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Abstract

Halide perovskites have emerged as a promising class of materials for spintronic ap-

plications due to their large spin-orbit coupling and Rashba splitting. In this thesis,

circularly polarized pump-probe spectroscopy was used to study the spin dynamics

and relaxation mechanisms in the 2D perovskite butylammonium methylammonium

lead iodide, BA2MAPb2I7. The spin lifetime and initial degree of spin polarization

was found to be 10 ps and 80% respectively for above bandgap laser excitation at room

temperature. Spin lifetime and degree of spin polarization increased with laser flu-

ence and decreased with excess energy above bandgap, indicating the dominant spin

relaxation mechanism at room temperature is D’yakonov-Perel’. A strong reduction

in the spin polarization was observed in the low-temperature phase, attributed to

subpicosecond electron spin relaxation, with a residual spin lifetime of 100 ps at 10 K

attributed to holes. These results will help assess the viability of 2D perovskites for

applications in spintronics.
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Chapter 1

Introduction

1.1 Motivation for Perovskite Materials

The growing awareness and concern for the adverse environmental effects of increas-

ing global energy consumption has led to the research and development of new clean

and sustainable energy technologies. Solar technology is particularly appealing due

to the Sun’s near limitless supply of energy, potential for economic growth and min-

imal burden on the environment. For the past 40 years, crystalline silicon (c-Si)

solar cells have been at the forefront of this energy shift and have experienced sig-

nificant advancement in photoelectric power conversion efficiency (PCE) as well as

reduction in fabrication cost [1, 2]. In some economies around the world, the cost

to produce electricity from solar technologies is comparable to that from fossil fu-

els [3]. Nonetheless, further increase in PCE and/or reduction in cost is necessary for

global energy markets to experience a large-scale adoption of solar technology. With

that goal in mind, many other newer solar cell technologies with potential for even

lower solar energy cost have emerged and begun to be studied. In contrast to c-Si

solar cells, which require the use of expensive high-temperature dry laboratories for

fabrication, so-called “next generation” photovoltaics (PV), which include thin-film

vapor-deposited semiconductors, such as CdS/CdTe [4,5], and solution-processed or-

ganic, inorganic or hybrid semiconductor-based solar cells [6–10], can be produced at

near room temperature in standard university wet laboratories, drastically reducing

costs. A recent surge in the interest and study of these next generation PVs has

resulted in great leaps in efficiency and stability of these technologies over the past

15 years [1] and commercial products based on these technologies are already being

sold for low-power consumption applications. Yet, for next generation PVs to break

into utility-scale power markets, significant advancements in efficiency, scalability,

stability and cost are required.

One family of materials which shows particular promise for PV applications is

1
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halide perovskites [11–13]. Solar cells based on halide perovskite photon absorbers

have shown remarkable potential to combine low-cost fabrication with high, and

rapidly increasing, efficiency [1]. Halide-perovskites, specifically methylammonium

lead iodide (MAPbI3; MA = CH3NH3), originally fabricated by Weber in 1978 [14],

were first used as the absorbing layer of dye-sensitized solar cells (DSSC) by Ko-

jima et.al. in 2009, achieving a device efficiency of 3.8% [15]. In subsequent years,

efficiencies have vastly progressed thanks to improved experimental techniques and

device architecture. In 2011, Im et.al. reached a device efficiency of 6.5% utilizing

MAPbI3 nanoparticles as DCCS absorbers and liquid electrolyte hole accepter [16].

Replacing the liquid electrolyte with a sprio-MeOTAD hole transport layer and en-

casing the MAPbI3 film in a mesoscopic TiO2 film or scaffold, enabled Kim et.al. to

achieve 9.7% efficiency in 2012 [12]. Later that year, building upon Kim’s design, Lee

et.al. raised the efficiency to 10.9% by replacing the electrically conductive TiO2 film

casing with electrically insulating Al2O3 [13]. By further exploring the chemical com-

position and/or thicknesses of perovskite, scaffold and hole-transporting layers, Jeon

et.al. managed a certified PCE of 16.2% in 2014 [17]. By 2015, the efficiency of halide

perovskite-based solar cell devices had climbed to 20.1% [18] thanks to optimization

of perovskite growth techniques resulting in increased control of morphology [19, 20]

as well as better engineering of electron and hole transport layers [21–23]. Finally,

the current PCE record for thin-film perovskite devices as of this writing is 22.1% [1].

The gains in PCE of halide perovskite-based solar cells in the past eight years have

been fast and frequent but even more extraordinarily, much of the gains in efficiency

have been made with empirical exploration and optimization alone, with many of

halide perovskites’ fundamental properties remaining unknown [24]. Only recently

has substantial effort been put into characterizing the fundamental processes occur-

ring in, and optoelectronic properties of, perovskites [25–29]. A review of perovskite

properties and techniques used will be provided in Sec. 1.2.

In addition to the challenges halide perovskite-based PVs face due to the demand

for high efficiency, there are two major obstacles to overcome before widespread im-

plementation of perovskite PVs in energy markets can occur, namely, toxicity and

stability. The former issue is due to the presence of toxic lead in the most efficient

halide perovskite materials to date [30]. In light of this, an undertaking to replace lead
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perovskites with more environmentally friendly options is underway by substituting

lead with other group IV elements tin and germanium [31–34] or trivalent antimony or

bismuth [35,36]. Of the aforementioned substitutes, tin perovskite materials have the

highest PCE [37], yet these materials suffer even more heavily than their lead cousin

from perovskite’s second obstacle, that of stability. The temporal stability of halide

perovskites has been shown to be reduced by moisture, heat, light and detrimental

reaction to neighbouring device layers [38,39]. In order for these materials to be prac-

tically viable for use in PV devices, especially in warm, humid climates, resistance

to the detrimental effects of moisture, heat and light is crucial. In 2014, Smith et.al.

had success with enhanced moisture stability in a solar cell with a layered perovskite

photon absorber dubbed PEPI ((C6H5C2H5NH3)2(CH3NH3)2Pb3I10) [40]. This suc-

cess with layered perovskite has led to the development of a class of two dimensional

(2D) perovskites which have been shown to be more moisture resistant than their

three dimensional (3D) counterpart [41]. Indeed, solar cell devices produced with the

2D series of lead-halide perovskite light absorbing layer have survived several months

in a humid atmosphere, with little PCE loss [40, 41]. Contrast that with the mere

hours it may take for the 3D lead-halide perovskite devices to decay, and one easily

sees the appeal of the 2D class of materials. However, the efficiency of 2D lead-halide

perovskites has only just reached the halfway point of its 3D analogue [42]. Thus, con-

siderable work is needed to understand the fundamental properties of 2D perovskites

to better engineer and optimize device architectures for solar cell applications. This

thesis will focus on one particular 2D perovskite, butylammonium methylammonium

lead iodide (BA2MAPb2I7; BA = CH3(CH2)3NH3), with the aim of furthering the

understanding of the fundamental properties of this class of 2D perovskite materials.

Perovskite materials’ applications are not limited to photovoltaics. For decades,

scientists have been allured to perovskites for their many interesting electromagnetic

and physical properties including superconductivity [43–46], magnetoresistance [47],

ferroelectricity [48], and spin dependent transport [49]. These properties make these

materials excellent candidates in applications such as light emitting diodes [50–52],

lasers [53,54], telecommunications [55], and spintronics [56,57], the last of which is of

particular interest in this study and will be introduced in detail in Sec. 1.3.
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1.2 Fundamental Properties of Perovskite

1.2.1 Crystal Structure

Perovskites are a class of materials with the same crystal structure as calcium titanate,

CaTiO3, originally found in the Ural Mountains and first characterized by Lev A.

Perovski [58]. This structure is labeled ABX3 and encompasses hundreds of different

materials with a multitude of properties as briefly described in Sec. 1.1. In this

description, A and B are distinct cations and X is an anion which is typically oxygen,

an alkali metal, or a halogen. In the case of MAPbI3, A is methylammonium, B

is lead and X is iodine. In 1958, by synthesizing and characterizing the structure

of CsPbCl3 and CsPbBr3, C.K. Moller first determined the cubic lattice phase of

halide-perovskites shown in Figure 1.1.

Figure 1.1: ABX3 crystal structure of a lead-halide perovskite in the cubic lattice
phase, adapted from Ref. [59]. In this case, A is an organic ammonium ion, B is lead
and X is a halogen.

The class of 2D butylammonium methylammonium lead iodide materials have the

general formula BA2MAn−1PbnI3n+1 for n∈ N where (n = 1) is the simple one layer

true 2D case and (n =∞) is the 3D MAPbI3 perovskite. Perovskites with finite n > 1

thicknesses are regarded as multiple layer 2D materials. The butylammonium cation
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spacers act to separate the methylammonium lead iodide layers creating what can be

thought of as a natural multiple quantum well structure where the semiconducting

inorganic lead iodide layers are the wells and the insulating organic butylammonium

layers are the barriers [60–62]. The crystal structure for the 2D class of materials is

shown in Figure 1.2 for n = 1, 2, 3,∞.

Figure 1.2: Crystal structure of BA2MAn−1PbnI3n+1 (BA = C4H9NH3; MA =
CH3NH3) for n = 1, 2, 3,∞. The BA ions (yellow) separate the inorganic lead (green)
iodide (pink) layers creating a multiple quantum well structure. MA ions (blue) bind
the lead iodide layers together for case of multiple layer wells (n > 1).

1.2.2 Transport Properties

The power conversion efficiency is the fraction of power from light generated electric

current over the incident power from photons. The collection probability in a solar cell

is the probability that a photoexcited charge carrier will be collected by the electron

or hole accepter material in order to contribute to usable current. Thus, increasing

collection probability directly corresponds to an increase in the PCE of a cell. The

collection probability of a cell is dictated by the relationship between the absorption

depth and the diffusion length of photoexcited charge carriers in the photon absorbing
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layer of the solar cell. The absorption, or penetration, depth is a measure of how far

photons travel into a material before being absorbed and creating an electron-hole

pair. The diffusion length dictates how far those photoexcited electrons and holes

can travel through the material before recombining or undergoing some other form of

relaxation. If the light absorbing material’s penetration depth is large in comparison

with the charge carrier diffusion lengths, the charge carriers will recombine before

reaching the accepter layer, and thus collection probability will be low. Lead-halide

perovskites have been shown to combine large absorption coefficients (short pene-

tration depths) in the visible spectrum with long carrier diffusion lengths, shedding

insight as to why such rapid gains in PCE have occurred in these materials [63–65].

Xing et.al. and Stranks et.al. separately used techniques called time-resolved pho-

toluminescence (PL) and transient absorption (TA) spectroscopy to obtain diffusion

lengths for electrons and holes in MAPbI3 of greater than 100 nm [25,26] by fitting PL

and TA decay to the diffusion equation [66]. The diffusion lengths obtained are on the

order of the absorption depth for MAPbI3 [25]. Furthermore, Guo et.al. were able to

directly observe long-range carrier transport of ∼220 nm in 2 ns via two-dimensional

transient absorption microscopy (TAM) imaging, estimating carriers diffusion lengths

to be on the order of 1 µm in polycrystalline MAPbI3, far exceeding the absorption

depth in these materials [67]. These diffusion lengths compare favourably with those

of other next generation PV materials such as solution processed conjugated materi-

als (∼10 nm) [66, 68, 69], thermally deposited organic molecules (10-50 nm) [70, 71],

and colloidal quantum dot films (30-80 nm) [72]. By decreasing the density of trap

states, a method for carrier recombination, Shi et.al. were able to measure diffusion

lengths estimated to be as long as 8 µm in MAPbI3 and even longer (∼12 µm) in its

lead bromide (MAPbBr3) counterpart [73].

As mentioned in Sec. 1.1, although 2D perovskite materials have shown increased

moisture resistance, they have not yet reached power conversion efficiency levels of

3D perovskites. It is not yet fully understood if these low efficiencies are due to a lack

of optimization in 2D perovskite solar cell fabrication, or fundamental issues with

charge carrier transport in 2D perovskite light absorbing materials. Milot et.al. used

time resolved differential transmission (TRDT) to study the charge-carrier dynamics

of a 2D lead iodide perovskite with phenylethylammonium (PEA) organic spacers
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Figure 1.3: Time resolved differential transmission (TRDT) in 3D and 2D phenylethy-
lammonium (PEA) lead iodide ((PEA)2MAn−1PbnI3n+1) perovskite, adapted from
Ref. [74]. The TRDT illustrates the decreased excited carrier lifetimes as the well
thickness (n) decreases and moves from 3D MAPbI3 towards 2D (PEA)2PbI4.

and found the diffusion lengths of the true single layer 2D material (n = 1) to be

∼60 nm in comparison to ∼2.2 µm for that of 3D MAPbI3. This drastic decrease

in diffusion length could be due to the confining effect of the quantum wells in the

2D material [61]. However, Milot et.al. found that the diffusion lengths in layered

perovskite with larger well thicknesses (n > 1) rebounded and in one case (n = 3)

even exceeded (∼2.5 µm) the diffusion length of the 3D material. This occurred

despite the carrier lifetimes continually decreasing with decreasing layer number, as

seen in Figure 1.3 [74]. A suggested explanation for this discovery is the relationship

between the chemical and physical properties of the perovskite film, most notably the

orientation of the 2D layers with respect to the substrate, and its device efficiency [41].

The conductivity is higher in the inorganic lead iodide layers than the organic spacer

layers [75,76] and therefore in current solar cell architecture, unless lead iodide layers

are oriented perpendicularly to the substrate, charge transport will be significantly

hindered. Indeed, an X-ray diffraction (XRD) analysis on a similar 2D perovskite

material by Cao et.al. found that the (n = 1) material preferentially oriented parallel

to the substrate and the (n = 3) preferentially oriented perpendicularly, resulting

in device efficiencies of 0.01% and 4.02% for (n = 1) and (n = 3) respectively [41].

Multiple layer (n > 1) 2D perovskite have been studied far less extensively than

the (n = 1) material, with studies only beginning in the past two to three years.

Their increased device efficiency over (n = 1) 2D perovskite and increased moisture

resistance over 3D materials, make multiple layer 2D perovskite materials of great
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interest in the PV community.

1.2.3 Optical Properties

Figure 1.4: Absorbance spectrum of MAPbI3, adapted from Ref. [13]. Two ab-
sorbance peaks are visible, one at 480 nm and the other at 760 nm. The latter is
attributed to the direct bandgap transition however the origin of the former is still in
dispute.

Beyond their attractive charge transport properties, lead-halide perovskites are

appealing for their strong, broad absorption across the solar spectrum. At room

temperature, the linear absorption spectrum of MAPbI3 exhibits two peaks located

at 480 nm and 760 nm [12,13,16,77–79]. The low energy absorption peak is attributed

to the direct transition from the valence band maximum (VBM) to conduction band

minimum (CBM), however the origin of the second absorption peak is still disputed

[26]. These peaks can be seen in the linear absorption spectrum from Lee et.al. in

Figure 1.4 [13]. Using density functional theory (DFT), Even et.al. determined the

bandgap of MAPbI3 to be direct [80] helping explain the large absorption coefficient

in the solar spectrum (5.7 × 104 cm−1 at 600 nm) [26], far greater than that of indirect

bandgap photovoltaic materials such as c-Si (∼ 3× 103 cm−1 at 600 nm) [81].
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Figure 1.5: Optical absorption of BA2MAn−1PbnI3n+1 obtained by Stoumpos et.al.
using diffuse reflectance measurements and converted using the Kubelka-Munk func-
tion (α/S = (1−R)2/2R). Adapted from Ref. [76].

The confining nature of the quantum wells in the 2D class of lead iodide per-

ovskites, (BA2MAn−1PbnI3n+1), increases the energy of photon absorption. As seen

in Figure 1.5 from Stoumpos et.al., there is increasing energy of peak absorption with

decreasing well thickness, n [76]. For each 2D material, the larger, higher energy

absorption peak is attributed to the bandgap transition while the smaller, lower en-

ergy peak is attributed to excitonic (bound electron-hole pair states) absorption [76].

Again using DFT, Stoumpos et.al. found the bandgap of these 2D materials to be

direct with the same trend of increasing bandgap energy with decreasing well thick-

ness as was found experimentally [76]. The strong bandgap and excitonic absorption

in the visible range in 2D lead-halide perovskite are ideal optical properties for PV

materials.
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1.3 Perovskite - A Potential Spintronic Material

In addition to their strong potential for photovoltaic applications, halide perovskites

are a promising material for use in spintronics. Semiconductor spintronics seeks

to create optoelectronic and electronic devices which exploit the intrinsic angular

momentum, or spin, of charge carriers in semiconductors in addition to their electric

charge [82–85]. The incorporation of this spin degree of freedom of the charge carriers

provides the potential for added functionality in terms of the data processing and

transfer speed, decreased power consumption, increased integration densities and non-

volatile memory in comparison to conventional semiconducting devices [83].

Inorganic semiconducting materials have been intensively investigated over the

past two decades for their potential use in a variety of spintronic devices including

optical switches and isolators, spin lasers and light emitting diodes, and spin tran-

sistors [86–88]. All-optical switches and isolators allow for telecommunication signals

to be selectively switched between circuits and have been realized in a variety of in-

organic semiconductors [86, 89–91]. Materials which exhibit a strong Faraday effect,

a light-matter interaction which causes a rotation in the plane of light polarization,

combined with short spin lifetimes, would allow for much more rapid switching and

faster telecommunication [92]. Spin-based lasers could allow for a reduction in the

lasing threshold required for stimulated emission. Spin polarized electrons with long

lifetimes selectively couple to one of two photon modes which may enable the thresh-

old to be reduced by nearly 50% [87]. Since Datta and Das first theorized the spin-

based transistor in 1990 [82] the realization of a scalable spin field effect transistor

(SFET) has been the holy grail of spintronics. A large, switchable Rashba splitting

with long spin lifetimes would help enable the strong spin injection, manipulation

and detection required in a SFET and significant progress has been made in this

area [93–97]. However, the creation of a spin transistor remains a daunting task in

part because materials with large spin-orbit coupling (SOC), helpful for spin manipu-

lation, have short spin lifetimes, which makes the transportation of information more

difficult [88, 98–100]. A multitude of materials have been explored for potential use

in a SFET such as those with strong SOC including GaAs, InSb and Pt for effective

spin injection and manipulation [101–103] as well as those with weak SOC, such as

silicon, graphene and diamond, for long spin lifetimes [104–106].
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Halide-perovskites have only recently begun to be studied for spintronic applica-

tions but have been shown to offer unique properties such as large, switchable SOC

and spin dependent optical selection rules for spin manipulation [80, 107–112] and

unexpectedly long spin lifetimes [57] and can be solution processed making them in-

expensive to fabricate. Additionally, halide-perovskites have been theorized [107,112]

and experimentally observed [110] to have a large Rashba splitting effect, further en-

abling spin manipulation. These properties have made researchers optimistic about

the potential for scalable perovskite spintronic devices, however a more comprehen-

sive understanding of the spin-dependent properties and processes in perovskite is

needed for this to occur.

1.4 Literature Review: Spin Dynamics in Perovskite

The large SOC and Rashba splitting in lead-halide perovskites allow for efficient spin

injection, however a large SOC can also drastically reduce spin lifetimes [84]. Since

different spin devices require different spin lifetimes for proper application, a detailed

understanding of the spin dynamics and relaxation mechanisms is needed to evaluate

perovskite’s suitability as a spintronic material. The spin relaxation lifetime dictates

how quickly an initial net polarization or imbalance in spins relaxes to an equilib-

rium state of an equal number spin up and spin down charge carriers. More details

regarding spin populations and relaxation will be provided in Chapter 2. The first

measurement of a spin lifetime in lead-halide perovskite was done by Giovanni et.al.

in 2015 on MAPbI3 [108]. Using circularly polarized TRDT spectroscopy, Giovanni

et.al. determined the initial degree of spin or circular polarization (DCP) was ∼90%,

where 100% DCP is defined as all of the excited electrons for the relevant transition

carrying the desired spin polarization, dictated by the polarization of the incident

laser light. Their circular TRDT measurements yielded spin lifetimes of (7 ± 1) ps

and (1.1± 0.1) ps for electrons and holes respectively at a sample temperature of 77

K. They found that spin lifetime decreased both with increased sample temperature

and with increased laser fluence. Based on these trends, Giovanni et.al. argued that

the Elliott-Yafet (EY) spin relaxation mechanism, in which momentum scattering

of conduction band electrons randomizes their spin, is the dominant spin relaxation
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mechanism in MAPbI3. A detailed analysis of EY and other spin relaxation mecha-

nisms is presented in Chapter 2.

In 2015, Zhang et.al. used magnetic field-induced circularly polarized photolu-

minescence to study spin dynamics in hybrid lead-halide perovskite MAPbI3−xClx

films [109]. They found that the DCP increased linearly with the applied magnetic

field for fields up to B = 5 T. They also found an inverse relationship between DCP

and sample temperature for temperatures in the range T = 18 to 100 K. Using these

relationships Zhang et.al. calculated the change in g-factor (a property which relates

a particle’s magnetic moment to its spin angular momentum) of the photogenerated

electron-hole pair and Zeeman shift in the electron and hole energy levels. This al-

lowed them to calculate a spin relaxation time of 80 ps at 18 K in the presence of

a 100 mT magnetic field. In 2016, Giovanni et.al. showed that excitonic spin state

energies could instead be selectively tuned in the 2D perovskite material 4F-PEPI

((C6H4FC2H4NH3)2PbI4) with circularly polarized light via the optical Stark effect.

They achieve a Stark effect energy splitting equivalent to a Zeeman effect with a 70 T

applied magnetic field, much larger than what can be attained using conventional sys-

tems [113]. This demonstrated that spin state manipulation in perovskite materials

with light may be a much more practical approach than manipulation via magnetic

fields.

Recently in 2017, Odenthal et.al. used time resolved Faraday rotation, a tech-

nique to measure photoinduced magnetization, to observe spin relaxation lifetimes

exceeding 1ns in MAPbI3−xClx at 4 K in the absence of a magnetic field [57]. At

higher temperatures, they found the spin lifetimes to decrease with increasing sample

temperatures, obeying the power law τs ∝ T−1.51 where τs is the spin lifetime. This

spin lifetime and temperature dependence vary drastically from the observations of

Giovanni in 2015 [108] which may be due to the different film fabrication process and

resulting film morphology. The temperature dependence found by Odenthal et.al. is

not readily explained by any of the known spin relaxation mechanism and thus they

suggest two or more of the existing mechanisms may be present with competing ef-

fects. Alternatively, spin relaxation in lead-halide perovskites may be best explained

by a mechanism not yet identified [114, 115]. Thus, further exploration is needed to

better understand the spin relaxation mechanisms in lead-halide perovskites.
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1.5 Outline of Thesis

This thesis studies the spin dynamics in the two layer (n = 2) 2D lead-halide per-

ovskite BA2MAPb2I7. The objective of the thesis is to determine the spin relax-

ation lifetime in this material and characterize its dependency on parameters such

as excess photon energy, carrier density and sample temperature. Based on this

characterization, the dominant spin relaxation mechanism in BA2MAPb2I7 will be

determined. Understanding the fundamental spin properties and relaxation mecha-

nisms is paramount in determining the viability of using this material in spintronic

applications.

The thesis will begin with a review of semiconductor theory including the effect

of spin-orbit coupling on semiconductor band structure in Chapter 2. It will then

consider the scenario of optical excitation and outline how the requirement of conser-

vation of momentum during excitation produces optical selection rules enabling the

creation of spin polarization. The relaxation mechanisms of charge carriers and their

spin will be discussed.

In Chapter 3 the fabrication process of BA2MAPb2I7 thin films will be provided

and its physical and optical properties characterized. The laser system and optical

apparatus used to study carrier and spin dynamics will be presented in Chapter 4

and the results of those experiments discussed in Chapter 5. The results will lead to

the determination that D’yakonov-Perel’ is the dominant spin relaxation mechanism

in BA2MAPb2I7.



Chapter 2

Background Information

The objective of this chapter is to provide an introduction to the key concepts in-

volved in this thesis work. The chapter starts with a review of semiconductor physics

appropriate to bulk (i.e. 3D systems), including the influence of the spin-orbit in-

teraction on the band structure (Sec. 2.1). As the perovskite structure studied in

this work is subject to quantum confinement, the effects of confinement on the band

structure are described in Sec. 2.2. The process of optical excitation in semiconduc-

tors is covered in Sec. 2.3, and the processes of relaxation for charge carriers following

excitation are discussed in Sec. 2.4. The optical selection rules that allow for injection

of spin-polarized distributions of electrons and holes using circularly-polarized light

are described in Sec. 2.5. A description of the processes governing spin relaxation,

which equalize the spin up and spin down carrier populations, is provided in Sec.

2.6. The origin of spin splittings in the semiconductor energy bands tied to the spin-

orbit interaction and lack of inversion symmetry (so-called Rashba and Dresselhaus

splittings) are introduced in Sec. 2.7.

2.1 Review of Bulk Semiconductor Physics

A solid’s band structure describes the allowable energies of electrons in that system.

The versatility of semiconductor’s band structure make them important materials

for a vast amount of electronic applications. The allowable energies of electrons

in a semiconductor, and thus the band structure, can be obtained by solving the

time independent Schrödinger equation for a single electron’s position dependent

wavefunction, ψ(r):

[
−~2

2m
∇2 + V (r)

]
ψk(r) = εkψk(r) (2.1)

for energy eigenvalues, εk, for a given mode or wavevector, k. In a bulk semiconductor,

ions are arranged in a periodic lattice. V is the potential due to the ionic cores of

14
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the lattice along with all of the screening electrons in the lattice. The potential, V ,

is periodic such that V (r) = V (r + R). Solutions of the Schrödinger equation for a

periodic potential as in Eq. 2.1 are the Bloch functions given as

ψnk(r) = Unk(r) exp(ik · r) (2.2)

where Unk(r) is the cell function for band n, which shares the periodicity of V (r).

V is relatively small and the lattice potential is thus a weak perturbation of the

free electron model. The effect of this perturbation is a slight modification of the

curvature of the electron dispersion relation and the presence of energy gaps in the

band structure in which no electronic states exist. Indeed, the Bloch solutions in

Eq. 2.2 describe the allowable states of the electron in the “nearly-free” electron

model. When this model is reduced to the first Brillouin Zone we obtain the simple

band structure of a semiconductor shown in figure 2.1. At zero temperature, there

are exactly the correct number of electrons to fill an integer number of bands. The

lowest unoccupied band is called the conduction band and the highest occupied band

is called the valence band. The region in between the valence and conduction bands

where no states exist is known as the band gap.

In a simplified band diagram, such as in figure 2.1, only the top most part of the

valence band and the bottom of the conduction band are shown. Such a description

is adequate to capture many of the essential physical processes involved in semicon-

ductor optoelectronic devices because only these band edge states are involved in

light absorption and charge transport. In semiconductors, these band gaps are small

(∼ 1 eV) which leads to the versatility of electronic properties. Subtle changes in

conditions including temperature, impurities, and light can cause drastic changes in

these electronic properties, and this tunability allows semiconductor materials to be

used in a wide variety of applications.

The interaction between the intrinsic angular momentum, or spin, of an electron

and its orbital motion is known as spin-orbit coupling (SOC). The magnetic moment

of the electron’s spin, µs, couples to the effective magnetic field from the motion of

the charged electron, Ω. This interaction is described by the Hamiltonian

HSO = −µs ·Ω (2.3)



16

Figure 2.1: Simplified band structure of a semiconductor showing the highest-energy
states in the valence band and the lowest-energy states in the conduction band.

In semiconductors, we can write Eq. 2.3 in the form

HSO =
~

4m2c2
∇V × p · σ (2.4)

where V is the periodic lattice potential from Eq. 2.1, p = −i~∇ is the momentum

operator and σ are the Pauli spin matrices. In semiconductors, the primary effect of

SOC is to split energy bands that would otherwise be degenerate. These splittings

arise because the appropriate eigenstates including SOC are states of total angular

momentum (J), which is the sum of the spin (S) and orbital angular momentum (L).

In lead-halide perovskites, the cell function for the conduction band is “p-type”, for

which l = 1 and the valence band is “s-type”, for which l = 0 where l is the angular

momentum quantum number of operator L [116]. The effect of SOC is to split the

conduction band states into j = 3/2 states and j = 1/2 states where j is the total

angular momentum quantum number. The energy splitting between the j = 3/2 and

j = 1/2 bands at k = 0 is given by ∆SO.

Figure 2.2 shows the calculated electronic band structure of 2D lead-iodide per-

ovskite (a) without and (b) with SOC, obtained by Even et.al. using DFT, a com-

putational technique capable of calculating the electronic structures of a wide array
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of solid-state systems [116]. This illustrates the massive energy splitting in the con-

duction band due to spin orbit coupling in 2D lead-halide perovskites. Figure 2.2

also shows the crucial role SOC plays in properly determining the bandgap energy in

perovskite materials.

Figure 2.2: Results of calculations of the electronic band structure of the 2D per-
ovskite 4F-PEPI ([pFC6H5C2H4NH3]2PbI4) using density functional theory without
(a) and with (b) the inclusion of spin-orbit coupling. Adapted from Ref. [116].

2.2 Effects of Confinement on Semiconductors

In section 2.1, we considered bulk (i.e. 3D) semiconductors in which all three spatial

dimensions are macroscopic. When one or more of the spatial dimensions is reduced

to a length scale on the order of the wavelength of the electron, the electronic and

photonic properties can be dramatically altered. The Bloch function solutions de-

scribing the electron in this type of semiconductor have finite boundary conditions.

The resulting spatial confinement of the electron (also referred to as quantum con-

finement) alters the allowed quantum states, leading to discretization of the allowed

energy levels. These confinement effects occur for each band in the corresponding
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bulk semiconductor. If we consider a band characterized by effective mass m∗, the

result of confining a nearly-free electron in one dimension, z, within a length, L,

quantizes the allowable wavevectors,

knz =
2π

λnz

=
nzπ

L
, nz ∈ N (2.5)

resulting in discrete allowable energy states for the electron:

Enz =
~2k2

nz

2m∗
=

~2π2

2m∗L
(2.6)

Structures with spatial confinement in one direction are known as quantum wells.

Quantum wells can exist in materials which are layered such that particles are con-

fined to move in a plane. The 2D family of halide-perovskites are examples of such

materials. Quantum confinement in one-dimension leads to energy subbands for each

band of the corresponding bulk semiconductor, a result of the discretization of the

Bloch wavefunctions.

2.3 Optical Excitation in Semiconductors

Optical excitation is the process by which a photon is absorbed by a semiconductor

resulting in the excitation of an electron from the valence band to a higher energy

state. In a bulk semiconductor optical excitation of electrons from the valence to

conduction band can only occur if the photon energy is at least as large as the band

gap energy. Thus the maximum wavelength of the photon for such a transition is

λmax =
hc

Eg

(2.7)

where Eg is the energy gap. The electron excited to the conduction band leaves

behind a hole in its place in the valence band. The hole in fact describes all of

the remaining electrons in the valence band. Since the hole is a missing electron

it has the opposite charge. When optical excitation excites an electron-hole pair,

the electron and hole propagate throughout their respective bands as free carriers.

Alternatively, optical excitation can lead to the creation of an exciton which is a

hydrogenic pseudoparticle consisting of a bound electron-hole pair. The electron and

hole in the exciton are bound together by the Coulomb interaction. The bound exciton
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is at a lower potential energy than free carriers, by an amount equal to the exciton

binding energy, and thus the associated optical transition has an energy lower than

the semiconductor band gap. In 3D perovskites the exciton binding energy has been

shown to be comparable to or smaller than the thermal energy at room temperature.

However, in 2D perovskites the excition binding energy is extremely large [61] up

to a few hundred meV due to the strong quantum confinement in these structures,

which increases the overlap of the electron and hole wavefunction and also therefore

the strength of their Coulomb interaction.

One can use differential transmission spectroscopy to probe the occupation of

electrons or holes in the semiconductor as a function of the energy above the band

gap. Since laser pulses are used in these experiments, this occupation may be probed

as a function of time after excitation (i.e. this is a time-resolved technique). These

experiments exploit the Pauli exclusion principle, by which a given state can only be

occupied by one electron at a time (or one hole at a time in the valence band). Thus, if

a particular optical transition above the band gap is already occupied by an electron-

hole pair, the material no longer can absorb that wavelength. In practice, because

the semiconductor consists of energy bands, there is a large number of electron-hole

pair transitions very close in energy. Nevertheless, if carriers are already occupying

band states at a given transition energy, the absorption will be reduced at that energy

since there is a finite density of electronic states in the valence and conduction bands.

In this way, optical excitation changes the semiconductor’s absorption coefficient and

this change in absorption is directly related to the excited electron population. This

is the basis of differential transmission spectroscopy.

Since photons are spin 1 particles they carry angular momentum. In order for an-

gular momentum to be conserved, during optical excitation the photon’s momentum

is transferred to the electron and hole when the photon is absorbed. This require-

ment for angular momentum conservation results in optical selection rules for optical

excitation. The optical selection rules for the lowest-energy conduction band (with

j = 1/2) and top most valence band (with j = s = 1/2) is shown in Figure 2.3. Left

circular polarization (LCP), σ+, and right (RCP), σ−, transfer +1 and -1 angular mo-

mentum respectively, in units of ~, to the electron-hole pair. Linearly polarized light,

π, composed of equal parts LCP and RCP carries no net momentum and excites an
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Figure 2.3: Schematic representation of the optical selection rules for the lowest
conduction band and the highest valence band in perovskite semiconductors. Adapted
from Ref. [57].

equal population of carriers of both spin polarizations. These optical selection rules

are derived by calculating the dipole matrix element for the relevant transition. A

non-zero matrix element corresponds to an allowed transition.

Recall from Figure 2.2, there exists a split-off energy band with total angular

momentum j = 3/2 in addition to the valence band, VB, and conduction band, CB,

in Figure 2.3. However, since in 2D perovskites ∆SO is so large (on the order of an

eV), the states are not excited when laser photon energy is similar to the band gap

energy. In this case the optical selection rules of the split-off energy state need not
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be considered.

When optically exciting with a single type of circularly-polarized light (σ+ or σ−),

a population imbalance between spin up and spin down electrons in the conduction

band will arise. This population imbalance leads to an imbalance in absorption be-

tween LCP and RCP photons. The difference in absorption between LCP and RCP

light is directly related to the difference in excited spin populations and is the basis

of circular differential transmission spectroscopy.

2.4 Charge Carrier Relaxation

When carriers in a semiconductor are excited with an ultrashort optical pulse they

undergo several relaxation processes [117]. The initial kinetic energy of the electron

(and hole) following optical excitation by a photon of a particular energy will be

dictated by the difference in energy between the state the carrier is excited into and

the edge of the associated band. If a population of electrons is excited with a laser

pulse, there will be a range of such kinetic energies, but it will be narrow, dictated by

the spectrum of the laser pulse. If this kinetic energy is larger than the thermal energy,

then the carrier distribution is “hot”. Rapid scattering between carriers redistributes

the energy between carriers in the population, ultimately spreading out the carriers

energetically within the band states with an energy profile described by a Fermi

distribution. The temperature of that distribution will initially be characterized by

the carrier temperature, and so will be “hot”. The carriers then exchange energy

with the lattice through phonon absorption and emission until the temperature of the

carrier distribution is the same as the lattice. The resulting carrier distribution is then

said to be thermalized. In conventional inorganic semiconductors, energy exchange

with the lattice occurs on a time scale of 1 to 100 ps [117]. On longer time scales

(typically hundreds of picoseconds or longer) electron-hole pairs recombine, returning

the semiconductor to equilibrium. The time it takes for an excited electron-hole pair

to recombine is referred to as the carrier lifetime, τ .

Assuming that the carrier lifetime is independent of time, the total charge car-

rier population (i.e. the number of electron-hole pairs), N will be described by the

following differential equation:
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d

dt
N = −N

τ
(2.8)

Solving this differential equation for an initial population N0, yields the following

result:

N(t) = N0

[
exp

(
− t
τ

)]
(2.9)

The process of thermalization causes the initial carrier population in the optically-

coupled states to decay due to energetic redistribution of the carriers within their

respective bands. We denote the thermalization time by τth . In this case, the full

charge carrier relaxation dynamics can be describe by the following double exponential

expression:

N(t) = N0

[
exp

(
− t
τ

)
+ exp

(
− t

τth

)]
(2.10)

2.5 Spin Populations

Under excitation with LCP or RCP light, spin-polarized electron-hole pairs are gen-

erated. We can describe the degree of spin polarization of the carrier population by

relating the populations of spin up (N+) and spin down (N−) carriers using:

P =
N+ −N−

N+ +N−
(2.11)

We can use differential transmission experiments to probe the degree of spin polar-

ization as a function of time after excitation by a pump laser pulse by probing the

state-filling signal. As discussed above, state filling describes the reduction in ab-

sorption due to the Pauli exclusion principle when the electronic states coupled by

the laser field are occupied. The degree of state filling is detected using a weak laser

pulse, called the probe pulse. The small change in probe transmission caused by the

pump-laser-excited carriers is detected using lock-in amplifier techniques, and consti-

tutes the “state-filling signal”. The difference between the state filling signal observed

when the pump and probe pulses are co-circularly and counter-circularly polarized

provides a direct measurement of P . From the optical selection rules, excitation with

circularly-polarized light excites carriers that are 100% spin polarized. The electrons



23

and holes then undergo spin relaxation, leading ultimately to an equilibrium state of

equal spin up and spin down populations. The rate of spin relaxation can differ for

electrons and holes in the general case. Taking the spin relaxation rates for the two

types of carrier to be the same for simplicity, we can describe the rate of change of

the populations of spin up (N+)and spin down (N−) electron-hole pairs by

dN+

dt
= −N

+

τ
− N+ −N−

τs
dN−

dt
= −N

−

τ
+
N+ −N−

τs

(2.12)

where τ again is the carrier recombination time and τs is the spin relaxation time,

which is generally much smaller than τ [89]. Adding equations 2.12 gives,

d

dt
(N+ +N−) = −(N+ +N−)

τ
(2.13)

which is exactly the carrier recombination rate Eq. 2.8 from earlier. Subtracting

equations 2.12 yields,

d

dt
(N+ −N−) = −

(
1

τ
+

2

τs

)
(N+ −N−) (2.14)

Integration of equations 2.13 and 2.14 results in the following solutions for the spin

populations:

(N+ +N−) = N0 exp

(
− t
τ

)
(N+ −N−) = N0 exp

(
− t
τ

)
exp

(
−2t

τs

) (2.15)

and from Eq. 2.11 we obtain the relationship between spin lifetime, τs, and the net

spin polarization:

P = exp

(
−2t

τs

)
(2.16)

If electrons and holes undergo spin relaxation at different rates, then the sig-

nal observed in the pump probe experiments will decay partially due to the loss of

polarization of each carrier type. In this case, the equation above will be replaced by:

P = Ce exp

(
− 2t

τs,e

)
+ Ch exp

(
− 2t

τs,h

)
(2.17)
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where τs,e (τs,h) are the spin lifetimes of electrons (holes), and the coefficients Ce and

Ch describe the relative fraction of the total differential transmission signal tied to

each carrier type, where Ce + Ch = 1. The values of Ce and Ch are determined by

the electronic band structure since the density of states in each of the valence and

conduction bands at the optical transition corresponding to the laser photon energy

will differ if the effective masses of the valence and conduction bands differ.

2.6 Spin Relaxation

There are three primary mechanisms of spin relaxation that have been identified for

electrons and holes in semiconductors. These are Bir-Aronov-Pikus (BAP), Elliott-

Yafet (EY), and D’yakonov-Perel’ (DP) [84], named according to the researchers who

discovered each mechanism. The first is caused by the exchange interaction between

the electron and hole, and the other two are tied to the spin-orbit interaction. Each

of these mechanisms is described in the following sections.

2.6.1 Bir-Aronov-Pikus

In the Bir-Aronov-Pikus spin relaxation mechanism, holes and electrons undergo spin-

flip scattering interactions via the Coulomb exchange coupling between the electron

and hole. This process therefore leads to spin flip of the electron-hole pair as a whole.

This relaxation mechanism was first described in the context of spin relaxation of

electrons in p-doped semiconductors by Bir et.al. in 1975 [118]. The interaction

Hamiltonian governing the spin exchange between electrons and holes is

H = CS · Jδ(r) (2.18)

where C is proportional to the exchange integral between conduction and valence

bands, S is the spin operator, J is the hole angular momentum operator, and r is the

relative displacement between electrons and holes [84]. This Hamiltonian results in a

spin relaxation rate for electrons given by:

1

τs
∝ Npa

4
B

∆2
ex

EB

k (2.19)
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where Np is the free hole concentration, aB = ~2εm/e2 is the exciton Bohr radius, ∆ex

is the exchange splitting of the excitonic ground state, and EB = ~2/(2ma2B) is the

exciton binding energy [57]. BAP is extremely important for electron spin relaxation

in p-doped semiconductors in which the free hole concentration is high.

2.6.2 Elliott-Yafet

The Elliott-Yafet mechanism of spin relaxation is caused by the spin-orbit interaction,

together with scattering processes that cause carriers to undergo transitions between

different k-states within a given band (the conduction band for electrons and the

valence band for holes) [119, 120]. We can understand the origins of this mechanism

by considering the Schrödinger equation in which SOC is included, given by

[
p2

2m
+ V (r) +HSO

]
ψk(r) = εkψk(r) (2.20)

where HSO was given in Eq. 2.4. Inserting a Bloch wave function solution (Eq. 2.2)

gives

[
H0(k) +HSO(k)

]
Unk(r) = εn(k)Unk(r) (2.21)

which is a new differential equation for the cell function Unk(r), and

H0(k) =
(~k + p2)

2m
+ V (2.22)

and

HSO(k) =
~

4m2c2
∇V × (~k + p) · σ (2.23)

The Schrödinger equation for the cell function in Eq. 2.21 may be solved using per-

turbation theory, taking the set of cell functions solutions for the bands at k = 0

as a basis set and treating the spin-orbit interaction as a perturbation. In this case,

while the spin states of the bands are well-defined at k = 0 (given in Figure 2.3), the

perturbative solutions away from k = 0 have non-zero components of the k = 0 basis

functions in other bands. For instance, the conduction states for nonzero k will have

a term proportional to the zero-k top-most valence band basis state (including states

with both spin directions in general). From perturbation theory, the magnitude of

the coefficients of the other bands will be dictated by the strength of the spin-orbit
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interaction and the energy difference between the associated bands at zone center.

Due to this spin mixing, the band states are no longer states of well-defined spin (i.e.

well-defined total angular momentum). In this case, scattering via any process (even

a spin-independent process, such as electron-phonon scattering) that causes a carrier

to undergo a transition to another k state within the band will have a non-zero prob-

ability of flipping the spin. The larger the coefficient of the opposite spin component,

the larger the rate of scattering-induced spin relaxation. Momentum scattering can

occur due to coupling of the carriers with other carriers, phonons, or defects.

Analytical calculations of the spin relaxation lifetime for electrons in III-V semi-

conductors due to mixing with the valence band states [121,122] yielding the following

result:

1

τs(εk)
= F

(
∆SO

Eg + ∆SO

)2(
εk
Eg

)2
1

τp(εk)
(2.24)

where τp is the average momentum scattering time in state εk, Eg is the band gap

energy, ∆SO is the energy of the valence band splitting due to spin-orbit coupling, and

F is a numerical factor dependent on the type of scattering mechanism. Eq. 2.24 illus-

trates that the Elliott-Yafet mechanism plays an important role in the spin relaxation

of small band gap semiconductors with large spin-orbit coupling.

2.6.3 D’yakonov-Perel’

The D’yakonov-Perel’ spin relaxation mechanism occurs in semiconductor systems

which have no centre of inversion symmetry. This mechanism was first discovered

by D’yakonov and Perel in 1972 [123]. The spin-orbit coupling results in an effective

magnetic field (Ω(k), for a given momentum state k in the band) that is experi-

enced by an electron in that state. Inversion symmetry may be broken in a variety

of different ways. If the crystal structure itself lacks inversion symmetry (due for

example to polar bonding), it is referred to as bulk inversion asymmetry. It is also

possible to have structural inversion asymmetry by creating a layered semiconductor

structure, and one can “turn on” inversion asymmetry by applying an electric field

to the semiconductor using a gated structure. In all of these cases, there are electric

fields within the crystal that electrons move through as they propagate. Within the

spin-orbit Hamiltonian in Eq. 2.4, these electric fields play the role of ∇V . For a
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given (non-zero) momentum, Ω(k) has a magnitude and direction determined by the

crystallographic direction about which symmetry is broken, the strength of the inter-

nal electric fields, and the magnitude and direction of the electron momentum. The

effective magnetic field lifts the degeneracy of the two spin states (i.e. the spins par-

allel and antiparallel to Ω(k)), leading to a spin splitting in the bands that increases

with increasing |k|.

The effective magnetic field, Ω(k), causes the spin of an electron within the band

at k to precess. The rate of precession corresponds to the Larmor frequency, given by

e
m
|Ω(k)|. When a circularly-polarized light pulse is used to excite a spin population,

conservation of momentum indicates that the carrier spins will all be parallel or

antiparallel to the propagation direction of the optical beam depending on the sense

of circular polarization (left or right). Once injected, carriers at different k precess

about different effective magnetic fields (with different magnitudes and directions).

This precession ultimately causes the initially spin-polarized distribution to become

random.

Momentum scattering interrupts the spin precession and thus reduces the rate of

spin relaxation such that the spin lifetime is inversely proportionate to the scattering

time:

1

τs
∝ τp

e2

m2
Ω2(k) (2.25)

where e2

m2 Ω2(k) is the mean square precession frequency. This is fundamentally differ-

ent from EY spin relaxation in which the spin lifetime is proportional to the scattering

time. In EY spin relaxation occurs during scattering events, while in DP spin relax-

ation occurs between scattering events. For DP spin relaxation, scattering resets

the spin precession axis and precession rate, reducing the effectiveness of the DP

relaxation process.
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2.6.4 Expectations for the Strength of BAP, EY and DP for 2D

Perovskites

A broad objective of this thesis work is to determine the operative spin relaxation

mechanism in the BA2MAPb2I7 sample studied. Prior to interpretation of the mea-

sured results, it is useful to derive insight from existing studies in III-V semiconduc-

tors, in which the rate of spin relaxation via all three processes have been studied

extensively [124]. This will provide a starting point to understand what is expected

for the organic-inorganic perovskite class of materials.

The BAP mechanism is tied to spin-flip interactions between electrons and holes

caused by the exchange interaction, with a rate described by Eq. 2.18. The exchange

coupling between electrons and holes was recently measured to be very small in 3D

MAPbI3−xClx perovskite by Odenthal et.al. [57] leading to the conclusion in that

work that the BAP mechanism does not contribute significantly to spin relaxation in

the 3D material. Since the exciton binding energy is much larger in 2D perovskite

systems (∼80-200 meV) [61] compared to 15 meV in 3D perovskite [125, 126], and

as a result the Bohr radius is also smaller, from Eq. 2.19 the BAP mechanism is

expected to be even weaker in our sample. As a result, it is not discussed further in

this thesis. This leaves two remaining candidate mechanisms: EY and DP, both of

which are linked to the spin-orbit interaction.

The EY mechanism is tied to mixing of the spin states away from the band

extremum. The rate of EY is determined by the degree of spin mixing and the

rate of scattering, as each scattering event of a single carrier contributes to partial

loss of the spin polarization of the ensemble. The degree of mixing becomes stronger

the larger the size of the spin-orbit splitting (∆SO in Figure 2.2) and the smaller

the bandgap, as the former reflects the strength of the spin-orbit interaction and the

latter occurs in the denominator in the perturbation theory treatment as the energy

separation between the states being mixed (i.e. the conduction and valence bands).

The strength of the EY mechanism is therefore tied closely to the band structure

of the material. The band structure of the III-V semiconductors is different than in

perovskites because the highest energy valence bands are the heavy-hole and light-

hole bands characterized by total angular momentum j = 3/2, with the conduction

band corresponding to j = 1/2. The heavy-hole and light-hole valence bands are
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degenerate in the bulk, unstrained semiconductor, and are separated by a few 10s of

meV in semiconductor quantum wells [127]. As a result of the close proximity of these

valence states, the spin mixing in both the heavy-hole and light-hole valence bands is

very strong. This leads to rapid hole spin relaxation via the EY mechanism in III-V

materials [128]. For the conduction band, the degree of spin mixing is much lower

since the dominant contribution to mixing of conduction states involves the light-

hole and heavy-hole valence bands, which are separated from the conduction states

by the bandgap. EY has been found to contribute for electrons only for very small

bandgap materials characterized by a large spin-orbit interaction, including HgCdTe

and InSb [121,129], but has been found to contribute negligibly in comparison to DP

and BAP in larger bandgap materials such as GaAs [124].

The inverted band structure of the organic-inorganic perovskites is expected to

lead to weak spin relaxation for both electrons and holes since the relevant energy

separation in perturbation theory is the bandgap for both the conduction and valence

states. This situation is thus similar to the case of electrons in the conduction band

in GaAs. As a general guide to the relative strength of spin mixing in perovskite

materials, we can use the predicted dependence of the spin-flip matrix element for

electrons in III-V materials on the spin-orbit splitting ∆SO and the bandgap, Eg,

from [121]. Taking values of ∆SO = 0.966 eV and Eg = 2.35 eV for a similar 2D

perovskite (PEPI) from [116], and the known values for GaAs (∆SO = 0.34 eV; Eg

= 1.51 eV) [130], the EY relaxation process is expected to be approximately 2 times

stronger in the 2D perovskites in comparison to GaAs. While values for ∆SO are not

available for the 2D perovskite material studied here (containing the butylammonium

organic spacer instead of phenolethylammonium, and two layers of the lead-iodide

octahedral instead of one for PEPI), the values for PEPI should provide a reasonable

guide to gauge the strength of spin mixing and EY spin relaxation in our material.

The DP spin relaxation mechanism is caused by precession of the spin moment

of carriers about an effective magnetic field, Ω, that originates from the spin-orbit

interaction in systems lacking a centre of inversion symmetry. This effective magnetic

field vanishes at the band extremum and increases in magnitude with k away from

the extremum. The effective magnetic field lifts the degeneracy of the two spin states,

leading to a spin splitting that increases with increasing magnitude of wavevector away
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from the extremum. In a spin-resolved pump-probe experiment, the initial alignment

of the electron (hole) spins by the excitation laser field is parallel (antiparallel) to

the laser propagation direction. Since the direction of Ω depends on the magnitude

and direction of k, this precession randomizes the spin orientation of the ensemble of

carriers. The strength of the DP mechanism is dictated by both the magnitude of the

effective magnetic field and the rate of scattering. Scattering serves to slow the rate of

spin relaxation since the carrier spins are unable to precess between scattering events

when scattering is rapid, referred to as motional narrowing. The average magnitude of

the effective magnetic field in the range of k-space occupied by the carrier distribution

dictates the rate of precession between scattering events.

In III-V semiconductors, the inversion symmetry is lifted because of the inequiv-

alent charges on the Ga and As ions in the face-centred cubic crystal structure. This

leads to a spin splitting in the conduction band for GaAs quantum wells that is less

than 1 meV in magnitude within 100 meV of the bandgap [124], (Figure 4.12). The

associated effective magnetic field leads to precessional spin relaxation via the DP

mechanism that is stronger than all other processes in GaAs for temperatures rang-

ing from 300 K to 30 K. DP becomes weak at very low temperatures (< 30 K) as

the thermalized carrier population extends over a smaller range of k values, where

the magnitude of the effective magnetic field is small. For T < 30 K, BAP has been

shown to dominate [131], with EY contributing negligibly to the relaxation rate at

all temperatures.

As the 2D perovskite, BA2MAPb2I7, studied in this work is inversion asymmet-

ric with a polar C2v structure [76], the DP process will be operative. The inversion

asymmetry is caused by tilting of the corner-sharing [PbI6]
4− octahdra [116]. Due to

the large strength of the spin-orbit interaction, the spin splittings in these 2D mate-

rials caused by this symmetry breaking have been predicted to be extremely large,

in the range of 10s of meV [132]. For example, the spin splitting was calculated for

Bz2PbCl4 (Bz = C6H5CH2NH3) in the β phase with C2v symmetry to be approxi-

mately 50 meV [112]. No calculations of the size of the spin splittings have yet been

reported for the BA2MAPb2I7 structure studied in this work. The exact value of the

spin splitting will depend on both the constituent inorganic atoms (i.e. Pb vs Sn and

I vs Br or Cl), whose orbitals form the conduction and valence states [116], and the
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organic spacer component, which has been found to influence the relative rotation and

tilt of the inorganic octahedral [76]. Nevertheless, the consistently large values of the

spin splittings in inversion-asymmetric phases of a wide range of 2D perovskites [132]

suggests that similar splittings would be found in our material. Taking into account

the much smaller size of the spin splittings in GaAs quantum wells, the DP mech-

anism is expected to be at least 10-fold stronger in these 2D perovskites. We thus

anticipate that DP will dominate all other mechanisms in our sample.

2.7 Rashba/Dresselhaus Spin Splitting

The splitting in the band states resulting from the spin-orbit interaction and lack of

inversion symmetry (the same splitting responsible for DP spin relaxation) can be

calculated using advanced electronic structure models. For perovskites, symmetry is

typically broken due to distortions of the lead-iodide octahedra, and it is necessary to

compare DFT simulations with X-ray diffraction measurements very carefully to ob-

tain correct predictions for the spin splitting. These spin splittings are often referred

to as Rashba or Dresselhaus splittings following the analytic treatment of the spin

splitting in inorganic semiconductors associated with structural inversion asymmetry

(Rashba) [133, 134] and bulk-inversion asymmetry (Dresselhaus) [135]. In the per-

ovskite literature, the convention for labeling the spin splitting is not uniform (e.g.

sometimes it is referred to as a Rashba splitting even when caused by the intrinsic

crystal asymmetry).

To understand the origin of the spin splitting, it is instructive to consider a sim-

ple 2D system such as a semiconductor quantum well in which transport occurs in

the x-y plane and the structural inversion asymmetry is along the growth direction

(introduced e.g. through the application of an electric field along the z-directon), so

that the relevant wavevector is k‖ = kxx̂+kyŷ. In this case, from the symmetry of the

spin-orbit Hamiltonian in Eq. 2.4, the effective magnetic field will be perpendicular

to both the z-direction and the direction of the electron wavevector k. The associated

spin splitting is described by the Rashba Hamiltonian

HR(k‖) = λR(kxσy − kyσx) (2.26)

where the magnitude of the coefficient λR is dependent upon the material system
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(including the degree of inversion symmetry breaking and the size of the spin-orbit

coupling). The corresponding eigenenergies yields the following dispersion relation

for the higher (+) and lower (-) energy branches

ER±(k‖) =
~k‖
2m
±
√
λ2R(k2x + k2y) (2.27)

Figure 2.4: (a) The band structure near k = 0 in a 2D system incorporating Rashba
and Dresselhaus splittings, described by coefficients λD and λR, respectively. (b),(c)
The direction of the effective magnetic field tied to pure Rashba (b) and Dresselhaus
(c) splitting. Adapted from Ref. [112].

The Rashba coefficient is given in terms of the energy splitting ∆E = E+ − E− as

λR =
∆E(k‖)

2
√
k2x + k2y

(2.28)

Rashba and Dresselhaus energy splittings for such a 2D system are shown in Fig. 2.4.

Rashba/Dresselhaus spin splittings have been predicted to occur in a variety of

methylammonium-based perovskite materials [80,107,112,116,136–138].
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Sample Fabrication and Characterization

3.1 Materials Studied

3.1.1 Precursor Crystals

The material studied in this thesis is the two layer (n = 2), two dimensional, buty-

lammonium methylammonium lead iodide perovskite (BA2MAPb2I7) with the full

chemical formula (CH3(CH2)3NH3)2(CH3NH3)Pb2I7. The precursor crystals were fab-

ricated at Northwestern University following the recipe outlined in Ref. [76]. While

the author of this thesis later visited Northwestern University to fabricate several

samples, the precurser crystals used in this study were fabricated by the Kanatzidis

group in the Department of Chemistry at Northwestern University. 2.232 g of PbO

powder (10 mmol) was dissolved in 20 mL of 57% w/w aqueous HI solution (152

mmol) by heating to boiling on a hot plate (set to ∼175 ◦C) with a magnetic stirrer.

A small amount (∼2 mL) of 50% aqueous H3PO2 is added to the solution to reduce

oxygenation. The powder was allowed to dissolve for about five minutes and turned

to a clear strong yellow colour. Next, 338 mg of solid CH3NH3Cl (5 mmol) was

added to the hot solution which caused a black powder to precipitate which quickly

redissolved and returned the solution to its clear yellow colour. Separately 694 µL of

n-CH3(CH2)3NH2 was mixed with 5 mL of 57% w/w aqueous HI in an ice bath to

reduce loss due to evaporation. This resulted in a clear light yellow solution. This

n-CH3(CH2)3NH3I solution was then added to the main solution, immediately pro-

ducing black precipitate. This solution was left on heat with magnetic stirring until

all of the black precipitate had redissolved, returning the solution to its clear yellow

colour in approximately 15 minutes. At this point the heat and magnetic stirrer were

turned off but the solution was left on the hot plate to cool very slowly to room

temperature. Small, rectangular, dark red plates start to crystallize at the bottom of

the solution. This crystallization process takes at least two hours to complete once

33
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cooled to room temperature but can be left longer. The crystals were then isolated

via suction filtration and dried in a vacuum oven. The yield was approximately 3 g

or roughly 40% based on initial lead content.

Ensuring the correct ratio of PbO:CH3NH3Cl:n-CH3(CH2)3NH2 is crucial to en-

suring the desired well thickness, or layer number, n, is obtained. The thicker the

2D perovskite layer (larger n) the more subtly the ratio is altered and the more dif-

ficult it is to avoid contamination by different layer numbered materials. The purity

of the material can be estimated via X-ray diffraction analysis as will be outlined

in section 3.2. However, to the author’s knowledge, no quantitative analysis of the

crystal purity was carried out before the particular crystals studied here were sent to

Dalhousie University and further processed. Once the crystals were sufficiently dried

they were placed in a vial which was then evacuated to ∼10−3 Torr and shipped from

Northwestern University to Dalhousie University. The vials were then stored in a dry

Argon glove box for about a year.

3.1.2 Thin Films

The perovskite thin film samples were prepared at Dalhousie University in Professor

Ian Hill’s laboratory. To fabricate the perovskite thin films studied here, 35 mg

of BA2MAPb2I7 crystal was dissolved in 100 µL of dimethylformamide (DMF) by

heating for one hour on a hot plate at 75 ◦C with a magnetic stirrer in a Nitrogen filled

dry glove box (H2O, O2 < 0.1 ppm). Sapphire substrates were prepared and cleaned

prior to the solution being dissolved. The substrates were 0.5” diameter, 0.020” thick,

round sapphire windows with 60/40 polish and 1/10 wavelength per inch flatness.

They were first cleaned with a brush and soap to remove large particles. Then the

windows were sequentially sonicated in de-ionized water, acetone and ethanol for 10

minutes each in a Branson Sonicator 2510 sonicating bath. Finally, the substrates

were treated with UV-ozone (NovaScan) for 15 minutes. To make the films, a clean

sapphire window at room temperature was placed on and secured via vacuum suction

to a SCS G3P spincoater inside the Nitrogen glove box. 40 µL of the hot perovskite

in DMF solution (concentration ∼0.45 M) was pipetted onto the substrate and spin-

coated at 3000 rpm for 70 s. Upon deposition onto the sapphire window, the solution

was a pale yellow colour, however within five seconds of spinning the solution turned
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to the pure red colour of the 2D perovskite material, depicted in Figure 3.1. The

sample was then transferred from the Nitrogen glove box to an Argon glove box, with

as minimal exposure to air as possible, in order for it to be loaded into a sealed JANIS

ST-100 cryostat for optical characterization and study. The results in this thesis all

come from samples prepared in the method stated here. However, more recent analysis

of film fabrication conducted at Northwestern University has determined that optimal

conditions for preferred film orientation included hot-casting, a method in which the

sapphire substrate is heated to 110 ◦C, and increasing the spin rate to 5000 rpm.

Figure 3.1: Image of BA2MAPb2I7 thin film spin-coated onto a circular sapphire
substrate

To estimate the thickness of the film, the sample height profile was obtained using

a Veeco Dektak 150 profilometer. Prior to profile measurement, a cliff edge and a

canyon were created in the film using a razor blade in order to estimate the height of

the film from the substrate floor. Based on the profile measured, the film thickness

was estimated to be ∼500 nm, although this may be an overestimate due to the

profilmeter’s tendency to overshoot the cliff/canyon rises. The profile also indicated

there was substantial heterogeneity of film thickness throughout the film as could be

seen with the naked eye as a variation in film transparency.
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3.2 X-Ray Crystallography

X-ray crystallography or diffraction (XRD) is a technique used to determine the

atomic structure in a crystal. When X-rays are incident on a crystal, the periodic

array of atoms in the crystal cause the X-rays to diffract in a specific direction. The

angle and intensity of the X-ray diffraction as a function of incident angle informs a

crystallographer of the orientation and atomic separation of the crystal. This phe-

nomenon is governed by Bragg’s law, which states that X-rays which scatter off a

lattice will destructively interfere except in a few specific directions,

sin(θ) =
ηλ

2d
, η ∈ Z (3.1)

in which they add constructively [139]. Here d is the spacing of atomic planes and θ

is the incident X-ray angle, as illustrated in the right side of Figure 3.2. As shown

in Figure 3.2 at left, by rotating the X-ray source and detector so as to vary θ, the

orientation and spacing of different atomic planes within the sample are determined.

Figure 3.2: Left: Schematic of X-ray diffractometer. Right: Zoomed-in depiction of
sample illustrating Bragg scattering of X-rays by crystal lattice planes.

The perovskite crystals were characterized at Northwestern University with a

Rigaku Ultima IV X-Ray Diffractometer. XRD is a powerful tool for characteriz-

ing the well thickness of 2D lead iodide perovskites due to the presence of an addi-

tional low angle XRD intensity peak for each added perovskite layer. This can be

seen in Figure 3.3 from [76] where there are two evenly spaced diffraction peaks for

the n = 2 material (Pb2I7) below 2θ = 13◦, three for n = 3 (Pb3I10), and four for
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Figure 3.3: XRD instensity peaks at characteristic low angles in 2D and 3D butylam-
monium methylammonium lead-iodide perovskite samples, adapted from Ref. [76].

n = 4, (Pb4I13). The numbers above the peaks correspond to the Miller indices of

the diffraction plane. The 0κ0 family of planes (κ = 2, 4, 6, etc.) are the planes of

inorganic perovskite layer oriented parallel to the substrate. The higher the layer

number or well thickness the more 0κ0 peaks exist at low angle since the spacing

between successive planes increases and thus θ decreases as can be seen in Eq. 3.1.

The planes with Miller indices 111 are oriented nearly perpendicular to the substrate

but with a slight tilt. The 020 plane (red) and 111 plane (green) for the n = 2 lead-

iodide perovskite case are shown in Figure 3.4 from [41]. The relative intensities and

widths between 020 and 111 peaks provide information regarding the percentage of

the material oriented in each plane. Note that the 0κ0 reflections in the n = 2, 3, 4

case correspond to the 00κ reflection in n = 1,∞ [41] as seen in Figure 3.3.

The crystallography of the thin film 2D perovskite samples were characterized

at Dalhousie University with a Siemens D5000 X-ray Diffractometer. Scans were

completed with 30 kV/20 mA power, 0.05 2θ step size and 1s integration per step.

The low angle characteristic intensity peaks for the n = 2 film are shown in Figure 3.5.

Comparing the intensity peak positions to those in Figure 3.3, it is clear that n = 2

perovskite was fabricated. However, based on the relative intensities between the 020

and 111 peaks, it is likely that a significant percentage of the 2D perovskite layers

are oriented perpendicularly to the substrate. Judging by the width of 020, even

among the layers oriented parallel to the substrate there is significant tilting with
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Figure 3.4: Illustration of the parallel 020 (red) and perpendicular 111 (green) ori-
ented lattice planes with respect to the substrate in the BA2MAPb2I7, adapted from
Ref. [41]

Figure 3.5: Characteristic Bragg intensity peaks of BA2MAPb2I7 film using XRD

layers oriented at slightly different angles with respect to the substrate, broadening

the intensity peak of the 020 diffraction plane. Finally, the two small intensity peaks

between 2θ = 5◦ and 8◦ suggests that there is contamination of the film with other

layer numbers, almost certainly n = 1 and 3. These impurities may have formed

during the fabrication of precursor crystals, due either to incorrect reagent ratios or

incomplete dissolution. Other layers numbered perovskite can also form during the
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spin coating process of film fabrication as seen by Liu et.al., again possibly due to

incomplete dissolution in the DMF solvent resulting in inappropriate reagent ratios in

certain regions of the film [140]. Finally, sample decay due to exposure to humid air

could cause other layer numbers to form if the moisture in the air dissolves the lead

iodide inorganic layers leaving the remaining lead-iodide to form lower layer number

2D perovskites which require a lower inorganic to organic constituent ratio.

3.3 Absorbance

The absorbance, sometimes called optical density, of a material is a property which

enables the determination of the band edge or excitonic absorption of a perovskite

thin film. Although often inappropriately used interchangeably with absorption, ab-

sorbance is a measure of the attenuation of transmitted light, which is caused by

absorption but also by reflection, scattering and other processes. Absorbance, A, is

related to the ratio of transmitted, Φt, and incident, Φi, radiant flux by the following

expression:

A = log10

(
Φi

Φt

)
(3.2)

The absorbance spectrum, absorbance as a function of incident photon wavelength

or energy, can then be used to create a Tauc plot, described in section 3.4 which

can determine the optical bandgap in a semiconductor [141, 142]. Two different ap-

paratuses were used to obtain the absorbance spectrum of BA2MAPb2I7 which are

outlined below.

3.3.1 Cary 60 UV-Vis

The Cary 60 UV-Vis Spectrophotometer works by illuminating the sample with a

Xenon flash lamp and measuring the transmission as a function of wavelength and

using Eq. 3.2 to obtain the absorbance. The lamp has a spot size of less than 1.5 mm

× 1.0 mm at its focus and covers the range of wavelengths from 190 to 1100 nm. The

Cary 60 UV-Vis resides in Professor Ian Hill’s laboratory at Dalhousie University.
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Figure 3.6: Absorbance spectrum of BA2MAPb2I7 film using Cary UV-Vis spec-
trophotometer (red) and Tungsten halogen lamp spectrometer (blue).

3.3.2 Tungsten Lamp Spectrometer

A more portable absorbance measurement device was required in order to complete

a temperature dependent absorbance study. Thus, a transportable tungsten halogen

lamp (Ocean Optics) was incorporated into the setup in Professor Kimberley Hall’s

laboratory using optical fibre and was focused through the sample into an Ocean

Optics fibre optic usb 4000 spectrometer. Once again, the transmittance was mea-

sured as a function of incident wavelength and the absorbance spectrum was obtain

via Eq. 3.2. The light source was focused to a spot size radius of ∼100 µm at the

sample. The spectrometer can detect wavelengths from 530 to 800 nm. As there was

some concern regarding the validity of the device, the obtained absorbance spectrum

at room temperature was compared to that from the Cary 60, and is shown in Fig-

ure 3.6. Although the absolute absorbance values differ, as do the relative heights of
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the bandgap and excitonic absorption peaks, the important features and their spec-

tral positions are shared, therefore the Tungsten lamp absorbance device was deemed

sufficient for continued use.

3.4 Optical Bandgap

The energy gap of the n = 2 perovskite sample was determined by creating a Tauc

plot out of the absorbance data [142]. A Tauc plot has the quantity (αhν)1/r on the

y-axis against photon energy, hν, on the x-axis where α is the absorption coefficient

and r is a numerical factor dictated by the nature of the transition. For direct

allowed transitions, as in 2D and 3D lead-halide perovskite, r = 1/2 [143]. Since

the complex index of refraction is unknown for this n = 2 perovskite material, the

absorption coefficient has been replaced here by the absorbance from Eq. 3.2 which

is valid if reflection, scattering and other non-absorption attenuation mechanisms are

independent of wavelength. The optical bandgap is then obtained by extrapolating

the linear region of the bandgap absorption in the Tauc plot down to the abscissa or

x-axis [141] as shown by the orange dashed line in Figure 3.7. Using this method,

a energy gap of (2.12 ± 0.05) eV is obtained, which agrees within uncertainty with

bandgap calculations in the literature for this material (2.08 eV) [41].

3.5 Phase Transitions

3D lead-iodide perovskite has been shown to undergo two phase transitions when

cooling from room temperature down to ultracold temperatures (∼10 K) [144]. It is

generally accepted that there are three phases through which lead-halide perovskites

transition in this temperature range, and from high temperature to low are known

as the α, β and γ phases [76, 144]. However, there is currently disagreement in the

scientific community regarding the transition temperatures, crystal structure, and

symmetry properties of these phases [144–147]. There has not been a temperature

dependent study of the phase transitions in BA2MAPb2I7, however its room temper-

ature structure has been observed and computed, via XRD and DFT respectively, to

be orthorhombic with inversion asymmetry and space group Cc2m [76]. It is predicted

that multiple layer (n > 1) 2D perovskite will exhibit similar phase transitions as their
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Figure 3.7: Tauc plot is used to determine the optical bandgap of BA2MAPb2I7.
On the y-axis, α is the absorbance, hν is the photon energy and the exponent 2 is
used because the relevant transition is direct and allowed. A clear linear region is
present on the bandgap absorption rise and the bandgap energy is determined to be
the intersection of the extrapolation of the linear rise (orange dashed line) and the
x-axis. This energy gap for BA2MAPb2I7 was determined to be (2.12 ± 0.05) eV.

more studied 3D counterpart, albeit at different temperatures. Based on the phase

transition temperatures of 3D MAPbI3 [144] and the 2D (n = 1) BA2PbI4 [145],

as well as communication with Costas Stoumpos in the Chemistry Department at

Northwestern University, it is believed that the α→ β transition occurs between 255

and 300 K and the β → γ transition occurs between 100 and 150 K.



Chapter 4

Overview of Experiments

4.1 Ultrafast Laser Source

A laser light source was used to study the spin dynamics in 2D perovskite materials.

Since the spin dynamics in these semiconductors occur over picosecond time-scales, a

laser with subpicosecond pulse duration is necessary to resolve these dynamics. The

laser system used here was manufactured by Coherent Inc. The main components of

the laser system, namely the Verdi V-18 Pump, Mira-SEED and optical parametric

oscillator (OPO), are discussed below.

4.1.1 Verdi V-18 Pump Laser

The Verdi V-18 pump laser is a solid-state, diode pumped laser with Neodymium-

doped Yttrium Orthovanadate (Nd:YVO4) gain medium. The Verdi has an average

output power of 15 W and output wavelength of 532 nm. The characteristic wave-

length of Nd:YVO4 is 1064 nm and so the output wavelength is attained through

intracavity second harmonic generation (SHG) in a lithium triborate (LBO) nonlin-

ear crystal. The Verdi optically pumps the Mira-SEED.

4.1.2 Mira-SEED Mode-Locking Laser

The Mira is a solid-state laser with titanium-doped sapphire (Ti:Sapphire) gain

medium. The Mira is mode-locked via a nonlinear optical process called the Kerr

lens effect, for which sufficiently intense light experiences nonlinear refractive indices

with respect to the electric field strength. Mode-locking enables the Mira to pro-

duce optical pulse of extremely short duration, in this case on the order of 100 fs or

10−13 s. It works by inducing a common-phase relationship between all longitudinal

modes of the resonant laser cavity. These “phase-locked” or “mode-locked” modes

then interfere in the resonant cavity such that a train of very short duration single

43
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pulses emerge. In a Ti:Sapphire gain medium, the Kerr lens effect focuses the pulsed

light, which has a Gaussian intensity profile, but does not self-focus lower intensity

continuous wave (CW) light. In tandem with a spatially filtering aperture, this fo-

cusing effect ensures only pulse light is supported in the laser cavity. The dispersive

glass elements and Ti:Sapphire gain medium produce positive group velocity disper-

sion (GVD) into the system which is compensated by negative GVD prism pair to

keep laser modes phased-locked. The Mira output wavelength is centred at 830 nm

with an average power of 3.2 W.

4.1.3 Mira Visible Optical Parametric Oscillator

Figure 4.1: Schematic of MIRA Optical Parametric Oscillator in visible configuration

A schematic of the Mira OPO in its visible configuration is provided in Figure 4.1.

This configuration consists of a singly signal-resonant potassium titanyl phosphate

OPO crystal along with an intracavity SHG module. The SHG module works by

temperature tuning the SHG crystal to slightly alter its size in order to create phase

matched SHG for visible output generation. The output wavelength and bandwidth

is measured in real-time with a spectrometer and the power is monitored with a

photodiode. The output wavelengths are tunable from 550 nm to 740 nm with an

output power that varies greatly with wavelength but is on the order of 100s of mW.
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4.1.4 Laser Spot Size

The spot size of the laser beam incident on the sample was determined by the frac-

tional transmission of the laser through a pinhole of known area less than the laser

spot size. The spot size, or radius of the beam, is given by

w = a
√

2 [log(1− T )]−
1
2 (4.1)

where a is the pinhole radius and T is the ratio of transmitted power to incident

power. For this optical setup, this calculation yields a spot size of ∼60 µm.

4.2 Ultrafast Pump-Probe Spectroscopy Techniques

4.2.1 Degenerate Time Resolved Differential Transmission

Ultrafast spectroscopy is the study of light matter interaction dynamics on extremely

short time scales using ultrashort pulse lasers such as the system described previously.

The type of ultrafast spectroscopy used in this thesis, TRDT is more commonly called

pump-probe. In pump-probe spectroscopy, the ultrashort laser pulse is split in two by

a beam splitter with one of the pulse pairs being the pump and the other the probe. By

placing a movable stage in the pump beam’s path, the path length to the sample can

differ between the two pulses and as a result one pulse is delayed with respect to the

other. When the pump pulse arrives at the sample first, it can excite the carriers in the

material, and the effects of this excitation, namely a change in optical absorption, can

be detected by the delayed probe pulse as shown in Figure 4.2. By moving the stage

position to create longer and longer probe pulse delays, the excitation effects can be

monitored over time. In this study the photon energies of the pump and probe pulses

are the same and in this case it is known as degenerate pump-probe spectroscopy.

The experimental setup is shown in Figure 4.3 with the quarter waveplates (QWPs)

in each beam path set to linear. A lock-in amplifier is employed with a reference

frequency of the pump pulse via an optical chopper so that only measurements which

occur at the pump frequency survive. This ensures any measured change in probe

transmission by the Si amplified detector (Thorlabs) is due to the pump pulse.
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Figure 4.2: Schematic of Pump-Probe Spectroscopy: The pump pulse excites the
charge carriers in the sample (inset) and their subsequent relaxation can be probed
as a function of time by varying the delay, ∆t, between pump and probe pulses.

4.2.2 Circularly Polarized Pump-Probe

In TRDT, the incident light is linearly polarized, meaning it contains equal parts left

circular polarized (LCP) and right (RCP) light, and thus does not create a net spin

polarization when it excites carriers. In contrast, circularly polarized pump-probe

spectroscopy uses circularly polarized light to excite carriers to specific spin states.

Circularly polarized light is created by sending linearly polarized light through a

quarter waveplate with its fast and slow axis at 45◦ from the polarization axis of

the incident light. This induces a phase shift of π/2 between the fast and slow

components thus creating circularly polarized light. When this is done to both the

pump and probe pulses, they are either co-circularly polarized if they share the same

direction of circularly polarized light (left or right), or counter-circularly polarized if

they do not. By rotating the angle of the QWP by 90◦, one can switch the setup

from co-circular to counter-circular. The experimental setup for circular pump-probe

is shown in Figure 4.3 when the QWPs are rotated appropriately.
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Figure 4.3: Experimental setup of pump-probe spectroscopy. To measure charge car-
rier recombination dynamics the fast and slow axis of the quarter waveplates (QWPs)
are set to linear polarization. To study the spin dynamics of charge carriers the QWPs
are rotated to produce circularly polarized light.
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4.2.3 Calibration of Quarter Waveplates

The quarter waveplates used in this study to create circularly polarized light were CVI

ACWP-400-700-10-4 and CVI ACWP-700-1000-10-4 the former of which is designed

for visible light (400-700 nm) and the latter for IR (700-1000 nm). Since exclusively

visible light (560-620 nm) was used in this study, there was some concern that the

IR QWP would not be calibrated properly to create circularly polarized light. To

determine the optimal fast and slow angle for each waveplate to create circular light,

and to gauge the level of circular polarization, the setup depicted in Figure 4.4 was

used. The linear polarizer was set to allow maximal laser transmission into the power

meter in the absence of any QWPs. Each QWP was then placed in the beam path

as shown. The polarization out of the Vis-OPO laser is vertical. When vertically

polarized light passes through a QWP set to the appropriate fast and slow axis angle,

circular light is created. For our purposes we will call this light LCP although the

direction of the circularly polarized light was never determined. When LCP light

is reflected off the mirror, its polarization reverses to RCP and then is turned to

horizontal linear polarization upon passing back through the QWP. Thus, light will

be minimally transmitted through the linear polarizer into the power meter when

the QWP fast and slow axis is set to circular with respect to the incident linear

polarization (45◦) and maximally transmitted when the QWP is set to linear (0◦).

The power transmitted and resulting percent modulation of circular light for each

QWP at seven different laser wavelengths is shown in Table 4.1. The modulation is

calculated as 1-(Min Power/Max Power)/2, where the division by 2 occurs because

the light passes through the QWP twice. For the longest wavelength (620 nm),

the IR QWP actually outperforms the Vis, however as photon wavelengths move

further away from the prescribed range for the IR QWP the percentage modulation

of circularly polarized light drops below 95%. This means that the probe beam, in

whose path the IR QWP is placed, will be producing slightly elliptical light and not

truly circular light. This will result in a lower measurement of the degree of spin

polarization for excited charge carriers.
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Figure 4.4: Experimental setup for the calibration of QWPs for linearly and circularly
polarized pump-probe spectroscopy.

λ (nm) QWP Max Power (mW) Min Power (mW) % Modulation
560 Vis 13.0 0.17 99.4

IR 11.2 1.39 93.8
570 Vis 40.7 0.36 99.6

IR 37.6 4.34 94.2
580 Vis 38.9 0.30 99.6

IR 36.9 3.62 95.1
590 Vis 38.8 0.31 99.6

IR 38.2 2.70 96.4
600 Vis 44.1 0.39 99.6

IR 44.0 2.16 97.6
610 Vis 33.8 0.37 99.4

IR 34.0 0.80 98.8
620 Vis 35.3 0.42 99.4

IR 35.5 0.42 99.4

Table 4.1: Degree of circular polarization of light produced by infrared (IR) and
visible (Vis) quarter waveplates (QWP)



Chapter 5

Results and Discussion

5.1 Sample Stability

5.1.1 Exposure to Humid Air

2D perovskite materials have been shown to be more resistant to moisture than their

3D counterparts, as outlined in Chapter 1. Indeed, photovoltaic devices made from

2D lead-halide perovskites were able to maintain their power conversion efficiency for

months in comparison to a few days for bulk perovskite devices [41]. However, in

device architectures the photon absorbing perovskite layer is generally encased in an

insulating layer which may help increase the device’s moisture resistance. When one

of the (n = 2) perovskite thin films fabricated in this study was exposed to humid

air (characterized by ∼30% relative humidity) for approximately one week due to a

cryostat leak, parts of the sample visibly changed from the original clear red colour

to yellow. In order to gain further insight into the influences of moisture on the

2D perovskite material studied in this work, the absorbance spectrum was obtained

after the sample decayed and was compared to the original spectrum taken after

fabrication. This is shown in Figure 5.1.

Several notable changes in the absorption spectrum of the perovskite sample oc-

curred as a result of exposure to humidity. The original (n = 2) absorbance peak is

greatly reduced and the excitonic absorption is no longer visible in the decayed film

absorption spectrum. Additionally, two new absorbance peaks are present after the

moisture exposure. The lower energy peak occurring around 500 nm is attributed to

a partial conversion of the (n = 2) original film to the corresponding (n = 1) material.

The preferential formation of lower number of layers, n, has been observed previously,

and shown to provide a means to engineer carrier transport in device films [140]. The

assignment of this additional peak to (n = 1) material is supported by its location

around 500 nm, which is consistent with previous work for this material system which

50
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Figure 5.1: Linear absorption spectrum of a BA2MAPb2I7 film just after deposition
(blue curve) and after exposure to humid air for one week (red curve). The additional
peaks at ∼380 nm and ∼510 nm are attributed to sample decomposition, leading to
excess lead iodide and the conversion of some of the (n = 2) film to the energetically
more stable (n = 1) 2D perovskite species.

place it at 510 nm [41]. The higher energy peak is attributed to lead (II) iodide, PbI2.

The presence of lead iodide was evident from the yellow colour of the decayed per-

ovskite film. The bandgap absorption peak of PbI2 is known to occur between 300

nm and 400 nm [148]. The precipitation of PbI2 out of the film when the lead-iodide

perovskite is exposed to moisture in the air also occurs for 3D perovskites. Although

2D perovskite films have been shown to be much more resistant than 3D films, this

decay from a week of moisture exposure suggests that encapsulation is necessary for

devices based on 2D films, similar to the case of 3D perovskite devices.
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5.1.2 Radiatively Induced Degradation

The organic-inorganic perovskites are known to be subject to light-induced changes

in their optoelectronic and transport properties. In order to ensure that such changes

were not occurring during our optical experiments, and to gain insight into photo-

damage effects in the (n = 2) perovskite film studied in this work, the influence of

laser exposure was tested by measuring changes in the transmission through the film

during exposure. The result of this test is shown in Figure 5.2. These experiments

were carried out within the pump-probe setup, ensuring that the spot size was iden-

tical to that used in the spin dynamics experiments. The wavelength used for these

measurements was 570 nm, corresponding to a photon energy of 20 meV above the the

bandgap at room temperature. The transmission is observed to increase with laser

exposure time for powers exceeding 2 mW. The rate of change of the transmission is

observed to increase with increasing power of exposure, with the highest slope for 10

mW incident on the sample. The slope is small but significant for a power as low as 4

mW, which corresponds to a fluence of 0.5 µJ/cm2. The increase in transmission with

light exposure suggests that the laser is locally bleaching the film. While it is not

possible to measure the transmission spectrum on the localized damaged regions due

to the small spot size of the focused laser beam, it is likely that the film is decompos-

ing into other compositions, as was seen in the case of moisture exposure, since such

a decomposition redistributes the absorption towards higher energies, away from the

band edge of the starting film. This redistribution of absorption would be observed

as an increase in transmission near the band edge.

More studies are needed to characterize the process of radiative decay in this and

similar 2D perovskite materials for future applications in optospintronic applications.

Pulsed excitation is likely to be exploited in such applications. For instance, recent

demonstrations of carrier spin control via the optical Stark effect [113] involved high

pulse fluence exposure, and high repetition rates would be beneficial for high speed

spin logical operation employing optical spin control. As a result, a determination

of the threshold fluence at which damage occurs as a function of the laser repetition

rate and wavelength would be a useful direction for future work. All studies in the

remainder of this thesis were completed at laser fluences below 0.35 µJ/cm2 (3 mW

laser power) to avoid photodamage to the films.
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Figure 5.2: Results of measured transmission through the BA2MAPb2I7 film while
it is exposed to the OPO excitation beam tuned to 570 nm (20 meV above the
bandgap) for various average powers. Results show evidence of laser-induced film
decomposition, manifested as a reduced band edge absorption with exposure time.

5.2 Temperature Dependence of Absorption

The temperature dependence of the absorbance spectrum is shown in Figure 5.3 (a)

and characteristic absorbance plots are shown on the right in Figure 5.3 (b)-(e). The

black dashed curves identify the peak wavelength position for the bandgap and exciton

absorption as a function of temperature. There is a sharp change in exciton binding

energy in both of the regions of temperature in which phase transitions are expected to

occur for (n = 2) BA2MAPb2I7. The evolution of the exciton binding energy, taken as

the energy difference between the two peaks, with temperature is more pronounced

in Figure 5.4. Based on this plot, the α → β and β → γ phase transitions in

BA2MAPb2I7 occur at 280 K and 130 K respectively. An overall trend of increasing

exciton binding energy with decreasing temperature from room temperature to 10 K

is also observed, and has been witnessed in perovskite materials previously [125,149,
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Figure 5.3: (a) Absorbance as a function of sample temperature and photon wave-
length. (b)-(e): Individual absorbance spectra at fixed temperatures ((b) 293 K; (c)
160K; (d) 80 K; (e) 10 K).

150]. This may be seen by comparing the absorbance spectrum at room temperature

(Figure 5.3 b) and 10 K (Figure 5.3 e). In the former, the exciton absorption peak

is primarily contained within the bandgap absorption, expressing itself only as a

shoulder on the main bandgap absorption rise. In the latter case, two absorbance

peaks are distinctly visible and have separated from an energy splitting of ∼100 meV

at 293 K to ∼180 meV at 10 K. The range of binding energies in Figure 5.4 are

in line with the large exciton binding energies found previously in 2D perovskite

materials [61,76].
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Figure 5.4: Temperature-dependent exciton binding energy in the BA2MAPb2I7 film
extracted from the linear absorption results.

5.3 Charge Carrier Dynamics in BA2MAPb2I7

In preparation for measurements of the spin-resolved carrier dynamics, a measurement

of the carrier dynamics for equal spin populations was made by performing pump-

probe differential transmission experiments for linearly-polarized optical excitation

at room temperature. Owing to the selection rules, linearly-polarized light results in

an equal population of spin up and spin down carriers. Carrier dynamics have been

studied extensively in traditional inorganic semiconductors [117]. Following excita-

tion by a short laser pulse, the initial carrier distribution has an energy profile that

reflects the laser excitation spectrum. The most rapid scattering process (typically

carrier-carrier scattering) then transforms this non-thermal population into a ther-

mal distribution, for which the energy profile is described by the Fermi distribution

function. The temperature of this initial thermal distribution is determined by the

excitation energy of the laser since this energy dictates the initial kinetic energy of

the carriers. For above bandgap excitation, the carriers therefore initially form a hot
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distribution. Phonon emission and absorption processes ultimately enable this hot

carrier distribution to exchange energy with the lattice and cool to the lattice tem-

perature. Once this occurs, the thermalization process is complete. The thermalized

carrier distribution then recombines, returning the semiconductor to equilibrium.

Figure 5.5: Results of pump-probe differential transmission experiments with linearly-
polarized light, for which equal spin up and spin down carrier populations are excited.
Blue symbols: experimental data; red curve: exponential fit. Fit values indicate a
carrier thermalization time of (7.2±1.5) ps and a recombination time of (1410±250)
ps, with uncertainties determined by averaging measurements over the full range of
excitation energies.

The pump-probe response was measured in BA2MAPb2I7 for a range of laser ex-

citation energies in the vicinity of the band edge (from approximately 90meV below

bandgap to 100meV above). The carrier relaxation in each case was fit to a double

exponential decay, as described in Eq. 2.10, to account for thermalization and re-

combination. An example fit for 55meV excess energy is shown in Figure 5.5, which

is representative of the results obtained at all energies. The pump-probe results for

a small range of interpulse delay (∆t < 20 ps) are shown for a range of excitation
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Figure 5.6: (a)-(m) Results of pump-probe experiments using linearly-polarized ex-
citation for a range of laser excitation energies relative to the bandgap. (n) The
magnitude of the pump-probe signal is shown as a function of laser excitation energy
and delay on a contour plot. (o) The magnitude of the pump-probe signal at 2 ps
delay is plotted together with the linear absorption spectrum, indicating pump-probe
responses from both excitons and interband transitions above the bandgap.
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energies in Figure 5.6. The snapshot at 2 ps delay (Figure 5.6 (o)) provides a measure

of the absorption spectrum of the sample. The excitonic absorption peak is observed,

and the excited population is minimal for laser excitation at or below the bandgap

(Eg ∼ 2.12 eV) and then rapidly rises as the excitation photon energy is increased.

The band edge response observed in these results contains a sharper onset than in the

linear absorption spectrum. The absorption edge is typically more clearly observed

in nonlinear pump-probe spectroscopy than in linear absorption because the pump-

probe signal reflects a reduction in absorption due to state filling, while the linear

absorption response is also influenced by scattering losses, which show up as a tail in

the bandgap region and at lower energies. The exciton binding energy extracted from

Figure 5.6 (o) is consistent with that found via absorbance measurements in section

5.2 (100 meV at room temperature).

The thermal relaxation time was determined to be τth = (7.2 ± 1.5) ps and the

carrier recombination lifetime was determined to be τ = (1410 ± 250) ps. The un-

certainties in these values were obtained from the standard error of the mean for

measurements at the 13 different energies probed. The thermal relaxation lifetime

resides in the expected temporal regime for direct bandgap semiconductors [117,151]

and the recombination time is comparable to lifetimes observed in other 2D lead-

halide perovskite materials [74].

5.4 Spin Dynamics in BA2MAPb2I7 at Room Temperature

5.4.1 Observed Trends in Spin Dynamics

The results of pump-probe differential transmission experiments using circularly-

polarized pump and probe laser pulses are shown in Figure 5.7 (a). During the first

∼15 picoseconds, the pump-probe signal for co-circular polarization is larger than that

for counter-circular polarization. For the co-circular configuration, the probe pulse

is measuring the state filling response associated with the same spin-polarization as

that injected by the pump pulse. In this case, the dynamics of the majority spin

population are detected. For counter-circular polarization, the dynamics of the mi-

nority spin are measured. These two populations equalize as carriers undergo spin

relaxation. For delays longer than about 20 ps, the two signals are equal, indicating
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Figure 5.7: (a) Results of pump-probe experiments with circularly-polarized pump
and probe pulses for a laser tuning of 2.16 eV. Blue curve: Results for the same
circular polarization state in pump and probe beams; Red curve: results for opposite
circular polarization states. (b) Degree of circular polarization of the pump-probe
signal, reflecting the degree of spin polarization of the electrons and holes in the
sample, versus interpulse delay time. Blue symbols: experimental data; red curve;
exponential fit, yielding a spin relaxation time of (7.86± 0.28) ps.

that the spin polarization has fully decayed.

The spin relaxation time may be determined from the measured pump-probe re-

sults in Figure 5.7 (a) by evaluating the degree of spin polarization, which is obtained
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Figure 5.8: (a)-(n) Results of pump-probe experiments with circularly-polarized pump
and probe pulses for a range of laser tunings. Blue curves: co-circular polarizations in
the pump and probe pulses; red curves: counter-circular polarizations. The laser exci-
tation energy in each case is indicated in the inset. (o) Degree of circular polarization
at 2 ps delay as a function of laser detuning.
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by taking the difference between the two curves and dividing by the sum. The result-

ing data are shown in Figure 5.7 (b). The difference is shown only for delays beyond

0.5 picoseconds to avoid the strong zero delay feature in the pump-probe response.

The zero delay feature contains a spurious signal often referred to as a coherent arti-

fact that results from a four-wave mixing response in the sample, which can have the

same or opposite sign as the carrier state filling signal, but does not contain useful

information about the spin dynamics. A fit of the degree of spin polarization as a

function of delay provides the spin relaxation time. The fit in Figure 5.7 (b) indicates

a spin lifetime of approximately 8 ps.

Figure 5.9: Carrier spin relaxation time extracted from the pump-probe results as a
function of the laser detuning. The lifetime decreases with increasing energy above
the bandgap for free electrons and holes. The exciton spin relaxation time is similar
to the band edge value for free carriers.

The raw pump-probe data for a range of laser tunings is shown in Figure 5.8 (a)-

(n). It is apparent from these data that the degree of spin polarization, reflected by

the separation between the co-circular and counter-circular data curves, varies with

the laser tuning. This variation can be seen more clearly in Figure 5.8 (o), which shows
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the degree of spin polarization evaluated 2 ps after the pump pulse. The degree of

spin polarization is largest at the bandgap of the semiconductor and at the excitonic

resonance energy. The spin lifetime extracted from the fit to the spin decay curves at

each energy is shown in Figure 5.9. For excitation above the bandgap (i.e. for positive

laser detuning) the spin lifetime decreases for increasing laser excitation energy. The

spin lifetime for laser excitation on the high energy side of the exciton resonance is

similar to the band edge value for free carriers. The absense of lifetime measurements

below bandgap in Figure 5.9 is a result of the degree of spin polarization being too

low to extract spin lifetimes. This is can be seen in the raw data in Figure 5.8 (h)-(k).

The spin lifetime was also measured as a function of the laser excitation fluence. The

results of these measurements for two different laser tunings above the bandgap are

shown in Figure 5.10. The spin lifetime was observed to increase with increasing

excitation fluence for both values of the laser tuning.

Figure 5.10: Carrier spin relaxation time extracted from the pump-probe results as
a function of laser pulse fluence. Results indicate an increasing spin lifetime with
increasing fluence.
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5.4.2 Interpretation of the Measured Spin Dynamics

The results in Figure 5.8 indicate a high degree of spin polarization of approximately

80% in the vicinity of the band edge. This observation of high initial spin polarization

is consistent with the optical selection rules for the lowest energy valence to conduction

band transition (Figure 2.3) which predicts 100% spin-polarized carriers for excitation

at the bandgap. For comparison, 90% spin polarization was observed by Giovanni

et.al. in 3D perovskites [108], which exhibit identical selection rules [80].

The effective masses of carriers in the conduction band (valence band) in the

BA2MAPb2I7 material studied here has been estimated as me=0.08 m (mh=0.14 m),

were m is the vacuum rest mass of the electron [76]. The heavier mass of the holes

would lead to a smaller contribution of the hole occupation to the bleaching signal

due to the larger density of states in the valence band, [117] similar to the situation

for III-V materials [124]. The majority of the bleaching signal is therefore expected

to be from the electrons. Nevertheless, since a single exponential decay is observed,

the relaxation times for the two carrier species are assumed to be similar.

The carrier spin relaxation time of ∼10 ps at the band edge in Figure 5.9 is much

faster than in GaAs quantum wells, for which a lifetime of 100 ps was observed at

room temperature [152]. This is consistent with the DP mechanism and the larger

spin splittings calculated for related 2D perovskites [112]. The degree of spin polar-

ization at 2 ps delay decreases when the excitation laser is tuned above the bandgap

(Figure 5.8), reflecting the shorter spin lifetime observed with increasing excess en-

ergy (Figure 5.9). These observations are also expected for the DP mechanism. Since

the carrier thermalization time is comparable to the spin relaxation time, the carrier

distribution will not have a chance to fully equilibriate with the lattice, and so the

average kinetic energy of the carriers will be higher for higher energy laser excitation

(i.e. the carriers remain hot during spin relaxation, with a temperature determined

by the excess energy of the exciting photons above the bandgap). A higher average

carrier kinetic energy will lead to the occupation of states at larger k values, access-

ing regions of k-space where the magnitude of the effective magnetic field is larger,

leading to more rapid spin relaxation. The spin relaxation time at the exciton res-

onance is similar to the band edge value (Figure 5.9), as expected since the exciton

wavefunciton is composed of a superposition of small-wavevector components near
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the band extrema for electrons and holes.

The above conclusion that DP dominates spin relaxation for carriers in the 2D

perovskite structure studied here holds regardless of the dominant scattering process

that limits the DP spin relaxation rate. In the general case, carrier-phonon, carrier-

carrier, and carrier-defect scattering may contribute to the carrier dynamics within

the semiconductor. Evidence for significant phonon scattering contributions have

been seen in 3D perovskite [153–155], and as a result phonon scattering is likely con-

tributing in our experiments on 2D butylammonium methylammonium lead iodide.

One can assess the role of carrier-carrier scattering by performing measurements at a

fixed temperature as a function of laser excitation fluence, shown in Figure 5.10. The

observation of an increase in the carrier spin lifetime as a function of fluence indicates

that carrier-carrier scattering is contributing significantly to limiting the spin lifetime

in our sample. The increase in spin lifetime with increasing power is consistent with

motional narrowing, for which the DP relaxation rate is reduced with rapid scattering

because the carrier spins are unable to precess significantly before the direction of the

effective magnetic field changes. This trend is opposite to that expected for EY re-

laxation, in which more scattering increases the spin relaxation rate. Carrier-carrier

scattering has also been found to contribute to motional narrowing in GaAs quantum

wells [156]. All of the observed spin dynamics thus point to the DP mechanism as the

dominant relaxation mechanism in the 2D perovskite system studied here at room

temperature.

5.5 Spin Dynamics in BA2MAPb2I7 at Low Temperature

5.5.1 Measured Temperature Dependence of Spin Dynamics

In order to gain further insight into the spin relaxation kinetics, pump-probe exper-

iments were performed on the BA2MAPb2I7 sample over a range of temperatures

between 10 K and 300 K. For these experiments, the laser excitation energy was cho-

sen to follow changes in the bandgap with temperature using the corresponding linear

absorption spectrum at each temperature. The results of spin relaxation measure-

ments at 40 K are shown in Figure 5.11. The most notable difference between these

results and the room temperature measurements in Figure 5.7 is that the degree of
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Figure 5.11: (a) Results of pump-probe experiments with circularly-polarized pump
and probe pulses with the sample held at a temperature of 40 K. Blue curve: co-
circular polarization; Red curve: counter-circular polarization. The results indicate a
much smaller degree of circular polarization after the first picosecond than in the room
temperature results, but the polarization persists to much larger interpulse delays.
(b) Degree of circular polarization extracted from the results in (a). Blue symbols:
experimental data; Red curve: single exponential fit, indicating a spin lifetime of
(53.4± 2.1) ps.

spin polarization is reduced for delay values beyond the region of pulse overlap. This

can be seen in Figure 5.12, which shows the degree of circular polarization at 2 ps



66

delay as a function of temperature. The reduction in spin polarization as temperature

is reduced conicides with the β → γ phase transition identified in Sec. 5.2. In addi-

tion to the diminished degree of spin polarization, the time scale for spin relaxation

is observed to be much longer at low temperatures. The measured dependence of

the spin lifetime on temperature is shown in Figure 5.13. For temperatures above

the β → γ phase transition, the spin lifetime is observed to increase slowly with de-

creasing temperature. For an excess energy of 20 meV, the spin lifetime increases by

a factor of approximately 2 as the temperature is reduced from 300 K to 170 K. In

contrast, for temperatures below the β → γ phase transition, the spin lifetimes are

much longer and exhibit a rapid increase with decreasing temperature.

Figure 5.12: Temperature dependence of the degree of circular polarization extracted
from the pump-probe results at a delay of 2 ps after the pump pulse. The results
indicate a strong reduction below the β to γ phase transition.
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Figure 5.13: Spin relaxation time extracted from the pump-probe results as a function
of sample temperature. Results indicate a weak increase in temperature within the α
and β phases. For temperatures below the β to γ phase transition, much longer spin
lifetimes are observed.

5.5.2 Discussion of the Temperature Dependence

Variations in the spin dynamics as the temperature is reduced are expected to arise

from a number of sources: (i) the perovskite sample undergoes structural phase

changes with temperature, as discussed in Sec. 5.2; (ii) the rate of scattering with

phonons is reduced at lower temperature; thus for a given power the total scattering

rate will be reduced; and (iii) The thermalized carrier distribution will become colder

as the temperature drops, so that carriers will occupy a narrower range of k-states

near the band edge. As no similar phase changes occur in inorganic semiconductors,

the phase changes complicate the interpretation of the temperature dependent spin

dynamics in perovskites considerably. In particular, the size of the spin splitting

will change in different phases due to differing degrees of inversion asymmetry [132].

Calculations have also shown that the magnitude of the spin splitting can change

continuously within a given phase due to the temperature dependence of the order
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parameter tied to the associated ferroelectric phase transition [112]. As discussed

above, the magnitude of the spin splitting in a given phase (and a given material)

will depend on both the inorganic and organic constituent components [76,132].

The observation of a much smaller degree of circular polarization at 2 ps delay

within the γ phase suggests the existence of distinct relaxation rates for electrons

and holes, with one being below the time resolution of the experiment (i.e. in the

subpicosecond range). Due to the larger effective mass of the holes [76], the con-

tribution to the total bleaching signal from the holes is much smaller than that for

the electrons. [117] Given the small fraction of the bleaching signal that remains spin

polarized after 2 ps, the subpicosecond spin relaxation rate is assigned to the elec-

trons. The longer spin lifetimes values of 40 to 100 ps in the γ phase in Figure 5.13

are therefore attributed to holes. While no calculations of the spin splittings are

available in our material system, a much smaller spin splitting has been predicted

for the valence band in comparison to the conduction band in the β phase of the

2D perovskite Bz2PbCl2 [112]. Our observation of a 50 fold difference in the spin

lifetimes of electrons and holes suggests that the spin splitting is much larger in the

conduction band than in the valance band in our 2D system as well. These findings

point to the need for electronic structure calculations including the spin-orbit inter-

action in a wide range of 2D perovskite materials. We note that a subpicosecond

electron spin relaxation time has also been observed in III-V systems possessing large

spin splittings (GaSb/AlSb quantum wells [157] and InAs/GaSb superlattices [158].

In the latter material, the calculated spin splitting exceeds 40 meV [159]). Given the

large spin splittings calculated for the 2D perovskite, a subpicosecond spin lifetime

for electrons is reasonable.
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Conclusion

The large, tunable spin-orbit coupling, Rashba splitting, and spin dependent optical

selection rules make lead-halide perovskites promising materials for spintronic ap-

plications. Spin relaxation lifetimes have recently been measured in 3D lead-halide

perovskites by Giovanni et.al. and Odenthal et.al. resulting in vastly different life-

times of 7 ps and 1ns respectively, and dispute over the dominant relaxation mecha-

nism [57,108]. This thesis represents the first instance of spin lifetime measurements

in the more moisture resistant 2D class of lead-halide perovskites.

Spin relaxation was studied in BA2MAPb2I7 using circularly polarized pump-

probe spectroscopy and resulted in a lifetime of ∼10 ps for above bandgap pumping

at room temperature. Spin lifetime and degree of spin polarization decreased with

increased excess energy above bandgap. Spin lifetime increased with increased laser

fluence. These trends point to D’yakonov-Perel’ as the dominant spin relaxation

mechanism in BA2MAPb2I7. The results also suggest that carrier-carrier momen-

tum scattering contributes significantly to limiting the spin lifetime in the sample.

At low temperature, the spin relaxation lifetime increased upwards of 20-fold, while

the degree of spin polarization was found to decrease. This indicates the presence

of distinct relaxation rates for electrons and holes, with holes having lifetimes an

estimated 50 times longer than electrons, likely due to significant spin splitting in

the conduction band at low temperature. A comprehensive study of the temperature

dependence of spin lifetime and degree of polarization is necessary to better under-

stand the relaxation mechanisms at play. In addition to further experimental study,

a more complete set of calculations of the electronic band structure in 2D perovskites

is needed to assess their capacity for spintronic applications.

Odenthal et.al. attributed the disagreement in spin lifetime measurement with

Giovanni et.al. to deviations in film fabrication process and morphology [57]. Thus,

a study concerning the effects on spin lifetime of film parameters including precursor

69
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crystal purity, solvent, substrate, spin-rate and temperature of solution and substrate

would be a valuable undertaking. An exploration of film fabrication techniques and

parameters is necessary not only to gauge their consequences on spin dynamics but

also their impact on sample stability. This study found significant sample degradation

due from exposure to humid air and high laser fluence. These stability concerns must

be addressed for 2D perovskites to remain a viable candidate for use in a SFET.

This thesis only considered the 2D halide perovskite material BA2MAPb2I7 and

thus there is need for a more exhaustive study of spin properties in a wide range of

2D perovskites. The dependence of spin lifetime on quantum well width and barrier

width can be probed by varying the 2D perovskite layer number, n, and type of

organic spacer molecule respectively. Furthermore, to deal with the issue of toxicity

of lead, 2D materials made with other, nontoxic group four elements including tin

and germanium should be explored for potential use in spintronics.

The surface has only just been scratched in the study of spin dynamics in 2D halide

perovskites. A material which combines stability, long spin lifetime and ability for

spin manipulation would have enormous ramifications for data transfer, storage and

operation in solid-state devices. The family of 2D perovskites are a strong candidate

to contain such a material but more exploration is needed before the realization of a

perovskite-based spintronic device can occur.
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Pérez-Osorio, Henry J Snaith, Feliciano Giustino, Michael B Johnston, and
Laura M Herz. Electron–phonon coupling in hybrid lead halide perovskites.
Nature communications, 7, 2016.

[154] Melike Karakus, Søren A Jensen, Francesco DAngelo, Dmitry Turchinovich,
Mischa Bonn, and Enrique Canovas. Phonon–electron scattering limits free
charge mobility in methylammonium lead iodide perovskites. The journal of
physical chemistry letters, 6(24):4991–4996, 2015.

[155] Ye Yang, David P Ostrowski, Ryan M France, Kai Zhu, Jao Van De Lage-
maat, Joseph M Luther, and Matthew C Beard. Observation of a hot-phonon
bottleneck in lead-iodide perovskites. Nature Photonics, 10(1):53, 2016.

[156] MA Brand, A Malinowski, OZ Karimov, PA Marsden, RT Harley, AJ Shields,
D Sanvitto, DA Ritchie, and MY Simmons. Precession and motional slowing of
spin evolution in a high mobility two-dimensional electron gas. Physical review
letters, 89(23):236601, 2002.

[157] K. C. Hall, S. W. Leonard, H. M. van Driel, A. R. Kost, E. Selvig, and D. H.
Chow. Subpicosecond spin relaxation in gaassb multiple quantum wells. Applied
Physics Letters, 75(26):4156–4158, 1999.



85
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