) (3.2)

By scanning across a range of theta, constructive interference angles for each plane

can be found and equation [3.2| can be solved to find the plane spacing d.

c)

Intensity (a.u.)

33 66 99 132
20 (dearee)

Figure 3.3: (a) Schematic representation of the XRD apparatus (inset) a rep-
resentation of Bragg scattering from a crystal lattice.  (b) XRD taken on
BA;MA,,_1Pb,I5, 1for n = 1,2,3/4, and (c) an illustration of the diffraction planes
for the n = 2 case. Adapted from reference

XRD is also useful in determining the thickness and orientation of a confined
structure. This is known as grazing XRD as low angle peaks (< 20°) can be used to
identify the orientation. Figure[3.3|(b) shows the XRD intensity as a function of angle
for BA,MA,,_1Pb,I3, 1(n = 1,2,3,4) . The numbering of the peaks correspond to
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the Miller indices of the diffraction plane. The (0kO) family of planes, (k =2,4,6...)
correspond to the stacking of the perovskite layers parallel to the substrate, as shown
by the red planes in Figure (c). As the physical distance between the planes
increases the angles corresponding to each member of the (0k0) family decreases. This
effect is seen in Figure (3.3 (b) where the (020) and (040) planes appear closer together
in angle for n = 1 but farther apart for n = 3, compared to the n = 2 case. The (111)
peak, located near 13°, corresponds to the stacking of perovskite layers perpendicular
to the substrate, shown by the green planes in Figure (c). Therefore; the number
of perovskite octahedra making up the layers can be determined from the number of
evenly spaced (0k0) peaks below the (111) peak, while the orientation of the stacking
layers can be qualitatively found by comparing the relative intensity of the (0kO)
peaks to the (111) peak.

Thin films were prepared at North Western university under identical conditions
as those studied in the optical experiments in this thesis while the author was visiting
collaborators there. These samples were characterized using a Rigaku Ultima IV X-
Ray Diffractometer, with a beam size of 0.4 X 12 mm. Figure [3.4] shows the results of
grazing angle X-Ray diffraction measurements, plotted on a log scale, taken on these
samples. The presence of three evenly spaced relatively intense peaks; indicated by
the black dashed lines, indicates the presence of the (020), (040), and (060) planes
for the n = 2 case. The absence of a (111) plane, which should appear just after this
triplet, indicates that the films have formed a parallel alignment to the substrate.
Note here that although these angles do not correspond perfectly to the expected
values for the (0k0) family of planes, the author and collaborators are confident in
this assertion as a small tilt in the thin film during measurements can cause a relative
shift in these angles. There are small, but not insignificant, features at 4.1°, 8.64°,
and 12.00°, this is most likely due to the presence of some n = 3 material. While the
small features at 7.98° and 14.30° are most likely due to some n = 4 material. This
mixing of layer numbers is caused by imperfect stochiometric ratios during the reverse
crystallization of the perovskite platelets. This mixing of the layers is consistent with

the linear absorption measurements in Figure |3.1
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Figure 3.4: Results of X-Ray diffraction measurements, plotted on a log scale, taken
on a sister sample created under equivalent conditions at North Western University.
Dashed black lines indicate the peaks associated with n = 2, red dashed lines indicate
contamination with other layer numbers.

3.4 Ultrafast Laser Source

Since the carrier dynamics described in section [1.5] occur on picosecond timescales
it is necessary to use a probe that has sub-picosecond resolution. Since this is not
possible using any mechanical shuttering or timing techniques, such as those used in
time resolved photoluminescence, ultrafast light sources on femtosecond timescales
are utilized. The light source used here was purchased from Coherent Inc. and is
composed of three main components: (i) the Verdi-V18 pump laser, (ii) the Mira HP
oscillator cavity, and the (iii) APE Optical Parametric Oscillator, and is shown in

Figure

3.4.1 Verdi-V18 Pump Laser

The Verdi V-18 is a solid state continuous wave diode pump laser. This output is

used to pump a gain medium of Nd:YV0, (Neodynium doped Vanadate), with a
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Figure 3.5: A schematic overview of the laser system used in this thesis work. The
Verdi V-18 pumps the Mira HP-F oscillator cavity, which in turn pumps the APE
OPO. The OPO converts the Mira output into the visible spectrum with tunability
between 550 nm and 770 nm. The OPO spectrometer measures the output spectrum
of the OPO which is used as feedback to control the cavity length.

characteristic wavelength of 1064 nm. Part of the 1064 nm light is converted into
532 nm light through a process known as frequency doubling, achieved through the
x? interaction of a lithium triborate crystal. The 532 nm output of the Verdi is used

to pump the Mira HP-F ultrafast laser cavity.

3.4.2 Mira HP-F

The Mira HP-F, shown in figure [3.0], is a mode-locked ultrafast laser cavity that uses
a Ti:Sapp gain medium (sapphire doped with titanium), and a built-in prism group
velocity dispersion (GVD) compensator. This enables the creation of near transform
limited pulses of 150 fs, at 76 MHz repetition rate, and tunability between 700 nm and
980 nm. Mode-locking is achieved through the Kerr Lens mode-locking. The Kerr

effect corresponds to the fact that high intensities of light will experience a nonlinear
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refractive index (n &~ n® + n?(I)). Since the laser has a Gaussian cross section this
effect leads to the focusing of light. The laser initially operates in continuous wave
mode. Any noise spike generated in the cavity will get preferentially focused through
the Kerr effect in the Ti:Sapp gain medium. Mode locking is achieved by placing a
slit aperture at a location in the cavity where the Kerr focused light will experience a
beam waist. The noise spike experiences a larger net gain and the residual continuous
wave components transition to a state of net loss until only one pulse remains in the
cavity. The repetition rate of the laser is determined by the length of the cavity
since a portion of this single pulse leaks through the cavity end mirror on each round
trip. This in conjunction with a slit aperture at the cavity output creates a pulsed
output with no continuous wave components. The effective cavity length is controlled
by the birefringent filter, which introduces a wavelength dependent loss, allowing for

controllable spectral output.

‘ Auxiliary (alignment) cavity

>} /r}\/

i:Sapp
L / Si Photodiode

From Verdi

Figure 3.6: A schematic diagram of the Mira HP-F. Here the Kerr Lens mode-locking
occurs within the Ti:Sapp crystal. GVD - group velocity compensator. BRF - bire-
fringent filter.
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Compensator Slit
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3.4.3 APE Optical Parametric Oscillator (OPO)

The OPO, shown schematically in Figure is designed to frequency transform the
femtosecond pulses generated in the Ti:Sapp oscillator, outputting at 830 nm, into
the visible wavelength range. This is achieved through a x? process known as optical
parametric down conversion and the use of a periodic poled crystal. In parametric
down conversion, a high energy pump photon is converted into two lower energy
photons, known as the signal (higher energy) and idler (lower energy), obeying the
laws of conservation of momentum and conservation of energy. From conservation of

momentum:

EPump = ESignal + Eldler (3.3)
g Tkl enrall T 59
and conservation of energy:
Epump = Esignal + Etdler (3.5)
1 Lo (36)

)\Pump )\Signal )\Idler

This process requires the pump, signal, and idler beams to propagate through the
crystal at the same phase speed, known as phase matching. Since crystalline materials
contain dispersion, the index of refraction changes with wavelength (n(Apump) #
n(Asignal))- In most parametric down conversion materials, these indices can be made
to match using the two axes of a birefringent crystal. However; this limits the spectral
range of the output and can lead to restrictions on which crystallographic orientations
may be used, limiting the conversion efficiency. A more modern technique known as
quasi-phase matching uses a periodic poled crystal. A periodic poled crystal consists
of alternating thin strips of a bulk crystal with oppositely poled domains. The idea
is to allow the waves of Apymp and Agignal to walk off and walk back on in successive
poled regions, where the index of refraction is repeatedly reversed. These crystals are
manufactured by sequentially growing a thin slice of the bulk crystal and applying an
high (2-3 KV) voltage across the most recently grown domain creating a permanent

electric dipole. The next domain is then grown and the voltage is reversed. This
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results in a an effective y? susceptibility with constant amplitude and opposite sign.
The length of the poled sections is chosen such that the pump wavelength is phase
shifted /2, which brings the pump back into phase with the signal beam in the next
domain of the crystal. This is equivalent to modifying equation to:

n(Apump)  N(Asignat) ~ (Adier) 1

>\Pump )\Signal )\Idler A ( )

where A is the period of poling.

This configuration of the OPO allows for down conversion (down in energy).
Therefore; the output of a OPO is limited to wavelengths greater than the origi-
nal output of the Ti:Sapp, in practice. In order to access the visible range of the
spectrum an intracavity periodically poled second harmonic LBO (Lithium Borate)
crystal is used, allowing the output frequency to be doubled. A thermoelectric cooler
is used to control the temperature of the crystal to phase match to the desired wave-
length. The temperature of the LBO crystal and the desired wavelength is set by
the operator while a P-I-D loop is employed by the OPO to control the cavity length
with input via an external spectrometer. As the OPO is pumped by the Mira beam

it also operates at a 76 MHz repetition rate.

3.5 Ultrafast Spectroscopy Techniques

3.5.1 Differential Transmission

Differential transmission, also known as pump-probe spectroscopy, is the most com-
mon form of ultrafast spectroscopy. Figure|3.8[shows a schematic of the experimental
apparatus used in the differential transmission and circular dichroism experiments.
The OPO creates pulses of light that are linearly polarized horizontal with respect
to the optical table. These pulses are split by a beam splitter into the pump and
probe pulses. The pump pulse travels through a half waveplate which is set to rotate
the pulse 90°. This pulse then travels through the computer controlled delay stage
that has a retro-reflector mounted on it, such that the time delay added to the line is
twice the time taken for light to traverse the change in position of the retro-reflector.
The pump then passes through the chopper blade, which modulates the laser pulse
train at 400 Hz. The pump is then focused onto the sample, and the throughput
is blocked. This pulse changes the absorption coefficient of the sample by optically
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Figure 3.7: A schematic diagram of the APE OPO. Here blue is used to represent
infrared wavelengths.

injecting carriers into the conduction band according to equation [1.28] Concurrently,
the probe pulse travels through a wave plate oriented such that the polarization is not
rotated. The average power of the probe pulse is kept much less (at most 10%) that
the pump, this is to reduce the change in absorption due to the probe beam itself.
This attenuation is achieved through the use of neutral density wheels placed in both
the pump and probe path. The probe pulse is then focused at the same spot on the
sample as the pump, and the throughput is measured by a Thor-Labs PDA36A photo
diode connected to the lock-in amplifier. The lock-in amplifier provides a measure of
the change in voltage of the probe beam at the frequency of the pump modulation
(400 Hz). The reading on the lock-in is then a direct measure of the change in absorp-
tion of the probe due to the presence of the pump. The change in absorption can be
directly related to the change in the carrier concentration at that energy. Therefore
this technique provides a probe of both the interband and intraband recombination
dynamics in semiconductor materials. The differential transmission signal can be
monitored as a function of delay between the pump and probe pulse by decreasing

the distance travelled by the pump. The resulting data can be fit to equation [1.29
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to extract the inter- and intraband carrier lifetimes. Although the lock-in amplifica-
tion increases the signal to noise ratio to a measurable level, scatter from the pump
beam will inevitably make it into the photo diode. This noise level can be reduced
by using cross polarized beams. If the pump and probe beam are polarized 90° from
one another (as in the case described above) and a linear polarizer is placed after
the sample, the pump scatter can be greatly reduced. Figure shows a close up
schematic of this geometry.

At the beginning of each day the spatial overlap of the pump and probe beams
must be found. This is done by placing a power meter behind the cryostat and the
cryostat is moved such that the transmission of the probe beam passes through a
50 pm pinhole, held below the sample in the cryostat, is a maximum implying that
the pinhole is located at the probe beam waste. The ratio of transmitted power to
incident power (T') can be used to find the spot size (w) of the focused beam through

the relation:

w=av2[log(l —T)|? (3.8)

where a is the size of the pinhole. The pump beam is then focused, using the 3D
stage the pump focusing lens is mounted on, through the same pinhole and the trans-
mitted power is measured. The pump and probe beam spot size for the experimental
conditions were found to be ~ 60 um at a pump/probe wavelength of 600 nm.

Once spatial overlap is achieved, the pump beam drift must be assessed. The
transmission of the pump beam is monitored as the delay stage is moved to the
extreme ends of its range, if the transmitted power changes by more than 5% the
pump beam alignment into the delay stage is not parallel with the movement of
the stage. This misalignment causes the pump beam to drift across the pinhole as
the stage moves between its extremes, changing the transmission. If the change in
transmission is greater than 5% the alignment into the delay stage must be altered
and this process repeated until the transmission stays within 5%.

The pulse duration at the sample is not known precisely as an autocorrelation
at these wavelengths would require a detector with a spectral range well into the
UV. However; as the OPO outputs near transform limited pulses of 150 fs, and
autocorrelations using the same experimental apparatus, with the Mira-HP beam as

input yielded a pulse duration of ~ 300 fs, it can be estimated that the pulse duration
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is no more than 500 fs at the sample.
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Figure 3.8: A schematic diagram of the entire experimental apparatus. In linear
differential transmission the WP (waveplates) are half wave plates, while in circular
dichroism the WP are replaced with quarter wave plates. BS - beam splitter, AOM
- acousto optical modulator, PD - photodiode ND-variable neutral density wheels.

3.5.2 Circular Dichroism

In the case of circular dichroism, the same experimental apparatus shown in Figure|3.8
is used, except the half wave plates are replaced with quarter wave plates. The quarter
waveplate in the probe path is set to create circular light of one helicity. The quarter

wave plate in the pump path is set to create circular light of the same or opposite
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Figure 3.9: A schematic of the optical setup for a differential transmission experiment.
The probe half wave plate (HWP) is set to add no rotation to the pulse, while the
pump HWP rotates the pump beam by 90°. Both pulses are focused onto the sample
and the throughput is a combination of the probe pulse and scatter from the pump
beam. The linear polarizer (LP) is used to eliminate the pump scatter from the probe
pulse.

helicity. Differential transmission data is collected for co-circular and counter-circular
polarizations in the pump and probe beams, providing a measurement of the carrier
dynamics of the injected and opposite spin states. This data can be used to calculate

the degree of circular polarization and fit to equation [[.37]to extract the spin lifetime.

3.5.3 Calibration of Quarter Wave Plates

The light produced by the OPO has a linear polarization, for circular dichroism ex-
periments the beams must be converted to circular polarization. This is accomplished
for the pump and probe pulses by a quarter wave plate. A quarter wave plate is a
birefringent material that has a fast and a slow axis, with indices of refraction ny and
ns respectively (ny > ny). By orienting the incident light 45° to the birefringent axes

and properly choosing the amount of material the light propagates through, one can
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Figure 3.10: A schematic of the circular dichroism setup to probe the minority spin
population. The pump beam injects carriers with spin dictated by the pulses helicity.
Changes in the probe signal are an indication of the population of carriers with
opposite helicity. quarter wave plate - quarter wave plate, PD - photodiode.

precisely choose the phase shift between the two components of the light field. To

make circular polarized light the material thickness is chosen such that

Ap = w _ g (3.9)

It is therefore imperative to know the orientation of the birefringence axes. Figure
shows a schematic of the apparatus used to verify the angle of the birefringent
axes. The input HeNe beam, which is also linearly polarized, is split by a polarizing
beam cube, the output travels through a quarter wave plate mounted in a 360° mount.
If the quarter wave plate is set such that the input light is at 45° to the birefringent
axis a 7/2 phase shift will be introduced and perfectly circular light will be created.
This will reflect off the mirror and pass back through the quarter wave plate, adding
another 7/2 phase shift, effectively acting as a half wave plate. The light will now be
in the opposite linear polarization state as the input beam and will pass through the
polarizing beam cube and be collected by the power meter. When the power meter

reads high the quarter wave plate is set to create perfectly circular light.
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Figure 3.11: Schematic of the apparatus used to calibrate the quarter wave plates. In
this diagram the HeNe laser outputs 633 nm horozontally polarized light, the quarter
wave plate is set such that it creates perfectly circular light in the blue region, here
the power meter would read high. PBC-polarizing beam cube. QWP-Quarter wave
plate. Note: the optical paths are spatially separated here for ease of explanation, in
practice the horizontal and vertical paths overlap one another.




Chapter 4

Results and Discussion

4.1 Photo Induced Degredation

As perovkites are known to degrade with exposure to illumination, it was imperative
to discover the conditions under which the laser pulse would cause degradation to
the sample so that those conditions could be avoided during the optical experiments.
This was done by performing test measurements with the sample exposed to the laser
beam. The throughput of the laser incident on the sample was monitored for a period

of 5 minutes for a range of laser beam fluence values, where fluence is defined as:

i [ 2] )

(Average Power)

Fl =
Henee m(w)? (Repetition Rate)

cm

where w is the size of the beam waist. If the throughput was seen to rise, then the
absorption coefficient of the film is dropping during laser exposure. The origin of this
drop is not known but based on the linear absorption spectrum, the likely explanation
is that the film is converting partially to n = 1. Since the band gap is much higher
then the 2.21 eV photon energy used, these converted components of the film no
longer contribute to the absorption. Since the absorption coefficient increases with

increasing photon energy, the test was performed at the peak of the absorption curve
(2.21 eV).

Figure [4.1| shows the results of this experiment. There is no rise in throughput
for fluences 257 and 299 nJ/cm?. There is a small rise starting at 342 nJ/cm?, which
becomes significant by 470 nJ/cm?. Therefore during all optical experiments the
fluence was kept at or below 257 nJ/cm? to be confident that the laser exposure was

not degrading the sample.
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Figure 4.1: Results from the photo induced degradation test with a pulse energy of
2.21 eV, for various laser fluences in nJ/cm?.

4.2 Differential Transmission

Prior to studying the carrier spin dynamics, it is essential to characterize the spin-
independent carrier thermalization and recombination times. Figure shows a
typical graph for above bandgap excitation. Here the excitation photon energy is 38
meV above band gap. The data points prior to 0 delay indicate that the pump beam
is arriving before the probe, and provides the base line for no change in the probes
transmission. After zero delay the signal shows a fast (< 20 ps) decay indicating
the carriers are undergoing intraband scattering processes. Over greater time scales
the decay follows a second exponential indicating interband recombination. This is
consistent with the theory laid out in section (1.5 where the lifetimes are found by
fitting to equation[L.29] This yielded a carrier thermalization time of 182 (ps) and a
carrier recombination time of 160 + 20 (ps). Therefore; the lifetime of the differential
transmission signal was found to be less than the repetition rate of the source.
Figure [4.3] shows results of differential transmission measurements for various ex-

citation energies. Figure shows the height of the differential transmission signal
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Figure 4.2: Results of differential transmission signal for 60 meV above gap excitation,

257 nj/cm?. Fitting to equation leads to a carrier thermalization time of 18 £ 2
and a carrier recombination time of 160 =+ 20.

at 50 ps as a function of laser detuning from the band edge, overlain with the linear
absorption spectrum. The differential transmission is a measure of the change in the
absorption coefficient at a particular probe energy due to the state filling induced by
the carriers injected by the pump beam, while the linear absorption is simply a mea-
sure of the transmission of a broadband source. The differential transmission signal
tracks the linear absorption through the excitonic peak (~ —100 meV) and decreases
as the excitation energy is tuned towards the band edge. In the vicinity of the band
edge we observe photoinduced absorption, this is due to the low absorption coefficient
in this region coupled with the high excitation fluence. The presence of a high density
of electron-hole pairs in the semiconductor leads to a slight reduction of the band gap

due to the exchange interactions between electrons. This process, which is a manifes-

tation of many body interactions, is referred to as band gap re-normalization. This
results in the probe absorption increasing for energies in the vicinity of the band edge.
As the excitation energy is tuned above the band edge there is a steep onset of signal

up to ~ 50 meV above gap. It is typical for the differential transmission signal to
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Figure 4.3: Results of differential transmission signal for various laser detunings at
257 nJ/cm?.

exhibit a sharper band edge than the linear absorption signal as the linear absorption
is impacted not only by the state filling signal but also by scattering from roughness
at the sample surface. The differential transmission then decreases as the laser is
tuned above the band gap. This is due to the reduction in the absorption depth as

the photon energy increases eventually getting smaller that the sample thickness.

4.3 Circular Dichroism

Typical circular dichroism results are shown in the upper panel of Figure for a
pump and probe beam with the same and opposite helicities, as a function of the
delay time between pulses. In the case of the same helicity (blue curve) the signal
is large in the vicinity of zero delay and follows an exponential trend over the first
~ 15 ps. Here the probe is measuring the state filling response of the carriers with
the same angular momentum as injected by the pump beam. In the case of opposite

helicity (orange curve) the signal levels off quickly after zero delay. After ~ 20 ps
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Figure 4.4: Magnitude of the differential transmission signal, at 50 ps, for various
laser detunings at 257 nJ/cm?.

the signals are equivalent and begin to decay at the same rate. These observations
are consistent with the theory laid out in section [1.50 The convergence of the blue
and orange curve indicates the spin relaxation of the optically injected carriers. The
lower panel in Figure shows the degree of spin polarization as a function of delay.
The degree of spin polarization in the vicinity of zero delay is ~ 50% and decays in
a single exponential trend towards zero. Fitting this decay to equation yields a
intraband spin lifetime of 12 4+ 2 ps.

The process described above was carried out for various excitation energies and
pulse fluences. Figure 4.6 shows the circular dichroism results for various excitation
energies. At energies above gap the typical response for above band gap excitation
is observed, as described above. As the energy is tuned below gap photoinduced
absorption, tied to the band gap re-normalization, is observed as reflected by the
fact that the differential transmission signal for the opposite helicity state dips below
zero. As the excitation energy is tuned across the excitonic resonance the typical state

filling response is recovered. This is summarized in the top panel of Figure [£.7] where
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Figure 4.5: (a) Circular dichroism results for an excitation energy 38 meV above band
gap, at a excitation fluence of 572 nJ/em?. (b) Degree of spin polarization for the
signal above, fit to equation yields a spin lifetime of 12 4= 2 ps.

the degree of spin polarization at 3 ps is presented for various excitation energies.
The spin polarization is greatest just above the band gap at 27 meV (~ 80%) and
near the excitonic resonance at -114 meV (~ 55%). The lower panel of Figure
shows the spin lifetimes as a function of excitation energy. As the energy is tuned
over the excitonic resonance the spin lifetime increases to a maximum at -104 meV
then decreases rapidly as the energy is tuned towards the band edge. Although this
transition is expected to be sharp, inhomogeneous broadening as a result of lattice

distortions causes spectral broadening of the transition. The same feature was noticed
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Figure 4.6: Circular dichroism results for various excitation energies referenced from
the band edge, taken with a fluence of 572 nJ/cm?. Blue (orange) curves represent
the same (opposite) helicity between the pump and probe pulses

in the BA series by Todd et.al. [45]. The lack of points around the band gap is due
to the low degree of circular polarization at the band edge, making extraction of spin
lifetimes impossible. Above gap we see a decrease in spin lifetime with increasing

energy.

The Initial degree of spin polarization is high for probe energies just above the
band gap (80%). This is consistent with the observations in MAPbI3 by Giovanni
et.al. , for which a polarization of 90% was observed [42]. A reduction in the degree
of spin polarizations at high photon energies is consistent with the findings by Todd
et.al. |45]. The observation of a high degree of polarization at the band edge indicates
that the electrons and holes are both spin polarized immediately after excitation.
This is because, according to equation the bleaching signal has contributions
from both electrons (via f.) and holes (via f;). Electronic structure calculations
for a similar 2D perovskite (n=1, (C¢H5CoH4NH3)oPbl,) indicate a similar effective
mass for electrons and holes [43]. This suggests that electrons and holes contribute
to the bleaching signal to a similar extent. Nevertheless, the observation of a single
exponential decay suggests that the spin lifetimes for the electrons and holes are

similar.
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laser detuning, at 3 ps after zero delay for a fluence of 572 nJ/cm?.

Figure [4.8| shows the spin lifetimes for various pulse fluences. The spin lifetime is

observed to stay constant with changing excitation fluence over an order of magnitude.
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Figure 4.8: Spin lifetime as a function of laser excitation fluence at an excitation
energy 38 meV above band gap.

We can gain insight into the carrier spin relaxation process from the lack of depen-
dence of the lifetime on the carrier density. The two spin relaxation mechanisms
discussed in section (EY and DP) both depend on the momentum scattering
time. Changing the optical pulse fluence changes the optically injected density of
electron-hole pairs. The carriers within each band interact with each other through
the Coulomb interaction, a process called carrier-carrier scattering. These scattering
events change the wavevector of the scattered carriers. The trend in the spin lifetime
versus carrier density therefore provides a means to distinguish between the EY and
DP processes. For the EY mechanism, the spin lifetime should decrease with carrier
density and for the DP mechanism the spin lifetime should increase with carrier den-
sity. The results shown in figure [£.8] which show no dependence on carrier density

are therefore interesting.

In previous experiments carried out by a former graduate student on the 2D per-

osvkite BA, the spin lifetime was observed to increase with increasing carrier density,
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in contrast to the results shown in Figure for 4AMP [54]. This indicates that
changing the long spacer cation (from butylammonium to 4-amonomethyl piperi-
dinium) has had a dramatic impact on the carrier spin dynamics. The increase in
spin lifetime, observed in BA | indicated a dominance of the DP spin relaxation mech-
anism in that structure. As discussed in section [2.2] the DP mechanism is caused by
the effective magnetic field induced by the spin-orbit interaction. For the BA struc-
ture, symmetry is broken in the stacking direction, reflecting the out of plane tilting
of the lead iodide octahedra. This effective magnetic field is oriented in the plane
of carrier transport (i.e. perpendicular to the stacking direction), with a direction
direction that is perpendicular to k. Since the laser pulse excites carriers with spin
oriented along the stacking direction, this in plane effective magnetic field causes the
carriers spins to precess, leading to spin relaxation. The spin lifetimes in the BA
structure were used in reference |45] to obtain an estimate of the Rashba spin split-
ting, yielding a value that was 20 times larger than GaAs quantum wells, as expected

from the strong SOC in perovskite materials.

Due to the strong spin orbit coupling in the 4AMP material a non-zero Rashba
effective magnetic field is expected. The lack of a dependence of the spin lifetime
on carrier density in the 4AMP structure studied in this thesis work could reflect a
competition between the EY and DP mechanisms. However; an exact cancellation of

the EY and DP processes would seem to an unlikely event.

An alternative explanation is provided by the symmetry of the effective magnetic
field in the 4AMP film, which is expected to differ from the BA film. As shown in
Figure m (a) the distortions of the lead iodide octahedra caused by the competition
between the methylammonium and 4AMP cations corresponds to twisting, with no
out of plane tilting. In this case, the symmetry breaking axis is in the plane perpen-
dicular to the stacking axis. This leads to an effective magnetic field aligned with
the stacking axis. Such a field, despite being non-zero, does not contribute to spin
relaxation since no precession of the optically injected spins (also aligned with the
stacking direction) occurs. A similar situation is expected to occur for BZ;PbCly
as shown in Figure , adapted from reference [92]. The spin splitting associated
with the Rashba effective magnetic field was found to be quite large in this material

(with a A\g = 2 €V-A) with the field aligned with the stacking axis. The preferred
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Figure 4.9: (a) Calculated band structure and associated Rashba coefficient for

BZ,PbCly, adapted from reference [92]. (b) Molecular structure calculations for
(BAMP)MAPD, 17, adapted from reference .

alignment of the Rashba effective magnetic field accounts for the lack of an observed
dependence of the spin-relaxation on the carrier density in the experiments carried
out for this thesis. Measurements on other 2D perovskties with differing choices of

spacer molecule would provide further support of this interpretation and will be the

subject of future work.



Chapter 5

Conclusion

In this thesis the spin dynamics of (4AAMP)MAPD,I; were studied using circular
dichroism. A degree of spin polarization of 80% was observed and spin lifetimes of
~ 10 ps were measured at the band edge. The spin lifetime was observed to decrease
with increasing energy above the band gap, and has no dependency on fluence. This
result indicates that the D’yakonov-Perel mechanism for precessional spin relaxation
is suppressed when compared to BAosMAPb,I;. This contrast comes about due to the
interaction of the spacer molecule with the perovskite lattice. In 4AMP the effective
magnetic field due to the inversion asymmetry is in the stacking direction, causing
no precession of the spins about the magnetic field. This differs from the BA case
as the out of plane tilting of the perovskite octahedra causes an in place effective
magnetic field about which the spins precess. The choice of spacer molecule in the
2D perovskite lattice, therefore provides an effective way to engineer the distortions

in the perovskite octahedra.

A spin resonant tunelling junction or a spin field effect transistor requires a ma-
terial where the bulk inversion asymmetries is perpendicular to the spin-quantization
axis, (as is the case in 4AMP). Therefore; a detailed understanding of the spacer
molecule is crucial to the development of a perovskite based spintronic applications.
This thesis covers only one potential spacer molecule and only one layer number for
the perovskite crystal. As the functional space for creating these perovskite struc-
tures is vast, a more comphrensive study of the effect of spacer molecule is pertinent.
Possible future works include substituting the spacer molecule for a longer organic
chain, such as heptylamine (C;H;7N) or for other aromatic organic chains such as
3-aminomethyl piperidinium (3AMP), (shown in Figure which has been shown
to cause even less distortions in the perovskite octahedra than the 4AMP case [72].
Further; to deal with the issue of toxicity, the lead atom in the perovskite lattice could

be substituted with other group IV elements such as tin. The lower atomic number

72
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of tin will decrease the effect of spin-orbit coupling, and possibly lead to longer spin
lifetimes as well as contrasting relaxation dynamics.

The study of perovskite materials applicability to spintronic applications has been
brought to the forefront of perovskite research through the investigation of the effect
of spin-orbit coupling on the electronic and optoelectronic properties of perovskites.
Potential spintronic applications are numerous, requiring differing material charac-
teristics for each application. The strong spin orbit coupling combined with the low
cost manufacturing and vast parameter space of perovskite crystals make the family

of perovskite materials a strong candidate for spintronic applications.
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A.9 Figure 4.9 (a)

12/12/2018 Rightslink® by Copyright Clearance Center
Copyright
f - PyTE Create
"‘ Clearance Account
@ Center
ACSPublications Title: Rashba and Dresselhaus Effects LOGIN
R Most Trusted. Most Cited. Most Fead, in Hybrid Organic-Inorganic

If you're a copyright.com

Perqukites: From Basics to user, you can login to

Devices RightsLink using your
Author: Mikaél Kepenekian, Roberto copyright.com credentials.

Robles, Claudine Katan, et al Already a RightsLink user or

want to learn more?

Publication: ACS Nano

Publisher: American Chemical Society
Date: Dec 1, 2015

Copyright © 2015, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

= Permission is granted for your request in both print and electronic formats, and
translations.

= [f figures and/or tables were requested, they may be adapted or used in part.

= Please print this page for your records and send a copy of it to your publisher/graduate
school.

= Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

= One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.

If credit is given to another source for the material you requested, permission must be obtained
from that source.

BACK CLOSE WINDOW

Comments? We would like to hear from you. E-mail us at customercare@copyright.com

https://s100.copyright.com/AppDispatchServiet 117



	Title Page
	Table of Contents
	List of Tables
	List of Figures
	Abstract
	List of Abbreviations and Symbols Used
	Acknowledgements
	Introduction
	Overview
	Bulk Semiconductors
	Effects of Confinement on Semiconductors

	2D Perovksite Materials
	Optical Excitation
	Dynamic Processes in Semiconductors
	Ultrafast Probes of Carrier Dynamics

	Rashba Effect in Semiconductors
	Literature Review
	Perovskite Photovoltaics
	2D Perovskite
	Spin-Orbit Coupling in Perovskite Materials
	Spin-Dynamics in Perovskite Materials
	Spintronic Applications of Perovskite Materials

	Outline of Thesis

	Theoretical Considerations
	Optical Selection Rules
	Electronic Structure of Semiconductors Including Spin-Orbit Coupling
	Optical Transitions in Semiconductors

	Mechanisms of Spin Relaxation
	Bir-Aronov-Pikus
	Elliot-Yafet
	D'yakonov-Perel

	Symmetry Dependent Effects of Spin-Orbit Coupling

	Experimental Techniques
	Sample Fabrication
	Precursor Crystals
	Thin Films

	Linear Absorbance
	Tauc Analysis

	X-ray crystallography
	Ultrafast Laser Source
	Verdi-V18 Pump Laser
	Mira HP-F
	APE Optical Parametric Oscillator (OPO)

	Ultrafast Spectroscopy Techniques
	Differential Transmission
	Circular Dichroism
	Calibration of Quarter Wave Plates


	Results and Discussion
	Photo Induced Degredation
	Differential Transmission
	Circular Dichroism

	Conclusion
	Bibliography
	Rights and Permissions
	Figure 1.10 and Figure 4.9 (b) and Figure 2.2 (c)
	Figure 1.4 (b)
	Figure 1.4 (d)
	Figure 1.14
	Figure 1.15 (a)
	Figure 1.17
	Figure 2.2 (a) and (b)
	Figure 3.3 (b) and (c)
	Figure 4.9 (a)


