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Abstract

Hybrid organic-inorganic perovskite materials have gained widespread interest in
recent years due to the high solar cell efficiencies demonstrated using perovskite
as the absorbing layer. These materials may be deposited with a low-cost solu-
tion processing technique, yet solar cell efficiencies as high as the commercial stan-
dard(made from Silicon, grown using an expensive, high temperature process) have
been achieved. The surprising performance of perovskite solar cells leads to many
open questions regarding the optoelectronic properties of these interesting mate-
rials. This thesis work aims to shed light on these optoelectronic properties of
the archetypical perovskite material CH3NH3Pbl; (MAPI) by applying the coherent
optical technique of femtosecond four-wave mixing (FWM). In contrast to incoher-
ent optical techniques such as transient absorption and photoluminescence, FWM
probes coherence excited on the electron-hole pairs in the semiconductor, opening
new opportunities to study the fundamental photo species and scattering processes.

We used FWM to directly determine the free exciton binding energy as well as
the binding energy of excitons bound to shallow trap states in the MAPI system. Us-
ing FWM we were able to clearly decipher the exciton signal from the free-carrier
continuum response, not apparent in incoherent spectroscopy signals due to the
broadening associated with the soft nature of the organic-inorganic perovskite lat-
tice. FWM was also used to measure the carrier-carrier scattering rate in MAPI
thin-films, and was compared to GaAs. It was found that carrier-carrier scattering
is much weaker in the MAPI system compared to GaAs over the carrier densities
probed reflecting the operating densities in solar cells, resulting in a stark contrast
between hybrid MAPI and the archetypical semiconductor GaAs. Finally, we used
FWM to measure the dephasing time as a function of temperature, and as a func-
tion of excess energy near the bandgap. The results fit a model of electron-phonon
scattering that included contributions from impurity scattering, and scattering by
both acoustic phonons and optical phonons. These results show that for MAPI the

recently-discovered Rashba effect enhances the rate of acoustic phonon scattering.
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Chapter 1

Introduction

The un-checked burning of fossil-fuels has led our planet into a new era, where
the human induced change in CO, and other greenhouse gas concentrations in
our atmosphere has resulted in serious, and potentially catastrophic changes to the
earth’s climate. This research, and all renewable energy research has the goal to
help us to stop emitting unnecessary, and dangerous greenhouse gases into the
atmosphere. Solar, and other renewable energy technologies have proliferated in
recent years thanks to early adopters, leading to renewable energy prices falling
below fossil-fuel based energy prices in many markets thanks to cost reductions due
to the economy of scale. This dramatic change in the energy market is clear as more

renewable energy was installed in 2016 than fossil fuel based technologies [1].

In 2013 less than 1% of the world’s energy supply came from all forms of solar
energy production combined [2], generally due to a lack of investment. This situa-
tion is quickly changing, where in 2016 solar energy production rose to 2% of global
energy production. The uptake of solar energy production is shown in figure 1.1, il-
lustrating the cumulative installed capacity for solar photovoltaics (PV), that is dra-
matically increasing due to enormous investments by China, the US, and Japan. In
2017 multicrystalline silicon, and mono-crystalline silicon technologies accounted
for roughly 95% of the solar PV market [3], shown in figure 1.2. Although silicon
solar cell prices have, and will continue to dramatically drop, perovskite solar tech-
nologies offer a cheaper, and cleaner option compared to silicon [4]. Perovskite
solar technologies attain similar efficiencies compared to silicon solar cells but are
deposited from solution at low temperatures, and silicon technologies require en-
ergy intensive, high temperature processes to refine the silicon to a high enough
crystal purity. As well, perovskite technologies have a host of novel applications.
They are solution deposited, and can be fabricated on a variety of rigid, or flexible

substrates including on flexible plastics, or can be building integrated as a film on
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Figure 1.1: Worldwide cumulative solar installations by year, in megawatts peak
(MW,). Last year the dramatic rise in solar installations was due to large invest-
ments by Japan, United States, and China (reproduced with permission [2])
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Figure 1.2: Solar module production by technology as a function of time. 95%
of solar modules manufactured in 2017 were silicon based technologies, including
60.8% from Multicrystalline silicon, and 32.2% from Monocrystalline silicon. Only
4.5% of total solar mdules manufactured in 2017 were from thin-film technologies
(reproduced with permission [3])

To get a larger perspective of the community of solar cell technologies, figure
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1.3 shows the US NREL, or National Renewable Energy Labs “best Research-solar
cell efficiencies chart” that charts the record efficiency rise over time of each solar
photovoltaic technology. In blue, single junction silicon based technologies progress
over 40 years to between 22.3% and 25.8% depending on the silicon crystal purity.
In green, the thin-film technologies include CdTe and CIGS have reached efficiencies
of 22-23%. In purple, the GaAs based solar cells have reached efficiencies of 28.8%),
and tandem solar cells have reached 38.8% but usually find a home on satellites
where the solar cell weight, and not its manufactured cost is the main applications
constraint. In red, the emerging PV technologies include dye sensitized solar cells at
11.9%, organic solar cells at 11.5% and quantum dot solar cells at 13.4%. Perovskite
solar cells are the red circles filled with yellow. The solar to electric efficiency has
skyrocketed to 22.7% after 5 years of intense research, surpassing multicrystalline
silicon efficiency of 22.3% that dominates the existing solar market. This marks the

fastest rise in efficiency of any solar cell technology.

Hybrid organic-inorganic perovskite semiconductors offer a unique material plat-
form combining ease of fabrication typical of organic semiconductors, with the effi-
cient generation and transport of excited photo-carriers, typical of inorganic semi-
conductors. These intrinsic material properties make perovskite an ideal material
candidate for developing an efficient and cheap solar photovoltaic energy produc-

tion technology, low cost LEDs, photodetectors, and laser gain media [6-9].

Implemented as the absorber material in solar photovoltaic applications, per-
ovskite has reached solar conversion efficiencies of 22.7% in 5 years of intense re-
search [5] due in-part to the combined high absorption coefficient and long carrier
diffusion length [10-12]. As a result, perovskite based materials have captivated
the renewable energy industry world-wide as a potential low-cost alternative to ex-
pensive, and polluting fossil-fuels. This has stimulated an intense research effort
into the fundamental photophysical properties of these materials to further opti-

mize device performance [12-33].

A variety of perovskite materials have been further developed recently including
multiple cation perovskites [34], all-inorganic perovskite [35], lead-free perovskite
[36-38], 2D layered perovskite [39], as well as a variety of nanostructured material

systems including quantum dots [40], nanowires [41], and nanoplatelets [42] that
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Figure 1.3: National Renewable Energy Labs (NREL) best research solar cell chart,
that illustrates the record lab efficiency of solar technologies. In blue, single junc-
tion silicon based technologies have reached efficiencies of 21.2% and 25.8% de-
pending on the silicon crystal purity. In green the thin-film technologies, CdTe and
CIGS, have reached efficiencies of 22.6% and 22.1%. In purple, the GaAs based so-
lar cells have the highest efficiencies for single-junction solar cells at 28.8%. In red,
the emerging PV technologies including dye sensitized solar cells reaching 11.9%,
organic solar cells at 11.5% and quantum dot solar cells at 13.4%. Perovskite solar
cells are the red circles filled in with yellow. The solar to electric efficiency has
reached 22.7% surpassing multicrystalline silicon efficiency of 22.3% (reproduced
with permission [5])

offer a host of novel properties [43,44]. Among these new materials, CH;NH;Pbl;
(methyl ammonium lead iodide (MAPI)) remains the archetypical perovskite mate-
rial, and therefore understanding its photophysical properties is essential to lay the

foundation for future materials engineering.

A broad body of work focused on the fundamental photophysical properties of
MAPI perovskite utilizing a variety of spectroscopic techniques have been reported
in recent years [45,46]. These studies have contributed to a wealth of knowledge
regarding photocarrier generation, relaxation, and diffusion, however a number of
open questions remain. These include the value of the exciton binding energy that

dictates the nature of carrier transport in solar cells at operating temperature, and
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the rate and type of dominant scattering processes for electrons and holes. These
material properties have remained elusive in-part due to the soft nature of the hy-
brid organic-inorganic perovskite structure, tied to rotational and translational mo-
tions of the cations and anions in the lattice [22], giving rise to substantial inhomo-
geneous broadening of spectral transitions that can mask details in the absorption
spectrum. In addition, prior to this thesis work ultrafast spectroscopy studies of per-
ovskite were limited to incoherent techniques such as transient absorption. Incoher-
ent spectroscopy methods probe the occupation of the band structure by electrons
and holes. In contrast, the coherent four-wave mixing (four-wave mixing (FWM))
technique utilized in this work probes the coherent polarization response excited
on the electron-hole pair transitions in the material. This opens up new opportu-
nities to study carrier interactions and scattering processes. The objective of this
thesis work is to explore what further insight can be gained into the photophysical

properties of MAPI using FWM spectroscopy.

Due to it’s high purity (using MBE), and high single junction solar cell effi-
ciencies [5], the fundamental properties of gallium arsenide (GaAs) have been ex-
tensively investigated over several decades, resulting in a wealth of information
regarding this archetypical inorganic solar cell material [47]. We utilized GaAs to
compare and contrast the fundamental properties of MAPI to draw comparisons be-
tween the two systems, and to place MAPI in the context of other well known, high

efficiency solar cell materials.

Utilizing FWM for the first time in this material system allowed us to clarify an
ongoing debate regarding the value of the exciton binding energy, and to observe
bound exciton states in the low temperature phase of MAPI [48]. This work is
described in Chapter 4. In Chapter 5 we present a study that investigated the many-
body interactions of excited carriers after photo-excitation in the MAPI system. The
results were compared to GaAs in order to place MAPI in the context of existing
photovoltaic materials [49]. Finally, in Chapter 6 we present a study that measured
the dominant dephasing mechanisms at low temperature indicating the important
role played by electron-phonon scattering. These studies constitute the first probe
of the coherent carrier dynamics in hybrid organic-inorganic thin-film perovskite

semiconductors and have stimulated a number of other groups to apply variants of



four-wave mixing to MAPI in recent years [50,51].

1.1 Optical Properties of Semiconductors

1.1.1 Bulk Semiconductor Properties

Semiconductors are used in optoelectronic devices, including the active layer in
photovoltaics, photodiodes, and light-emitting diodes. The optoelectronic proper-
ties of semiconductors can be understood by considering the chemical constituents
of the material, and the periodic structure that they form. The electronic structure

of a semiconductor may be obtained by solving the Schrédinger equation.

[~ vt vt = Bow) (LD

where V(r) is a periodic potential created by the ion cores in the crystal, that takes
into account screening of the bare ions by all of the other electrons. The solution to

equation (1.1) is a Bloch function,

Vox(r) = Uy (r)e ™" (1.2)

that is a product of a plane wave with wavevector k, and a function u, x(r) that has
the periodicity of the lattice. The subscripy v in equation 1.2 refers to a particular
band v in the semiconductor. Due to coupling of the electrons with the periodic lat-
tice potential, there are energies where no propagating electron states exist, called a
band gap. This is the case when the electron wavelength is a multiple of 2 times the
crystal lattice spacing and is known as the Bragg Scattering condition. The band
diagram in the first Brillouin zone can be seen in figure 1.4 for MAPI perovskite.
The highest occupied band is known as the valence band (VB), and the lowest un-
occupied band is known as the conduction band (CB). In the case when the top of
the valence band and the bottom of the conduction band occur at the same wave
vector K, it is known as a direct-gap semiconductor.

When light with a frequency corresponding to an energy exceeding the band
gap interacts with the semiconductor, an electron from the valence band can be
promoted to the conduction band, leaving an electron vacancy in the valence band

(known as a hole) as seen in figure 1.5. These electrons and holes constitute charge
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Figure 1.4: Band structure for perovskite that plots the energy versus wavevector
in the first Brillouin zone (reproduced with permission [22]).

carriers in the semiconductor. In the presence of a bias, or a charge-carrier concen-
tration gradient they produce a charge current flow. A photovoltaic device exploits

the charge current flow created by optically-excited electrons and holes.

E »
CB
EX
hk+wk
VB

Figure 1.5: Absorption of a photon (with E = Aw) in a simplified band diagram for
a direct band gap semiconductor that illustrates the generation of an electron in the
CB, leaving a hole in the VB. The exciton state is also illustrated (EX)



1.1.2 Carrier Dynamics Following Photoexcitation

After photoexcitation, electrons and holes can undergo a complex cascade of scat-
tering and relaxation processes before they recombine. For example, carriers can
scatter with thermal excitations in the lattice (called phonons) or defects in the
crystal ( e.g. a missing atom, or vacancy). These carriers can also scatter with each
other (many-body interactions). These scattering processes lead to an exchange
of energy and momentum among the carriers and between the carriers and the
lattice. These carrier dynamics can be divided into 4 regimes, representing overlap-
ping timescales [47] and are shown in figure 1.6. The earliest is called the coherent
regime (<200 fs). It describes the regime prior to the onset of scattering processes,
in which the electron-hole pairs excited by the laser pulse have a well-defined (co-
herent) phase relationship with the pulse of light that excited them. The time that
the carriers remain in this coherent state is known as the coherence time (Ty). Any
scattering process involving an electron or hole will interrupt the phase of the os-
cillating electron-hole pair leading to dephasing of the coherent signal. The second
temporal regime is called the non-thermal regime (<2 ps). In this regime scatter-
ing processes have started to occur but the carrier distribution (i.e. the occupation
versus energy) can not yet be described by a thermal distribution obeying Fermi
statistics but is instead governed by the laser excitation energy. The third regime
is known as the hot carrier regime (1-100 ps). In this regime the fastest scattering
process is typically carrier-carrier scattering, which leads to a redistribution of the
carrier energies, ultimately forming a thermal distribution, but at an elevated tem-
perature compared to the lattice. The temperature of the distribution is determined
by the excess energy of the absorbed photon relative to the bandgap. Finally, the
isothermal regime (>100 ps) corresponds to carriers and phonons in equilibrium,
so that the carriers and the lattice are at the same temperature. After the carriers
have scattered and cooled, they either recombine radiatively by emitting a photon,
or non-radiatively (e.g. by getting trapped in ‘dark states’ prior to recombining).
The lifetime of the excited carrier is known as the T, time.
During carrier cooling, and after an equilibrium with the lattice has been achieved

the carriers undergo a variety of processes in a photovoltaic (PV) device. These

mechanisms and their timescales are also illustrated in figure 1.6.
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-Carrier-carrier scattering
-Momentum scattering
-Hole-optical-phonon scattering
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Hot-excitation regime (~1-100 ps)
-Hot-carrier-phonon interaction
-Decay of optical phonons

Isothermal regime (= 100 ps)
-Carrier recombination

Figure 1.6: Left: Ultrafast photophysical timescales in phtoexcited semiconductors
including scattering and relaxation processes for each regime including the coher-
ent regime, the non-thermal regime, the hot-excitation regime, and the isothermal
regime. Right: Timescales for the various photophysical mechanisms in perovskite
PV devices including charge generation, Relaxation and charge transfer, charge
transport, recombination, defect response, ion transport, and finally long term de-
vice stability (reproduced with permission [52].)

Due to the opposite charge of the electrons and holes, there exists an attractive
Coulomb interaction between them. This leads to bound states of electron-hole
pairs, called excitons (see figure 1.7a). An exciton is similar to a hydrogen atom,
but has a much larger Bohr radius. The energy that binds a single electron-hole
pair is referred to as the exciton-binding energy (Ep) seen in figure 1.7(b). The

relationship between the binding energy and the Bohr radius is,

h2
Ep = 5 (1.3)
2m*ay
where ag = f; is the Bohr radius, m* is the effective mass, and ¢ is the dielectric

constant. How tightly an exciton is bound (and correspondingly, how large is it’s
exciton Bohr radius) depends on the dielectric constant within the crystal. If the
exciton binding energy is large (e.g. 100 meV) the exciton is known as a Frenkel
exciton, a situation common in organic semiconductors. If the binding energy is be-

low 10 meV, it is known as a Wannier exciton. Wannier excitons are more common
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in inorganic semiconductors. For example, GaAs has an exciton binding energy of
4 meV. The exciton binding energy plays a large role in the transport properties of
any semiconductor system. If the exciton binding energy is large compared to the
thermal energy kzT (25.7 meV at room temperature), where kp is the boltzman
constant and T is the operating temperature of the device, transport is limited by
the diffusion of excitons. In contrast if E,<kgT, transport is governed by the drift
and diffusion of separated electrons and holes know as free carriers that are highly

mobile compared to excitons.

continuum

Eg

Figure 1.7: (a) Schematic illustration of an exciton shown as an electron-hole pair
bound by the Coulomb interactions. (b) Spectrum of discrete exciton energy levels
below the bandgap, and the continuum of unbound electron hole pair transitions
above the band gap.

1.2 Materials

1.2.1 CH;3;NH;PbI; (MAPI) Perovskite Semiconductor

Perovskite refers to any system that forms a crystal structure of the form ABX3 with
corner-sharing octahedra. This structure was named after a famous Russian miner-
alogist Count Lev Aleksevich von Perovski after the first crystal with the ABX; struc-

ture was discovered by Gustav Rose in the Ural Mountains in 1839. Perovskite was
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first implemented as the solar absorber material in a dye-sensitized solar cell device
structure in 2009 by Tsutomu Miyasaka et al. [53]. This promising first result gen-
erated what has become a landslide of research regarding this particular material
system in the past 5 years. For the archetypical perovskite system (MAPI), methyl
ammonium serves as the organic A-site ion, lead as the inorganic B-site ion, and io-
dide as the inorganic X-site ion. The perovskite structure has been found to have a
stable crystal structure with a variety of interchangeable chemical constituents play-
ing the role of A, B and X, [54] leading to highly tunable optoelectronic properties.
For example, the bandgap of various material combinations spans the wavelength

range from 400 nm (perovskite quantum dots) to 700 nm (bulk perovskite) [44].

MAPI Perovskite forms a pseudo cubic crystal structure that is tetragonal near
room temperature, cubic at high temperature (above 325°K), and orthorhombic at
reduced temperature (below 160 °K). The unit cell for MAPI is shown in figure 1.8.
Methylammonium cations reside on the eight corners of the unit cell. A lead cation
occupies the central position in the unit cell, and is surrounded by six iodine anions.
MAPI has a relatively high optical absorption coefficient [12], and has a carrier dif-
fusion length on the order of 1 micron at room temperature [11]. Recently, direct
and indirect optical absorption have been experimentally verified [55], and poten-
tially contribute to a host of interesting optoelectronic phenomena in this complex

material system [56].

CHsNHPbl; _

Figure 1.8: Perovskite’s chemical constituents form an ABXj3; composition with
corner-sharing octahedra, where for the archetypical perovskite MAPI, Methylam-
monium is the A-site cation, Lead is the B-site cation, and Iodide is the X-site anion.
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1.2.2 The Prototypical III-V semiconductor: GaAs

Gallium Arsenide (GaAs) is an important example of an inorganic semiconductor
to contrast with MAPI because it is used in some of the highest efficiency inorganic
solar cells [5]. GaAs also provides an ideal material system for studying ultrafast
carrier relaxation in inorganic semiconductors due in part to the high crystal purity
that is achieved using molecular beam epitaxy (MBE) to grow single crystal GaAs.
MBE deposits a molecular layer of material at a time in high vacuum, resulting
in defect densities <10 ecm™—2 for GaAs when grown at high temperatures (600
°C) [57,58]. The crystal structure of GaAs is zincblende. The primitive basis consists
of a GaAs molecule. The overall structure may be viewed as two offset face centered
cubic structures of gallium (Ga) and arsenide (As) seen in figure 1.9(a). To study
the effects of defects in this archetypical inorganic system, defect concentrations
can be increased by reducing the substrate temperature during MBE growth. For
instance, when the growth temperature is in the range 200-300 °C, the resulting
material is known as low-temperature gallium arsenide (Lt-GaAs). The defects have

been shown to result from As interstitial incorporation [59,60] seen in figure 1.9(b).

Figure 1.9: (a) Zinc-blende GaAs grown at high temperature (Ht-GaAs), and (b)
zinc-blende GaAs grown at low temperature (Lt-GaAs) with As interstitial defects.

1.3 Optical Spectroscopy

A variety of spectroscopy techniques have been utilized to study the optical prop-
erties of perovskite semiconductors. Steady-state techniques include absorption
and photoluminescence spectroscopy. In absorption spectroscopy, the transmission

coefficient (typically of a thin film) is measured as a function of incident photon
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energy. In photoluminescence, light above band gap is used to excite the semi-
conductor and the radiation resulting from the radiative recombination of electron-
hole pairs is detected. These techniques are often utilized to characterize optical
bandgaps [23,61].

To monitor temporal dynamics of charge-carriers, pulses of light are utilized.
In the case of ultrafast spectroscopy techniques, the duration of the laser pulses
used is ~100 fs. Ultrafrast spectroscopy techniques can be broadly classified based
on the type of information that they provide about the electron-hole pairs excited
in the system by the optical pulse. Incoherent techniques probe the occupation
of the band edge states by carriers. These include pump-probe and time-resolved

photoluminescence.

In a pump-probe experiment (fig. 1.10), a strong ‘pump’ pulse excites carriers
in a material, and a second weaker ‘probe’ pulse measures the change in absorption
due to the injected carriers. This is often referred to as a transient absorption exper-
iment. As a result of the Pauli exclusion principle, the probe absorption is reduced
when electrons or holes occupy the band states coupled by the light at the probed
photon energy. As carriers scatter and/or relax out of these states, the absorption
recovers. The timescale for the relaxation is measured by varying the time-delay of
the probe pulse relative to the pump pulse. One can use a broadband probe pulse
to detect the occupation of states over a wide range of transition energies at each
interpulse delay. In time-resolved photoluminescence, a laser pulse is used to excite
the semiconductor, and the amount of photoluminescence is measured as a function
of time after excitation. Both transient absorption and time-resolved photolumines-
cence are incoherent because they only probe the level of occupation states in the

optically coupled region of the band.

Coherent spectroscopy describes a class of experiments that are sensitive to the
presence of coherence in the system of electron-hole pairs. Each electron-hole pair
can be considered as an oscillating dipole, with a frequency dictated by the transi-
tion energy. Before any scattering events occur, the phase of this oscillator is well
defined and dictated by the electric field of the pulse that excited it. All of these
oscillators together create a macroscopic polarization on the interband transitions.

Coherent techniques probe this polarization in addition to the carrier occupation.
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Figure 1.10: Illustration of pump-probe spectroscopy. The strong pump pulse ex-
cites a population of carriers above the bandedge, and the weak probe pulse mon-
itors the generated excited carrier population at a time delay At after photoexcita-
tion.

Coherent spectroscopy has been used for decades to study carrier dynamics in tra-

ditional semiconductors [47].

1.3.1 Four-Wave Mixing Spectroscopy (FWM)

FWM experiments, which are used in this thesis work, probe the coherent polariza-
tion response of excited electron-hole pairs. There are a variety of FWM techniques.
In this work, two-beam degenerate four-wave mixing is used, where two spectrally
and temporally identical pulses with electric fields E,; and E, and wave vectors k;
and k,, are focused onto the sample. The two beams are focused in a non-collinear
geometry as shown in figure 1.11. One can develop an understanding of how this
technique probes the coherent polarization by considering first the case in which
the two pulses are incident on the sample at the same time. In this case, the elec-
tric fields of the pulses interfere, resulting in fringes (regions of high and low light
intensity) across the sample along the x direction. These light fringes result in a
spatially modulated carrier density. The index of refraction is modified by the pres-
ence of carriers and the excited semiconductor sample acts as an optical diffraction
grating. In the experiment, the diffraction of a portion of the second pulse E, is
measured. This diffracted light corresponds to the emission from a third order op-
tical polarization with wave vector 2k,-k;, and the total amount of this light corre-
sponds to the FWM signal. Next we consider the case where pulse E, arrives a time
delay 7 after E;. In this case, a diffraction grating may still be generated provided

the polarization excited by the first pulse remains coherent by the time the second
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pulse arrives (i.e. as long as the individual electron-hole pair oscillators retain their
phase). In the experiment, the time-averaged signal at 2k,-k; is detected at each
value of interpulse delay 7, known as time-integrated four-wave mixing (TI-FWM).
For a simple two-level system neglecting interactions between the charge carriers
this signal decays exponentially, at a rate determined by the dephasing time (T,) of

the electron-hole pairs.

/8§ o
T

Figure 1.11: Illustration of the FWM apparatus. Ultrafast optical pulses from a
Ti:Sapph oscillator laser source excite a carrier-induced grating. Self-deffraction of
the pulse E, results in a signal that propagates along 2k,-k; and is proportional to
the coherence after photo-excitation.

Yajima and Taira successfully interpreted the FWM signal contributions due
to homogeneously, and inhomogeneously broadened transitions [62] leading to a
flurry of experiments to understand the ultrafast relaxation mechanisms in a vari-
ety of semiconductor systems over several decades including GaAs [63-70], indium
phosphide (InP) [71,72], cadmium selenide (CdSe) [73-75], germanium (Ge) [76,
771, and nanostructured materials like GaAs quantum wells [74,75,78,79,79-84],
indium gallium arsenide (InGaAs) multiple quantum wells [85], and zinc selenide
(ZnSe) multiple quantum wells [86]. Homogeneously broadened transitions that
arise from transitions between discrete energy levels (eg. the exciton transition

below the band gap) have a linewidth dictated by the total rate of collisions of the
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carriers (ie. the dephasing rate). The FWM signal from a homogeneously broadened
transition is known as free polarization decay (FPD) and is shown in figure 1.12 (a,
b). Inhomogeneously broadened transitions above the band gap arise from a con-
tinuum of energy levels (e.g. unbound electron-hole pairs). The FWM signal from
an inhomogeneously broadened transition is known as a photon echo. Such a FWM
signal is shown in figure 1.12 (c, d). For a homogeneously-broadened transition,
the FWM signal is generated at the time that the second pulse arrives, and decays
exponentially versus time at a rate %2 The decay of the time-integrated signal also
decays at a rate Tiz versus interpulse delay. For an inhomogeneously-broadened
transition, the signal versus time arises from a rephasing of the polarization con-
tributions from the individual transitions within the continuum, which occurs at
t = ty + 7. The time-integrated signal decays versus 7 at a rate % The T; time
for either type of transition may be extracted from the time-integrated FWM signal
versus delay 7. The photon echo is analogous to the spin-echo in nuclear magnetic
resonance measurements, although the FWM signal arises from the re-phasing of
electron-hole dipoles. Spectrally-resolved four-wave mixing (SR-FWM) utilizes a

monochromator to measure the photon energy spectrum of the FWM signal.

The above describes the FWM signals in the absence of interactions between
electron-hole pairs. The FWM signal in this case may be thought of as a self-
diffraction of the second laser pulse from the carrier density grating. When inter-
actions between charge carriers are present, additional contributions to the FWM
signal may be generated tied to diffraction of the polarization density excited by
E;. Such many-body related four-wave signals occur when the dephasing rate or
transition energy depends on the density of electron-hole pairs. Such signals can be

very strong at the excitonic transitions in semiconductors.

A large body of literature exists focused on the application of this technique
to III-V semiconductors [47]. These studies have given insight into the interactions
leading to dephasing of electron-hole pairs in traditional semiconductors. This body
of literature provides the basis for interpreting the FWM response of perovskite in

this thesis work.
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Figure 1.12: (a) Time-resolved (TR) FWM signal from a homogeneously broad-
ened transition (b) and time-integrated (TI) FWM signal from a homogeneously
broadened transition. (c) TR-FWM signal from the inhomogeneously broadened
transition, and (d) TI-FWM signal from an inhomogeneously broadened transition
(reproduced with permission [87]).

1.4 Literature Review

This section places the current thesis work within a broader context by exploring the
existing literature relevant for each thesis project in section 1.4.1, section 1.4.2, and

section 1.4.3. A summary of the thesis accomplishments is provided in section 1.5.1.

1.4.1 Exciton Binding Energies in MAPI Perovskite

The exciton binding energy is an important material parameter as it dictates the
primary mode of carrier transport. At the time of this study, a conclusive value
for this parameter was still under debate where values in the literature ranged
from 2 meV to 55 meV [13-15, 18-28,32,33]. The exciton binding energy has
remained controversial in part due to the presence of defects in the perovskite lat-
tice [88], and dynamic disorder due to the correlated rotations of the methylammo-
nium ions [89,90]. Defects, together with the dynamic degrees of rotational and
translational freedom of the chemical constituents in the crystal lattice, modify the
local environment for electron-hole pairs, leading to a spatially-dependent variation
in the transition energy at each k, resulting in several closely spaced transitions (fig-
ure 1.13). Both of these effects lead to a broadening of the optical transitions in

the semiconductor, obscuring the exciton transition just below the band gap. The
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amount of broadening in the perovskite system has been found to vary from 30
meV at cryogenic temperatures to 60 meV at room temperature [24]. This level
of broadening is comparable to the exciton binding energy, rendering simple mea-
surement of the exciton binding energy difficult using the incoherent spectroscopy
technique of linear absorption [25]. It is also difficult to extract the exciton binding
energy from photoluminescence experiments. Photoluminescence provides an ef-
fective probe of recombination processes, however, recombination of carriers local-
ized on defects can dominate the emission making it hard to determine the intrinsic
exciton transition energy [16,17] i. e. to separate defect-bound excitons, from free
excitons. The defect-bound exciton emission occurs at lower energy than that of

free excitons.
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Figure 1.13: (a) Homogeneously-broadened transition. (b) Inhomogeneously
broadened transition.

For TI-FWM from a homogeneously-broadened transition such as an exciton,
the magnitude of the FWM response is proportional to the dephasing time T,. As a
result the FWM signal from spatially-localized charge-neutral excitons is enhanced
compared to spatially-delocalized free carrier and band tail transitions [47, 91].
In addition, many-body interactions lead to additional contributions to the FWM
at the exciton, whereas such signals are weak from the interband continuum. As
a result, FWM is highly sensitive to exciton signals. This feature has for example
been used to analyze excitons in Lt-GaAs. In Lt-GaAs the exciton signal is not visible
in linear absorption due to strong broadening in the optical response. In contrast,

using FWM spectroscopy, the exciton resonance was clearly visible due to the strong
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exciton many-body signal that emerged in addition to the photon echo from the
interband continuum [70]. A similar situation occurs at the onset of transitions
involving the spin-orbit split off valence band in III-V semiconductors. In this case,
the exciton tied to the spin-orbit split off valence band to conduction band transition
is resonant with the interband transitions associated with the lower energy heavy-
hole and light-hole valence bands. As a result, this excitation resonance is not visible
in linear absorption. It is clearly visible in FWM, however as shown in Ref [72],
because of a strong many-body signal that contributes the the FWM signal. In this
thesis work, one of the objectives was to utilize the sensitivity of FWM to gain

further insight into the exciton resonance in perovskite.

1.4.2 Carrier-Carrier Scattering in GaAs and MAPI Perovskite

Many-body interactions are mediated by the Coulomb interaction, which provides
a long range coupling between charge carriers. The strength of this interaction
depends on the dielectric constant of the semiconductor. Prior to this thesis work,
the strength of many-body interactions in MAPI was not known. This is due in part
to the complexity involved in predicting the frequency dependence of the dielectric
constant, for which a large number of phonon modes contribute due to the large
size of the unit cell in perovskite.

GaAs provides an ideal material system for studying many-body interactions
due to the high purity of the refined MBE growth process developed over several
decades. Over the past three decades, FWM experiments have been applied to study
many-body coupling in GaAs and related materials (eg. GaAs quantum wells). One
of the original works was by Schultheis et al. [63], who measured the dependence
of the dephasing rate on the density of electron-hole pairs by measuring the T, time
in the presence of additional pulse that arrived prior to the two FWM pulses. In the
years that followed many additional experiments have been carried out to gain in-
sight into the interactions between excitons (exciton-exciton scattering, biexcitons)
and the scattering of excitons with free carriers.

In this study we compared the coherent optical response of MAPI thin films and
GaAs using FWM spectroscopy to provide insight into the strength of many-body
effects in MAPI. We measured the interband dephasing time (T;) and found that
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carrier-carrier scattering is much weaker in MAPI compared to GaAs illustrating a
fundamental difference between hybrid MAPI and fully inorganic semiconductor

systems.

1.4.3 Carrier-phonon Scattering in MAPI Perovskite

Coupling of charge carriers with thermal fluctuations of the crystal lattice is cen-
tral to the operation of PV and other optoelectronic devices because scattering of
electrons with phonons provides a source of resistance to current flow. Electron
coupling to phonons also represents a pathway for hot electrons (i.e. electrons
optically-excited far above band gap) to lose energy and relax down to the band
edge. For this reason, a considerable effort has focused in recent years on un-
derstanding the nature of the phonon modes in perovskite [92-94], as well as to
determine the rate of carrier cooling [95,96].

An understanding of these effects is complicated in the perovskite by the large
number of phonon modes [92-94], owing to the large number of atoms in the
primitive basis. Pump-probe (transient absorption) spectroscopy has been applied
to study carrier cooling [95,96]. Such experiments allow the effective temperature
of the charge carriers to be assessed from a measurement of the population of car-
riers as a function of energy above the band gap. An example of the results of such
a study is shown in figure 1.14. This study revealed a slowing of the carrier cooling
process due to the generation of large occupations of optical phonons.

In transient absorption, carrier-phonon coupling is monitored only indirectly by
monitoring the average carrier temperature as a function of time following exci-
tation, which evolves through a cascade of individual scattering events. In this
thesis work, the rate of scattering of electrons with phonons was measured in MAPI
by studying the interband dephasing time as a function of temperature. The advan-
tage of four-wave mixing in this context is that it provides a direct time-based probe
of phonon scattering.

The experiments reveal a dependence of T, on temperature, indicating that scat-
tering with phonons contributes to interband dephasing. This temperature depen-
dence was modeled by Zhi-Gang Yu (Washington State University) including scat-

tering with both acoustic phonons and polar optical phonons. This model provides
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Figure 1.14: Transient absorption spectra of MAPI pumped at 2.25 eV (pump reso-
lution 200 fs), with an initial (t=0) average carrier density of N = 6.4 x 10'7 cm™
over the illuminated area. Spectral broadening at early times (before 2.5 ps) indi-
cated hot-carrier distributions. Inset: cooling rates were obtained from a global fit
of the high-energy tail of each timeslice between E=1.7 and 1.85 €V to a Boltzman
distribution. (reproduced with permission [96])

quantitative agreement and indicates that the rapid acoustic phonon scattering we
observe ( 110 fs) results from an enhancement of the density of states at the edges
of the valence band and conduction band caused by the Rashba effect. The Rashba
effect corresponds to a splitting of the spin states in each band due to the spin-orbit

interaction [97].

1.5 Overview of Thesis

To summarize the contributions made in this thesis, we used FWM to directly de-
termine the free exciton binding energy as well as the binding energy of excitons
bound to shallow trap states in the MAPI system. As FWM measures the third or-

der optical response of the system of electron-hole pairs, we were able to clearly
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decipher the exciton signal from the free-carrier continuum response, not apparent
in incoherent spectroscopy signals due to the broadening associated with the soft
nature of the organic-inorganic perovskite lattice. FWM was also used to measure
the carrier-carrier scattering rate in MAPI thin-films, and was compared to GaAs. It
was found that carrier-carrier scattering is much weaker in the MAPI system com-
pared to GaAs over the carrier densities probed reflecting the operating densities in
solar cells. This result was attributed to screening of the Coulomb interaction tied
to the dynamic disorder in the soft MAPI crystal lattice, resulting in a stark contrast
between hybrid MAPI and the archetypical semiconductor GaAs. We also found
that the scattering rate between excitons and free-carriers is much weaker than in
GaAs. Finally, we used FWM to measure the T, time as a function of tempera-
ture, and as a function of excess energy near the bandgap. The results fit a model
of electron-phonon scattering that included contributions from impurity scattering,
and scattering by both acoustic phonon and optical phonons. These results show
that for MAPI the recently-discovered Rashba effect enhances the rate of acoustic

phonon scattering.

1.5.1 Structure of the Thesis

This document will present the projects that constitute the author’s thesis. Chap-
ter 2 describes the relevant background information. Chapter 3 discusses the exper-
imental methods utilized. Chapter 4 presents a study in which we simultaneously
measured the free and defect bound exciton binding energies in MAPI perovskite.
This study was published in Scientific Reports. Chapter 5 presents a study that re-
ported the weak many-body interactions in MAPI compared to GaAs, and was pub-
lished in ACS Photonics. Chapter 6 presents a study that reported a measurement
of the rate of electron-phnon scattering in the MAPI system and is under prepara-
tion for submission to Applied Physics Letters. Conclusions and future outlook are

presented in Chapter 7.



Chapter 2

Background and Theory

This chapter provides the theoretical background necessary to understand the projects
carried out in this thesis work. Section 2.1 introduces semiconductor electronic
structure, optical absorption, and carrier scattering. Section 2.2 presents the the-
oretical considerations utilized to analyze FWM spectroscopy, and the scattering

mechanisms that lead to dephasing.

2.1 Electronic Structure and Optical Properties of III-V Semiconductors

We focus our attention first on the archetypical inorganic semiconductor GaAs. Due
to the refined deposition techniques allowing for exceptionally low defect concen-
trations, GaAs has served as an ideal material system for studying fundamental
properties including coherent relaxation dynamics for decades. GaAs has a zinc-
blende crystal structure (Fig. 1.9) that is composed of offset face-centred cubic
crystals for each of the constituents Ga and As.

Very near to the band extrema in a semiconductor, the dispersion relation is
approximately parabolic. We can then write the dispersion relation in the same
form as that for a free electron (or hole), but with the bare electron mass replaced
by an effective mass. This is known as the effective mass approximation, and the

conduction and valence energy eigenvalues are then:
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The band structure in a semiconductor is strongly affected by Spin-orbit coupling
(SOC). This coupling describes the interaction of the electron intrinsic angular

momentum, or spin (S), and the effective magnetic field generated by the motion
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of the electron tied to its orbital angular momentum (L). The spin-orbit coupling is

described by the Hamiltonian:

HSO:WZ@VVXP'O (2.2)
where V is the periodic potential from Eqn. 1.1, p = iAvyy, and o are the Pauli
matrices. The cell functions u,x(r) (Eqn. 1.2) for each band in the semiconductor
describe the orbitals corresponding to states of total angular momentum (J=L+5)
|7,m;). The simplified band structure of a III-V semiconductor such as GaAs is
shown in figure 2.1. For the conduction band, the angular momentum of the elec-
tron [ = 0 and the spin s = 1/2, while for the valence band I = 1 and s = 1/2.
The top most valence bands are the heavy-hole (j = 3/2, m; = £3/2), light-hole
(j = 3/2, mj = £1/2), and spin-orbit split-off bands (j = 1/2, m; = £1/2). The
SOC lifts the degeneracy of the valence bands with j = 3/2 and j = 1/2. This split-
ting is labelled A in figure 2.1. The conduction band is characterized by j = 1/2
and m; = £1/2.
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Figure 2.1: Schematic of the band structure of a III-V semiconductor such as GaAs
in the vicinity of the band gap, showing the C band, HH band, LH band, and SO
band. The band gap £, and the split-off energy A are indicated.

The band structure of perovskite is similar to that of GaAs, except that the con-

duction band cell functions correspond to | = 1 and s = 1/2, and the valence band
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has | = 0 and s = 1/2. This leads to a band structure that has been referred to as
"“reversed" [98]. In this case, the relevant bands are the bottom three conduction
bands, which correspond to the projections of total angular momentum with [ = 1,
and the top valence band with [ = 0. Spin-orbit coupling in this case lifts the degen-
eracy of the j = 3/2 and j = 1/2 conduction bands so that the lowest conduction
band (which is the conduction band involved in optical excitation and transport) is
analogous to the spin-orbit split off valence band in GaAs, characterized by j = 1/2
and m; = £1/2. The full band structures of GaAs and perovskite are shown in fig-
ure 2.2. Spin-orbit coupling is much larger in perovskite than in GaAs, so the band
splitting A in the conduction band is also much larger (=~ 1 €V in perovskite [99])

compared to the splitting in the valence band of GaAs (340 meV [100]).
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Figure 2.2: Electronic band structure of GaAs (reproduced with permission [101],
and MAPI perovskite (reproduced with permission [102]). A illustrates the split-off
energy

In addition to lifting the degeneracy of the total angular momentum eigenstates
(A in figure 2.1), the spin-orbit interaction can also lead to more subtle effects on
the band structure of the semiconductor [97,99]. When the crystal structure is non-
centrosymmetric, the SOC lifts the degeneracy of the two spin projections in each

band (for example, the m; = £1/2 states in the conduction band of perovskite)



26

ne

away from high symmetry points. Contributions to these band "spin splittings" are
categorized according to the source of inversion asymmetry. For example, the crys-
tal structure of GaAs is noncentrosymmetric because of the net charge on the Ga
and As atoms. Silicon, in contrast, is centrosymmetric, with the centre of inver-
sion symmetry at the midpoint of the bond between the two Silicon atoms in the
primitive basis. Inversion symmetry breaking intrinsic to the crystal structure is re-
ferred to as bulk inversion asymmetry. It is also possible to "build-in"” asymmetry by
growing a layered structure with varying composition or to dynamically introduce

inversion asymmetry by applying an external electric field.

In the case of III-V semiconductors, these effects of SOC have been extensively
studied. Dresselhaus analysed the case of a III-V quantum well grown in the (100)
crystal direction [103]. (A quantum well, is a thin layer of semiconductor with
barriers on the top and bottom that confines the motion of electrons and holes to
the plane of the well). Bychkov and Rashba analyzed the case of a two-dimensional
electron gas (such as a doped semiconductor quantum well) under symmetry break-
ing along the direction perpendicular to the transport plane [104]. The size of
the spin splittings in a particular material are determined by the size of the spin-
orbit coupling and the degree of symmetry breaking. The presence of inversion
asymmetry in any of the above cases can be understood as the existence of elec-
tric fields within the crystal (representing a non-zero V V' in Eqn. 2.2). Unlike
the established literature for III-V semiconductors, all sources of inversion sym-
metry breaking in perovskite semiconductors are typically referred to as Rashba
effects. For MAPbI, much less is known about the spin splittings arising from in-
version asymmetry. This is in part because the crystal structure itself is still under
debate as the establishment of inversion asymmetry requires careful modeling (typ-
ically using density functional theory) of x-ray diffraction data. In addition, unlike
GaAs, perovskite has three crystal phases (a, cubic for temperatures above 327 K;
3, tetragonal for temperatures between 162 K and 327 K; and ~, orthorhomic for
temperatures below 162 K). The symmetry is typically broken due to distortions in
the lead-iodide octahedra in MAPI, and has been predicted to occur in several per-
ovskite materials [102,105-110]. This thesis work focuses on the tetragonal phase
of MAPI.
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It is instructive to describe the Rashba effect in the traditional geometry of a two-
dimensional electron gas under the application of a bias. In this case, the motion of
the electrons in the structure is confined to the x and y directions (k; = k.2 + k,3),
and an electric field is applied along the z-direction. If we consider the form of the
spin-orbit interaction in Eqn. 2.2, (;-2>V V x p) acts as an effective magnetic field
that defines the equilibrium direction of the electron spin. In the case considered
here, V V is along z and p is in the x-y plane, so the effective magnetic field is in
the x-y plane with a direction that is perpendicular to k. For a given magnitude of
the in-plane wavevector defining a circle in k-space, the equilibrium spin direction

has the structure of a pinwheel, as shown in figure 2.3. The Rashba Hamiltonian is:

HR:I:(kH) = )\R(kxo-y — k’yO'x) (23)

The associated dispersion relation is

Er(k) = % £ /AR (K2 + k2) (2.4)

and is depicted in figure 2.3.

2.1.1 Optical Absorption

Light with a photon energy above the band gap of the semiconductor may be ab-
sorbed, causing the promotion of an electron from the valence band to the con-
duction band. This leaves behind a hole in the valence band. In this absorption
process, energy and momentum must be conserved for the electron and the pho-
ton. The photon has negligible momentum relative to the electrons because the
wavelength of light is ~1 micron, while the lattice constant of the semiconductor is
on the order of a few Angstroms. In this case, the photon causes a vertical transition

in k-space, and we can write:
hw = Eex — By (2.5)

where fw is the energy of the photon, and the right side of the above contains the
dispersion relations in Eqn. 2.1. This leads to the following relationship between

the wavevector of the excited electron and the photon energy as:

2m,
k? = 2 (hw — E) (2.6)
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Figure 2.3: (a) Band structure near k=0 in a 2D system incorporating Rashba split-
ting (reproduced with permission [106]. (b) k, and k, at constant energy with red
arrows illustrating the equilibrium carrier spin orientation.

In here, m, is the reduced mass of the electron-hole pair (-- = - + -1). In this
r h

Me

case, the optical joint density of states is given by:

(2m)>/2

plw) = Ol = E,) =

(e — E,)"? 2.7)
where O(hw — E,) is the Heavyside step function. The optical joint density of states
depends on the square-root of the photon energy, reflecting the square root density
of states in each of the valence and conduction bands. The absorption coefficient
() of a material describes the amount of absorbed light per unit length as the
light propagates. We can use the optical joint density of states to obtain the linear

absorption spectrum as:

(2.8)
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which also varies like the square root of the photon energy above the band gap.
Each optical transition at a given wavevector represents an effective two-level sys-
tem. When light excites this transition, it induces a dipole that oscillates with a
natural resonance frequency equal to %(Ec,k — E, k). The size of the absorption co-
efficient for a given semiconductor (the overall factor in Equ. 2.8) is determined in
part by the dipole moment of the optical transition.

The above development describes direct optical absorption. It is also possible for
a phonon to participate in the absorption process. In such a case, the energy and
momentum of the phonon would need to be included. Phonon-assisted absorption
is important near the band edge in an indirect gap semiconductor, for which the
minimum in the conduction band is at a different wavevector than the maximum of
the valence band, preventing direct transitions. Phonon assisted absorption is much
weaker than direct absorption because it is a higher order process involving three
particles (the phonon, electron and photon).

The simple square root prediction for the absorption coefficient for absorption
above the band gap in Eqn. 2.8 is only an approximation to the absorption in a real
semiconductor because it does not take into account the attractive Coulomb inter-
action between the electron and hole. As a result of this interaction, the electron
and hole can form a bound state known as an exciton. An exciton is similar to a
hydrogen atom, forming a series of bound states with energies below the band gap
of the semiconductor. From the analysis of the hydrogen atom, the binding energy

is given by,

m*e?

EFp=—
B op2e

2.9)

The strength of the exciton binding energy is determined by the size of the dielectric
constant, .

The existence of these additional bound electron-hole pair states introduces ad-
ditional absorption resonances below the band gap. The attractive Coulomb in-
teraction also enhances the dipole moment of all of the optical transitions above
the band gap (which are electron-hole pair states corresponding to unbound states
of the exciton). The enhancement of the dipole moment, which is referred to as

Sommerfeld Enhancement [111], is strongest for transitions at the band edge and
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decreases as the energy of the electron hole pair gets farther above the band gap.
A schematic representation of the absorption spectrum with and without excitonic

effects included is shown in figure 2.4.

n=1

Abs.

2 Energy —>

Figure 2.4: Qualitative representation of the absorption spectrum in the vicinity of
the band gap of a direct-gap semiconductor with (solid line) and without (dashed
lines) exciton effects. n represents the progression of bound states (reproduced
with permission [101]).

The transitions shown in figure 2.4 neglect the influence of broadening, which
leads to a finite width for all of the transitions, including the exciton and interband
transitions. Since the area under each absorption line is constant (dictated by the
dipole moment), for a sufficiently high level of broadening, the exciton peak will
not be perceptible on the absorption spectrum. In addition, in a semiconductor with
a relatively small dielectric constant, excitonic effects are strong. This has a strong
impact on the shape of the absorption edge for the interband transitions above
the gap. With a combination of strong excitonic effects and strong broadening,
the lowest energy transitions above the band gap appears as a broad peak. This
limit describes well the situation in MAPI at room temperature, and one must be
careful to not mistake the Sommerfeld-enhanced band edge with the exciton peak.
This issue is illustrated clearly in figure 2.5, which shows the calculated absorption
spectrum in MAPI including broadening with two different sizes of the dielectric
constant (i.e. two different strengths of excitonic effects).

The excitonic resonances above are "“free" excitons in that they are free to move
about the crystal. It is also possible for excitons to become bound to charged defects
in the crystal. Charged defects can arise, for example, from the presence of vacan-

cies (i.e. missing atoms), or interstitials (which are additional atoms that occupy a
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Figure 2.5: Absorption spectrum of MAPI (reproduced with permission [22]), illus-
trating the role of inhomogeneous broadening.

location that does not have an atom in it in the perfect crystal). These defects can
involve atom types that are constituents of the perfect crystal (intrinsic) or other
atoms (extrinsic). When an exciton is bound to a defect, its transition energy will
be lower than that of a free exciton. This will introduce additional resonances be-
low the hydrogenic series depicted in figure 2.4 for the free exciton. The dipole
moment of the bound excitons will be determined by the density of defects in the
crystal. Such bound exciton transitions are not typically observed in linear absorp-
tion spectra because they are much weaker than the free exciton transition. They
are often observed in photoluminescence spectra, however, because electrons and

holes relax to the lowest available states prior to recombining.
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2.1.2 Carrier Scattering

After optical excitation, and before any scattering events occur, the electron-hole
pairs have a well defined phase relationship with the laser excitation pulse. The ex-
cited carriers undergo a variety of scattering processes that lead to dephasing. These
include scattering of electron-hole pairs with other electron-hole pairs (carrier-
carrier scattering, mediated by the Coulomb interaction), scattering of carriers by
phonons (thermal excitations of the crystal lattice), and scattering of carriers by
defects in the crystal. The role of carrier-carrier scattering in the dephasing of
electron-hole pairs may be studied using four-wave mixing experiments by mea-
suring the dephasing time of the electron-hole pair transitions as a function of the
power of the exciting laser beam. Since the power in the beam determines the den-
sity of electron-hole pairs excited by each laser pulse. The influence of many-body
processes on the four-wave mixing signal are discussed in further detail in Section
1.2.3. The process of carrier scattering with phonons and defects are discussed in

the subsections below.

Electron-Phonon Scattering

At finite temperature crystal lattice vibrations known as phonons are present. Elec-
trons and holes can interact with phonons, causing scattering events that move the
carrier from one point in k-space to another. Phonons are the fundamental quanta
of energy associated with macroscopic oscillations of the crystal lattice that corre-
spond to propagating waves. The oscillations can be perpendicular to the propa-
gation direction, corresponding to shear waves known as transverse phonons, and
can be parallel to the propagation direction, corresponding to compression waves
known as longitudinal phonons. For a crystal structure with at least two atoms per
primitive basis, there are two types of each of these classes of phonons: acoustic
phonons and optical phonons. Acoustic phonons correspond to the motion of the
unit cells relative to one another, and optical phonons correspond to the relative
motion of the atoms inside each unit cell. Acoustic phonons have energies that in-

crease linearly with wavevector for small wavevectors from zero, whereas optical



33

phonons have an energy that is approximately independent of wavevector. The dis-
persion relation for GaAs is shown in figure 2.6, showing the two acoustic and two

optical branches.
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Figure 2.6: GaAs phonon dispersion showing the two acoustic and two optical
branches (reproduced with permission [100]).

The dominant coupling between electrons and acoustic phonons is governed by
the deformation potential coupling involving longitudinal acoustic phonons. This
type of coupling takes into account the fact that the electron energy is modified
by the volume deformation of the crystal. The interaction strength for electron-LA

phonon coupling is:

B\ M2 o\ /2
— o — s 2.10
Vq ZE1<2w ) q ZEl(QCL) N ( )

q

where F; is the deformation potential of the conduction band, p is the material
density, w, = v,q is the acoustic phonon dispersion with v, the velocity of sound
in the material, and ¢, = pv? is the longitudinal elastic constant. We notice that
the strength of the interaction varies like the square root of the wavevector: thus
the longer the wave vector the stronger the interaction. In the limit of zero wave

vector, there would be no coupling at all since this corresponds to a phonon with
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infinite wavelength. Since acoustic phonons describe the motion of unit cells rela-
tive to each other, an infinite wavelength phonon would simply correspond to the
displacement of the crystal as a whole, which does not change the energy of the
electron.

Perovskite and GaAs are both polar crystals because they involve ionic bonds. As
explained above, optical phonons describe the motion of these charged ions relative
to each other. An optical phonon in a polar crystal therefore has an electric field
associated with it. This electric field couples strongly to the electron and dominates
over the deformation potential coupling mechanism in polar crystals. The case
of a crystal with just two atoms per primitive basis, which possesses one optical
phonon mode, was analyzed by Frohlich, and the associated interaction is called
the Frohlich interaction [101]. In this case, the coupling between electrons and

polar optical phonons can be expressed as

1/2 1/4
Vi = —z‘(4me> @( f ) (2.11)
Q q \2m.w;

where o, describes the strength of the polar coupling and 7w, is the longitudinal

optical phonon energy which is approximately independent of q. The polar coupling

e? m 1 1
e = (%)\/ 2 (; - a) (2.12)

where €., (¢o) is the high (low) frequency dielectric constant. For polar coupling to

strength is given by:

LO phonons, the interaction strength varies inversely with the wave vector ¢ of the
phonon.
The probability of phonon absorption will be proportional to the occupation of

the phonon mode at temperature T, which is given by the Bose-Einstein distribution:

1

Npp = —————
P hw
ekaB—T—l

(2.13)

where kp is the Boltzmann constant. Phonon emission events do not depend on
the occupation of the phonon mode, but conservation of energy dictates that the
electron energy relative to the band edge must be at least as large as the phonon
energy. For GaAs, the LO phonon energy is 35 meV [100]. In MAPI, there are several

LO phonon modes to consider. The one with the strongest polar coupling constant is
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the Pb-I stretching mode, which has a phonon energy of 16 meV [112]. The lower
optical phonon energy in MAPI compared to GaAs is due to the higher reduced
mass of the anion and cation. Due to the phonon occupation factor, dephasing of

electron-hole pairs due to scattering with phonons will be a function of temperature.

Ionized Impurity Scattering

Carriers in the crystal interact most strongly with charged impurities (as opposed
to neutral impurities) due to the long range nature of the Coulomb interaction. A
model of scattering with ionized impurities was developed by Conwell and Weis-
skopf that utilized the scattering cross section obtained from the Rutherford for-

mula,

2 2
op = 1( Ze ) csc4g (2.19)

4 \ mv?
where 7 is the charge of the scattering centre, m, is the electron effective mass, and
v is the velocity. One can obtain the total cross section for scattering by integrating
the above result over the scattering angle, and using the average density between

two impurities to define a minimum scattering angle. We obtain

™ 1 2 2
Oc = 27T/ o(0)sinfdf = 7r1< Ze ) csc? (9—m - 1) (2.15)
Om

mev? 2

1/3, and N; is the im-

where 6,, depends on the inter-impurity distance, 2r,, = N,
purity density. The rate of impurity scattering is given by:
1 7r
- =Njov =—
T 190 4

The rate of impurity scattering increases with the density of impurities. It also in-

W=

N}v. (2.16)

~

creases with the kinetic energy of the electron. In contrast to the rate of scattering
with phonons, ionized impurity scattering is not dependent on the lattice tempera-

ture.

2.2 Theory and Analysis of Four-Wave Mixing Spectroscopy

This section will introduce the optical Bloch equations that have been used exten-

sively to interpret the results of FWM experiments in semiconductors. The solutions
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to these equations for the geometry of a two-pulse degenerate four-wave mixing ex-
periment will be presented in this section. We will first consider the case in which
interactions between the charge carriers are neglected and present the solution for
homogeneously and inhomogeneously broadened transitions, corresponding to ex-
citons and interband transitions in the semiconductor [47]. This will be followed
by an explanation of how interactions between charge carriers modifies this sim-
ple picture. These many-body interactions include a dependence of the transition
energy and dephasing rate on the excited carrier density, referred to as excitation
induced shift (EIS) and Excitation induced dephasing (EID), respectively. Finally,
signals generated on the exciton transition due to exciton scattering with unbound
electron-hole pairs, known as the continuum contribution to the exciton FWM sig-
nal (CC) will be described.

2.2.1 Independent (Non-Interacting) Two-Level System

We use a semi-classical model where a classical light field interacts with two-level

atoms with ground state |0) and excited state |1)

—I1)

hw

—I0

The Hamiltonian of the two-level system is given by,

H = Hy+ Hine + Hp (2.17)

Hj is the unperturbed Hamiltonian for the independent two-level system, H;,, is the
light-matter interaction Hamiltonian. In a semi-classical analysis, H;,,; = /i- E where
ii is the electric dipole operator. The matrix elements of /i determine the strength
of interactions between the two-level system and the input electric field. Finally,
Hpy describes the processes that bring the system back to thermal equilibrium and

is known as the relaxation Hamiltonian. The dynamic response of this two level
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system to the laser pulse may be obtained from the Liouville equation
o0 1
ot ih

where H is the total Hamiltonian in Eqn. 2.17 and p is a density matrix,

H, ) (2.18)

)= [pll [)10] (2.19)
Po1  Poo

The diagonal elements represent the occupation probability of the excited and
ground state, and the off-diagonal elements represent the coherence between the
excited states. If a well-defined phase relationship exists between the independent
two-level systems, the off-diagonal terms will be non-zero.

The four-wave mixing signal we wish to calculate results from the emission of
light from a third-order nonlinear optical polarization excited on the ensemble of
two level systems. We therefore need to apply the density matrix solution to the

Liouville equation to calculate the polarization density P, which can be expressed as

P = NTr{up} (2.20)

where N is the number density of carriers in the ensemble, and Tr represents the
trace of matrix up. From this, a set of coupled differential equations can be derived
known as the Optical Bloch Equations that describe the coherence and population
dynamics of an ensemble of independent two-level systems. If we invoke the relax-
ation time approximation, then we have

[Hg, pli1 = —ih%,

.5 P10
H = —jh—.
[ R,P]lo ? T

(2.21)

where T, is the lifetime of the excited state, and T, is the dephasing time. This leads

to the optical Bloch equations, given by

0 , i

o _ iwo1po1 — = (Hint)o1(2p11 — 1) — @7

ot h Ts (2.22)
dp11 i P11

o —ﬁ[(Hmt)lopm — p1o(Hint)or] — T
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This system of equations may be solved for the density matrix and used to eval-
uate the polarization. To isolate the component of the polarization that emits in
the direction 2k, — k;, the components of the density matrix are Fourier expanded
in terms of the spatial variable in the horizontal direction defined by the inter-
section of the plane of incidence of the laser beams and the sample surface. The
spectrally-resolved four-wave mixing signal is then obtained from this polarization
solution by taking the Fourier transform with respect to time. One can carry out
this solution analytically if the finite duration of the laser pulses is neglected and
they are instead represented by Dirac delta functions. In this case, one obtains the
spectrally-resolved FWM signal (SR-FWM) as

_or 1
Ssr(we, 7) = O(T)e ™2 )

The SR-FWM signal for an ensemble of homogeneously broadened two-level inde-

pendent systems is maximum at 7=0 and decreases exponentially with a rate of
2/T;. As well, the SR-FWM signal has a Lorentzian spectral profile. This type of

signal is known as a free polarization decay FPD and is shown in figure 2.8.
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Figure 2.8: (a) Two-level homogeneously broadened system. (b) Pulse 1 arrives at
time = ¢; and pulse 2 arrives some time 7 later (t = t,), and the resulting coherence
decay (black) (c) TI-FWM signal (reproduced with permission [87]).

2.2.2 Inhomogeneously Broadened Transitions

To obtain the FWM signal from inhomogeneously broadened transitions that result
from a continuum of closely spaced transitions (such as the inter-band electron-

hole pair transitions) we solve the Optical Bloch Equation (OBE)s for a series of
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closely energetically spaced independent two-level transitions. In this case, the
signal results from superimposing the polarization contributions for each transition:

2

Srr(t) = ’ > PPt T) (2.24)
k

where Pk(?’) is the macroscopic FWM polarization induced by each two-level system

with wave vector k. The resulting FWM signal is given by:

Ssr(T) = e e <1 +erf (%)) (2.25)

where erf is an error function, and Jw is the inhomogeneous linewidth of the excited
free carrier transitions.

The SR-FWM response from an inhomogeneously broadened transition is max-
imum at t=7 in contrast to the SR-FWM signal for a homogeneously broadened
transition that peaks at 7=0. This response is known as a photon echo, and is analo-
gous to the spin-echo in nuclear magnetic resonance. The photon echo is the result
of a rephasing of the polarizations excited on each of the two level systems at dif-
ferent wave vectors k. The SR-FWM signal decays exponentially at twice the rate of
a homogeneously broadened transitions. The signal peaks at positive delay dictated

by the joint effects of 75 and dw shown in figure 2.9 and decays with a rate of 4/75.

(d) (e) (f)
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Figure 2.9: (a) homogeneously broadened transition (closely spaced continuum of
transitions). (b) pulse 1 arrives at t = ¢; and pulse 2 arrives some time 7 later (t
= t,), resulting in a photon echo (black line). (c¢) TI-FWM signal with Ts ;unome =
2T homo (reproduced with permission [87])

2.2.3 Many-Body Effects

The OBEs are unable to account for Coulomb mediated many-body carrier inter-

actions but can be suitably modified to incorporate interaction induced effects by
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including carrier density dependent terms.

Excitation Induced Dephasing and Excitation Induced Shifts

EID results from carrier interactions leading to dephasing due to an increase in
carrier density, and EIS results from a carrier density dependent modification to the
transition energy due to dielectric screening [86]. These effects are included by
replacing the constant dephasing rate and transition energy by

1 1

o e (2.26)

w = wo + ve1sN.

where T) and w, are the dephasing time and resonance frequency in the absence
of an excited population and N is the carrier density. The coefficients vz;p and
~vers reflect the strength of coupling between the charge carriers. As a result of
excitation-induced dephasing, the measured 75 time in the semiconductor depends
on the excited carrier density. Measurements of 75 versus the excitation laser power
then give a means to determine the rate of carrier-carrier scattering in the sample

under study.

Continuum Contributions (CC) to the Exciton Signal

When EID and EIS are propagated through the OBEs, additional sources of polar-
ization components emitting along 2k, — k; emerge. Whereas the free polarization
decay signal can be thought of as resulting from the diffraction of a portion of the
second laser pulse from the population density grating, these additional signals are
referred to as polarization diffraction signals because they result from the diffrac-
tion of the polarization density excited by the second pulse rather than the pulse
itself. These additional signals are proportional to the coefficients vz;p and yg;s.
These additional many-body related signals are small for inhomogeneously broad-
ened transitions due to destructive interference among the signals originating from
different k’s. For a homogeneously broadened transition, however, these many body
signals do not cancel out and can be extremely large due to the strong Coulomb in-

teraction in the semiconductor. Furthermore, these signals are strongly enhanced
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when broadband optical pulses are used because all of the excited carriers (both
excitons and free carriers) contribute to modifying the dephasing rate and transi-
tion energy. Under these conditions, the FWM signal is known as the continuum
contribution to the exciton signal (CC). The CC response has been observed in both
GaAs [64,65,69,70] and Ge [76,77,113].

Allan et al. developed an analytic model for the CC signal. It may be obtained by
modifying the OBEs to include coupling terms between the exciton and continuum
transitions for the case when the majority of carriers excited are free-carriers (IVy),
and only the low-energy tail of the broadband laser pulse spectrum excites exciton

polarizations N,, so that N, « N, [71]. This leads to the result

= i(w (0)
pg? (1) ,ui;x N (D)e (Tzo,z+ (wo+vErp N )t) o) (2.27)

The continuum contribution (CC) to the exciton signal has a linewidth deter-

mined by the dephasing rate of the exciton transition and only contributes for 7 =
0. The CC is therefore a zero-delay feature only. An example of such a CC signal
from the exciton in the semiconductor Germanium is shown in figure 2.10. No-
tice how much larger the exciton signal is relative to the signal from the interband

transitions in comparison to the linear absorption spectrum in figure 2.10.
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Figure 2.10: Results from SR-FWM experiments on bulk Ge and linear absorption
shown in the background. (reproduced with permission [77])
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Summary

In a conventional semiconductor like GaAs, the FWM signal is composed of several
distinct signal contributions including 1) FPD of the homogeneously broadened
exciton transition that is maximum at 7 = 0 and decays with a dephasing time
of % FPD has a discrete spectral profile with a linewidth inversely proportional
to the dephasing time of the transition; 2) a photon echo from inhomogeneously
broadened free-carrier excitations that reaches a maximum value at positive delay
dictated by the spectral width of the laser and the linewidth of the transition, and
decays with a dephasing time of TiQ, and 3) the CC, which strongly enhances the
exciton FWM signal due to simultaneous free carrier and exciton excitation resulting
from many-body coupling. The CC to the exciton is apparent near 7 = (0 when the

excitation pulses are overlapped.



Chapter 3

Experimental Methods

This chapter presents the experimental techniques used in this thesis work to study
the coherent photo-physics of excitons, many-body carrier interactions, and carrier-
phonon scattering in MAPI perovskite thin-films. Section 3.1 begins with a descrip-
tion of MAPI thin-film preparation, and GaAs film preparation, including sample
characterization using x-ray diffraction (XRD), linear absorption spectroscopy, and
scanning electron microscopy (SEM). Section 3.2 describes FWM coherent spec-
troscopy. Section 3.3 describes the techniques used to compress ultrafast optical
pulses using group velocity dispersion (GVD) compensation, and ultrafast pulse
characterization including the laser spot-size measurement, a description of zero-
background second harmonic intensity autocorrelation that measures the temporal
pulse width, and carrier density calculations. The thin-films of MAPI studied in this
thesis work were prepared and characterized using XRD by Charlotte Clegg at Dal-
housie under the supervision of Prof. Ian Hill. The GaAs films were grown by Dr.
Xinyu Liu and Dr. Margaret Dobrowolska under the supervision of Prof. Jacek Fur-
dyna. All of the four-wave mixing experiments, linear absorption and SEM sample

characterization were carried out by myself at Dalhousie.

3.1 Sample Preparation and Characterization

3.1.1 MAPI Perovskite Thin-Film

The perovskite absorber layer can be deposited using a variety of methods, temper-
atures, precursor concentrations, solvents, preparation conditions (deposited in air,
or inert atmosphere) and using a variety of additives, and depends on the morphol-
ogy of the surface it is deposited onto (glass or compact/mesoporous TiO2 etc.).

The highest efficiency perovskite solar cells have been achieved using a single step

43
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anti-solvent deposition technique, using a device architecture of glass/FTO/compact-
TiO2/mesoporous-TiO2/Perovskite/Spiro-OMETAD/Au , where the first anti-solvent
depositions used MAPI perovskite [114]. The open-circuit voltage was increased
using mixtures of Formamadinium, Rubidium or Cesium, Methylammonium, Lead,
Bromide and Iodide [115,116]. To quantify the perovskite absorber layer qual-
ity the crystalline structure is analyzed using XRD to determine if unwanted crys-
tal geometries are present in the film, including the presence of residual Lead Io-
dide [117]. High quality perovskite films for solar cells must be pinhole-free. The
film homogeneity is verified using SEM. Finally, the linear absorption spectra is

measured and compared to well documented, high quality perovskite films [23].

The MAPI samples were synthesized using a modified two-step procedure re-
ported elsewhere [118]. The two steps include the deposition of a Lead Iodide film
from solution, and the subsequent infiltration of a Methyl ammonium iodide solu-
tion into the existing Lead Iodide film. After annealing, the film crystallizes into
perovskite. First, a solution of 1M lead iodide (PbI2) in dimethylformamide (DMF)
was stirred at 70°C for 12 hours, and then filtered using a 0.45 micron polytetraflu-
oroethylene (PTFE) filter. Prior to depositing, the sapphire substrate (UQG Optics)
was cleaned using detergent, and sonicated in deionized water, acetone, and finally
ethanol. The substrate was then irradiated with ultraviolet (UV) ozone for 10 min-
utes. 300 ul of the PbI2 solution was cast onto the sapphire substrate and spun at
5000 RPM for 60 seconds. The film was then dried on a hotplate at 70°C for 15
minutes to remove any residual solvent. 300 pl of CH3NH; (60 mg/ml) solution in
DMF was then cast onto the static substrate and spun at 4000 RPM for 60 seconds.
The films were then annealed at 100°C for 2 hours and subsequently stored in an
inert atmosphere glove box. For optical experiments, the samples were mounted
in an optical cryostat in the glove box. The cryostat was transferred to the optical
setup and evacuated for low temperature measurements. The same cryostat was
used for linear absorption measurements (CARY UV-VIS absorption spectrometer)
and FWM experiments (described in Section 3.2). After measurements were com-
pleted the samples were again stored in the glove box to avoid sample exposure to

air.

A companion sample was prepared using the same recipe and was characterized
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Figure 3.1: Characterization of the MAPI perovskite thin film, showing (a) temper-
ature depedent linear absoprtion (b) scanning electron microscopy, and (c) x-ray
diffraction (XRD). b and c were taken at room temperature. The red lines in c
indicate the calculated peak positions for the tetragonal phase (reproduced with
permission [48]).

using SEM and XRD. The SEM images indicate good sample uniformity, and crystal
grains on the order of a few hundred nanometers. The XRD results indicated a
full conversion to perovskite. The linear absorption as a function of temperature
shows the band gap at 1.642 €V for 10 K, increasing to 1.673 eV for 70 K using the
methods described in Even et. al. [22].

3.1.2 GaAs Single Crystal

The GaAs sample was prepared in Professor Jacek Furdyna’s group at the University
of Notre Dame. Two samples were utilized in these experiments: High temperature
GaAs (Ht-GaAs) is so named due to the high temperature of the substrate during
sample growth (600°C) resulting in low defect densities (10'3cm=3). For Low tem-
perature GaAs, in contrast, the substrate is held at 250°C during growth resulting
in a high density of mid-gap trap states (10'®cm—3). The preparation procedures
for both samples is otherwise identical. 100 nm of a GaAs ’buffer layer’ is deposited
using MBE on a GaAs substrate. This is followed by the deposition of 175 nm of
Aly27Gag 73As that is used as a “stop etch” layer, and finally, 800 nm of GaAs (eventu-
ally becoming the studied film) was deposited onto the stop etch layer. The samples
were then glued face down to a sapphire substrate for FWM measurements. The
sample was then etched using mechanical, and chemical wet etching to expose the

GaAs sample under study. The samples were characterized using linear absorption
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using a continuous wave white light source. The linear absorption spectra for the
Ht-GaAs sample shows a sharp absorption band edge onset, with the direct band
gap apparent at 1.5068 eV, and a sharp excitonic peak. The linear absorption spec-
tra for the Lt-GaAs sample illustrates the mid-gap defect induced smearing of the
band edge reported elsewhere [70] for the Lt-GaAs sample resulting from the large
concentration of mid-gap defect states [119]. The absorption coefficient of both
samples was extracted taking into account multiple reflections at the sample sur-

face.
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Figure 3.2: Linear absorption for Lt-GaAs, and Ht-GaAs (reproduced with permis-
sion [49])

3.2 Four-Wave Mixing Spectroscopy

The setup utilized in these measurements is spectrally resolved two-pulse degener-
ate four-wave mixing SR-FWM. In this setup two identical pulses with electric fields
E, and E,, and wave vectors k; and k, impinge onto the sample with a variable delay
between the two pulses, as shown in figure 5.7. The pulses interfere at the sample,

generating a position dependent density of carriers. As electron-hole pairs modify
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the local refractive index and absorption coefficient, a carrier density optical grat-
ing is generated. This carrier grating is only generated when the electron-hole pairs
are still in phase after photoexcitation and have not scattered with each other or
with the lattice. The second pulse that generated the carrier density optical grating

‘self-diffracts’ off of that same grating. We monitor the resultant signal at 2ks-k;.

A Titanium sapphire oscillator outputs optical pulses with a duration of 60 fem-
toseconds. Dispersion in the optical elements in the setup GVD on the way to the
sample, causes these initially transform-limited pulses to broaden. This GVD is
compensated for using a prism compressor. The operation of the prism compressor
which leads to a pulse duration at the sample of 50 fs, is described in Section 3.3.1.
After the compressor the pulses are focused through a pinhole that acts as a spatial
filter, where the aperature area of the pinhole has been chosen to select the funda-
mental Gaussian mode (TEM,) of the laser. The pulses are then split using a beam
splitter resulting in the two pulses with electric fields E; and E; and similar intensi-
ties. One pulse goes directly to the sample. The other is sent through a delay line,
and then meets the first pulse at the sample. In this way, we can delay one pulse
with respect to the other pulse. The path length of pulse E, is adjusted continuously
as it reflects off a retroreflector mounted to a speaker cone that oscillates with a fre-
quency of 12 Hz. This system configuration is known as the fast scan technique,
and results in the final temporal signal being averaged over many optical pulses,
substantially increasing the signal-to-noise ratio. Both pulses are then focused onto
the sample, and spatially overlapped using the same lens, resulting in a spot-size of
80 um. The spot size measurement is described in Section 3.3.3. The FWM signal
is monitored using a monochromator that allows us to probe the signal at differ-
ent energies, and a Photomultiplier tube that amplifies the signal. The samples are
mounted in an optical cryostat that enables optical throughput of the laser pulses,

and temperature control in the range 10-300°K.

A Helium Neon laser (wavelength of 632.8 nm) following the same beam path
as 2ky-k; illustrated in figure 5.7 is utilized to calibrate the monochromator grating

angle versus wavelength.
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Figure 3.3: A schematic of the FWM apparatus. 40-50 fs pulses are generated in the
Ti:Sapph oscillator. To compensate for positive GVD in the optical e;ements in the
setup (lenses, filters) negative GVD is introduced using a pulse compressor before
the setup. The pulses are then split. One is sent to the sample with wavevector
k;, and the other through a delay line, and then to the sample with wavevector
ky,. The signal is collected in the FWM direction of 2k,-k;, and sent through a
monochromator to monitor the energy dependence of the signal, and then to a
photomultiplier tube to amplify the signal (reproduced with permission [48]).

3.2.1 Carrier Dephasing Times

Yajima and Tiara successfully modelled the FWM response of both homogeneously,
and inhomogenously broadened transitions [62]. We probed the response of electron-
hole pairs above the bandgap. This continuum of transitions is intrinsically inho-
mogeneously broadened. The FWM signal (from Yajima and Tiara) for an inhomo-

geneously broadened transition is given by,

J= A1+ @(%Td)) 3.1

where T, is the dephasing time, 7, is the delay between pulses 1 and 2 in the FWM
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experiment, ¢ is the degree of inhomogeneous broadening, and:

O(z) = % /0 et (3.2)

This result was convoluted with the optical pulses used in the experiment, modeled
as a Gaussian pulse with a pulse width that was measured using the results from
section 3.3 and § was extracted from the FWM data at zero delay, leaving T, as the
only fit parameter. Figure 3.4 shows an example FWM signal and excitation pulse,

with the associated fit and extracted dephasing time Ts.

—  FWM Signal
— — = Fit

Autocorrelation |

T,=217fs
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Figure 3.4: The black trace illustrates the experimental intensity versus time of
the FWM signal 11 meV above gap. The dotted red line is the fit of a photon
echo response [62] convolved with a Gaussian pulse with the physical parameters
of the optical pulses utilized in our experiments seen in blue (reproduced with
permission [49]).

3.3 Pulse Characterization

The pulse characteristics including the temporal duration and spectrum, dictate the
temporal resolution of the experiment and the spectral range of transitions excited,
respectively. The spot size must be determined in order to calculate the excited car-

rier density. The temporal intensity profile is measured using the zero-background
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second harmonic autocorrelation technique as described in section 3.3.1, and a
spectrometer was utilized to measure the pulse intensity spectrum described in sec-
tion 3.3.2. The spot size (beam waist) intensity profile, is measured using a beam
profiler as described in section 3.3.3, and finally the excited carrier density calcula-

tion is described in section 3.3.4.

3.3.1 Ultrafast Pulse Width Compression and Measurement

The pulse width was compressed using a GVD prism set and measured using a

zero-background autocorrelation apparatus.

GVD Compensation

The pulse temporal duration (pulse width) dictates the temporal resolution of the
FWM experiment. GVD occurs when a pulse propagates through a material with
dispersion, i.e. with a frequency-dependent index of refraction. GVD is positive in
most materials (longer wavelength photons travel faster than shorter wavelength
photons). Broadband pulses have a spread of wavelengths, and therefore longer
wavelengths travel faster through the material compared to shorter wavelengths,
resulting in a temporal spreading of the pulse. As the pulse travels through the
optical setup, positive GVD is accumulated. Negative GVD is introduced to com-
pensate for these effects by implementing a prism compressor. A prism compressor
generates a negative GVD by ensuring that longer wavelength components of the
pulse traverse a longer path length through the prism material, incurring a phase
shift with respect to the shorter wavelength components. A schematic diagram of
the pulse compressor layout is shown in figure 3.5.

Utilizing the autocorrelation technique as described below, the minimum GVD,
or minimum phase difference between the spectral components in the pulse, is
verified by minimizing the temporal pulse width. The autocorrelation is measured
at the sample position after the pulse has propagated through the dispersive optical
components. The GVD apparatus therefore compensates for all of the down-stream
dispersion, resulting in a near Fourier transform limited pulse at the sample position
(40 fs).
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Figure 3.5: Schematic of GVD apparatus. Pulse 1 enters with positive GVD after
propagating through several optical elements resulting in the longer wavelengths
(red) leading the shorter wavelengths (blue). After GVD compensation, the pulse
emerges with a shorter temporal pulse-width, as different wavelength components
are overlapped in time.

Zero-background Autocorrelation

Zero-background autocorrelation is used to measure the temporal duration of the
ultrafast optical pulses. In this method, the pulses used in the FWM experiment
are split using a beam splitter, and the two resulting pulses are focused onto a
barium borate (BBO) nonlinear crystal phase-matched for optimal second harmonic
generation at 800 nm. The signal measured on a silicon photodiode originates from
the second harmonic generation due to contributions from pulse 1 and pulse 2. In
second-harmonic generation (SHG), a photon from pulse 1 with momentum k;,
and energy E; = hwi, and a photon from pulse 2 with momentum k, and energy
E5 = hw, are annihilated, and generate a third photon with momentum k; +k», and
energy hw = hw; + hwo. The signal is measured as a function of the delay between

pulse 1 and pulse 2, resulting in a convolution of the intensity of pulse 1 and pulse
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The FWHM of the signal as a function of delay is proportional to the FWHM of the
original pulse, where the constant of proportionality depends on the pulse shape.

For a Gaussian pulse that factor is 0.707 [120].

3.3.2 Pulse Spectrum Measurement

In a FWM experiment the spectrum of the pulse, or the intensity as a function
of wavelength, dictates the energetic transitions that are excited within the sam-
ple. The pulse spectrum was measured for each FWM signal using a spectrometer
(Oceanoptics USB4000). A fibre-optic cable couples the laser beam into the spec-

trometer.

3.3.3 Laser Spot Size Measurement

The carrier density depends on the area or "spot size" of the laser beam and is
defined as the 1/e distance from the Gaussian spatial beam centre [120]. The spot
size was determined using a beam profiler (Coherent Lasercam HR). The laser beam
is sent through a neutral density filter to control the intensity and the beam is then
focused onto the active area of the beam profiler where a 2D array of photodiodes
measures the beam intensity as a function of x and y. The beam waist is minimized
by moving the beam profiler along the axis of beam propagation using a micrometer.
The spatial full-width at half maximum (FWHM) of the laser beam is then calculated

using built-in analysis software.

3.3.4 Carrier Density Calculation

The excited carrier density is determined by calculating the number of absorbed
photons per pulse assuming that each absorbed photon excites an electron-hole
pair. The average power of the laser beam is measured before and after the sample.

The difference in the measured average power is the average power absorbed by
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the sample after accounting for reflection losses at all interfaces including at cryo-
stat windows and sample interfaces. The average power per pulse is calculated by
dividing the average power by the repetition rate of the laser. The number of pho-
tons per pulse is then calculated from the ratio of energy per pulse, and energy per
photon. The number of photons per pulse is then averaged over the volume of the
beam as it propagates through the sample (the spot size multiplied by the sample
thickness). This is a good approximation because the absorption depth near the

band gap where the laser is tuned is larger than the sample thickness (265 nm)
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The exciton binding energy dictates the operative mechanism for charge trans-
port. If the exciton binding energy is large (>> kpT), photo-currents are dictated
by the drift/diffusion of excitons. If the exciton binding energy is on the order of the
thermal energy at room temperature, transport is dictated by the drift/diffusion of
free carriers that transport more efficiently than excitons. The exciton binding en-
ergy has been a topic of debate for several years due in part to the difficulty directly
measuring this material parameter using common spectroscopic techniques, arising

from the static and dynamic disorder in this ’soft’ material system. In this study, we

54
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directly measure the exciton binding energy in the low temperature (orthorhom-
bic) phase using FWM spectroscopy that is highly sensitive to exciton signals. We
found two distinct exciton transitions that we attribute to free excitons, and exci-
tons bound to shallow trap states, both of which lie within the spread of reported
exciton binding energies. The presence of two exciton transitions would lead to
inconsistencies in determining this value, where different spectroscopic techniques

predominantly probe the free or defect-bound exciton transitions.

4.1 Abstract

Solar cells incorporating organic-inorganic perovskite, which may be fabricated us-
ing low-cost solution-based processing, have witnessed a dramatic rise in efficien-
cies yet their fundamental photophysical properties are not well understood. The
exciton binding energy, central to the charge collection process, has been the subject
of considerable controversy due to subtleties in extracting it from conventional lin-
ear spectroscopy techniques due to strong broadening tied to disorder. Here we re-
port the simultaneous observation of free and defect-bound excitons in CH;NH3PbI;
films using four-wave mixing (FWM) spectroscopy. Due to the high sensitivity of
FWM to excitons, tied to their longer coherence decay times than unbound electron-
hole pairs, we show that the exciton resonance energies can be directly observed
from the nonlinear optical spectra. Our results indicate low-temperature binding
energies of 13 meV (29 meV) for the free (defect-bound) exciton, with the 16 meV
localization energy for excitons attributed to binding to point defects. Our findings
shed light on the wide range of binding energies (2-55 meV) reported in recent

years.

4.2 Introduction

The efficiency of solar cells using organometal halide perovskite semiconductor ab-
sorber layers has skyrocketed during the past few years, now reaching a level com-
petitive with existing solar cell technologies [5] while offering a low-cost solution-
processed device platform. This has stimulated intense research into the fundamen-
tal photophysical properties of these materials [12, 13, 16-27, 29, 30, 32,33, 121-
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125]. A parameter that has received considerable attention recently is the exciton
binding energy (£,), which determines the primary mechanism of carrier transport
during device operation. Unlike inorganic solar cell materials such as III-V semi-
conductors, in which sharp exciton resonances greatly simplify extraction of Fj,
the solution-processed organometal halide perovskites possess substantial broaden-
ing due to defects [88] and intrinsic dynamic disorder associated with the freedom
of orientation of methylammonium ions [89,90]. The broadening associated with
these effects, which has been found to vary from 30 meV at cryogenic temperatures
to 60 meV at room temperature [24], is comparable to (or larger than) the exciton
binding energy. This broadening complicates the extraction of £, from absorption
or ellipsometry techniques [25]. In addition, while photoluminescence provides an
effective probe of defect-induced localization and recombination processes [16,17],
these techniques cannot isolate transitions relevant to absorption within an oper-
ational solar cell and can be hampered by incomplete phase transitions [17, 24].
Extraction of E, from magneto absorption techniques is also complicated by the
strong broadening in the organometal halide perovskites, resulting in the need to
use large magnetic fields (~20 Tesla) [18,19]. Due to these challenges, even for
the most widely studied material CH3NH;3PbI3, the value of £, has been quite con-
troversial, with reports ranging from 2 meV to 55 meV [13,18-27,32,33,121-123].

Here we apply femtosecond four-wave mixing spectroscopy (FWM) to probe
excitonic resonances in CH;NH;3PbI;. In this technique, two coherent ultrafast laser
pulses described by electric fields E, and E, with wave vectors k:: and k:; excite a

polarization component that emits light with wavevector 2k,-k; (see Fig.

Our experiments reveal two discrete resonances below the band gap of the
CH;NH;PbI; thin films, which we attribute to the free exciton transition and a
defect-bound exciton transition. The simultaneous observation of both free and lo-
calized excitons using this absorption-based nonlinear optical technique shows that
both types of exciton can contribute to absorption during operation of a solar cell.
At 10 K, the excitonic resonances we observe occur at 1.629 eV and 1.613 eV. The
16 meV energy separation is attributed to the binding energy of excitons to point
defects within the perovskite film [88], and is in reasonable agreement with the re-

cent measurement of an exciton localization energy of 17 meV in CH3;NH3PbI;_,Cl,
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Figure 4.1: Upper left, schematic of four-wave mixing spectroscopy. Two 40 fs
input pulses F; and F, excite a carrier density grating, and the self-diffracted signal
along 2k, — k; is measured using a monochromator and photomultiplier detector
as a function of time delay. Lower left, methylammonium lead iodide perovskite
ABX3, with A = CH3N Hs, B = Pb, X = 1. Center, FWM response of C H3N H3 Pbl3
sample at 10 K for excitation at 1.652 €V, 11 meV above the band gap. Upper Right,
FWM signl at fixed values of detection photon energy, showing a smooth decay
(oscillations) for energies above (below) band gap. Lower Right, FWM spectrum at
fixed values of time delay, indicating multiple spectrally-distinct signal contributions
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using photoluminescence and THz techniques [16]. Our measured transition en-
ergies correspond to an exciton binding energy of 13 meV (29 meV) for the free
(defect-bound) exciton at 10 K, with a negligible temperature dependence up to
40 K. The low-temperature free exciton binding energy we measure is in reason-
able agreement with the value of 16 meV determined at 2 K from recent magneto-
optical studies at high magnetic fields [18, 19]. Together with the difficulty in
fully characterizing the dielectric constant including the potential contributions of
phonons [22,26] and related dispersion [27], the close proximity of the free and
bound exciton states we observe has likely contributed to the broad range of exciton
binding energies reported in the literature [13,18-27,30,32,33,121-123].

4.3 Results and Discussion

The four-wave mixing signal measured on the CH3;NH;PbI; sample at 10 K is shown
in Fig. 4.1. For these results, the center photon energy of the laser spectrum was
1.653 eV, 11 meV above the band gap determined from linear absorption measure-
ments (Fig. 4.2). The FWM spectrum exhibits a strong dependence on the time de-
lay between the exciting laser pulses, as shown in the lower right panel of Fig. 4.1.
For time delays on the rising edge of the FWM signal, the spectrum consists of three
peaks. The lowest energy peak has a maximum between 1.62 eV and 1.63 eV, with
a tail on the low energy side. The other two peaks occur at approximately 1.635 eV
and 1.648 eV. The FWM signal reaches its maximum intensity around zero delay,
characterized by a broad response encompassing a range of energies above and be-
low the band gap. For longer delays, the signal narrows spectrally and decays on
a time scale of a few hundred femtoseconds. Cuts through the two-dimensional
FWM results versus time delay are displayed in the upper right panel of Fig. 4.1.
The signal exhibits a smooth temporal decay for detection energies above the band
gap, while for energies below the band gap oscillations appear. These oscillations
resemble beating effects observed in FWM studies in the presence of simultaneous
responses due to bound and free excitons in GaAs superlattices [126] and exciton
and trion resonances in doped CdTe quantum wells [127]. Together with the obser-
vation of three peaks in the four-wave mixing spectrum, this suggests that there are

multiple, distinct contributions to the measured FWM response of the perovskite
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Figure 4.2: Characterization of the C'H3 N H3PbI; films, showing a Teperature de-
pendent linear absorption. b scanning electron microscopy and c x-ray diffraction.
b and ¢ were taken at room tmperature. The red lines in ¢ indicate the calculated
peak positions for the tetragonal phase.

Further insight into the transitions contributing to the FWM response may be
gained by performing measurements for which the laser pulses used to excite the
sample are tuned relative to the band gap energy. The results of these experiments
are shown in Fig. 4.3. In each panel, the laser spectrum is indicated by the white
curve overlaid on the FWM signal, and the solid red line shows the band gap energy.
For all experiments, the laser pulse fluence summed over the two excitation beams
was held constant at 4 pJ/cm?. The existence of a separate contribution to the FWM
signal below the band gap is already apparent at early delays from the shape of the
contours in the results for excitation at 1.653 €V in Fig. 4.3a. The broadband sig-
nal at higher energies in Fig. 4.3a is attributed to free carrier transitions [128] and
transitions within the Urbach band tail [12,91,124]. As the laser is tuned below the
band gap energy (Fig. 4.3b-Fig. 4.3i), the peak below the band gap grows in inten-
sity relative to the free carrier response. When the laser is tuned to 1.580 eV, only
the tail of the laser spectrum weakly excites the low-energy resonance, isolating
it from other contributions, indicating a center energy of 1.613 eV and a spectral
width of ~18 meV (Fig. 4.31). When the laser pulses are tuned to 1.570 €V or lower
energies, the laser spectrum has negligible overlap with the 1.613 eV peak, and no
FWM signal is detected. The discrete resonance we observe in the FWM signal at
1.613 €V is attributed to an excitonic transition within the CH;NH;PbI; film.

The variation of the magnitude of the FWM signal as the laser pulses are tuned
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Figure 4.3: (a-j) FWM response of C' H3 N H3 Pbl; for varying laser tuning relative
to the band gap. The FWM signal is displayed using a coloured contour scale. The
white curve overlaid on the FWM results indicates the laser spectrum. The solid red
line indicates the 10 K band gap determined by linear absorption. The two dashed
lines indicate the resonance energies of 1.613 eV and 1.629 eV determined for the
defect-bound and free exciton transition, respectively. The defect-bound exciton
appears as a weak, spectrally -isolated peak when the laser is tuned well below
band gap (g-i). The free exciton resonance, which produces a much stronger FWM
signal than the bound exciton, is evident from the dependence of the FWM signal
amplitude on laser tuning (k). In (k) the laser spectra are vertically ofset rom the
FWM spectra. The free exciton dominates the FWM singal fro time delays longer
than 200 fs: results for 540 fs are shown in (k). (1) FWM spectrum at zero delay fr
excitation at 1.590 eV, showing the defect-bound exciton peak. The intensity of the
1.590 eV excitation laser pulses was 10 times larger for the results in i, permitting
the defect-bound exciton to be observed more clearly.
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Figure 4.4: FWM response of the defect-bound exciton at (a) 10 K, (b) 40 K, and
(c) 70 K with the corresponding bang gap indicated by the solid line. (d) FWM
spectrum at 540 fs delay for a variety of spectral tunings, showing the variation in
the resonance energy of the free exciton as the temperature is increased from 10 K
(blue curves) to 30 K (red curves). The black dashed curves indicate a Gaussian fit
to the resonance at each temperature. (e) The exciton transition energies deduced
rom the FWM results as a function of temperature. (e) The exciton transition en-
ergies deduced from the FWM results as a function of temperature. Both exciton
resonance energies follow the temperature dependence of the band gap within the
experimental uncertainty, indicating no discernible temperature dependence of the
exciton binding energies within the accessible range.
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indicates that the resonance feature at 1.613 €V is not the only discrete resonance
below the band gap. A stronger resonance occurs at higher energies, as shown in
Fig. 4.3k, where the FWM spectrum at 540 fs delay is displayed color-coded with
the corresponding laser spectrum in the upper panel. This second resonance has a
maximum at 1.629 eV, with a width of 15 meV. The variation of the spectral content
of the FWM signal as the laser is tuned indicates inhomogeneous broadening. Both
of the resonances at 1.613 eV and 1.629 eV have spectral widths smaller than the
laser pulse bandwidth and have transition energies that are fixed as the center pho-
ton energy of the laser spectrum is varied. These features are reflective of discrete,
excitonic transitions within the semiconductor. The strong 1.629 eV resonance is
attributed to the free exciton transition, while the weaker resonance at 1.613 eV
is attributed to an exciton bound to defects within the perovskite film. From a
comparison of the transition energy of each exciton with the band gap energy, we
determine the binding energies of these excitons to be 13 meV and 29 meV, respec-
tively. The temperature-dependence of the FWM response from the two excitons
is shown in Fig. 4.4. The free exciton resonance energy could only be determined
up to 40 K due to the limited tuning range of the laser relative to the band gap at
higher temperatures. The spectral position of the free and defect-bound exciton res-
onances both track the temperature dependence of the band gap energy, indicating
no discernible dependence of the binding energies of the excitons on temperature
below 40 K.

The binding energy of 13 meV we measured for the free exciton is in line with the
value of 16 meV found from recent magneto-optical measurements at 2 K [18,19].
In Ref. [18] and Ref. [19], large magnetic fields (~20 Tesla) enabled the observa-
tion of the 2s exciton transition, constraining the value of the binding energy over a
much narrower range than in earlier magneto-optical experiments [32,33]. In our
FWM experiments, the free exciton was found to contribute much more strongly
than the bound exciton. Together with the higher sensitivity of FWM to excitonic
resonances than linear absorption experiments, this accounts for the fact that the
bound exciton was not observed in Refs. [18,19]. The binding energy of the free
and defect-bound exciton resonances we observe are both within the large spread of
reported values of 2-55 meV for CH3NH;3Pbl3, [13,18-27,32,33,121-123] shedding
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some light on the controversy surrounding F) in recent years . The uncertainty in
determining the dielectric constant, including both the choice of appropriate spec-
tral range [30] and the complexity tied to the role of lattice vibrations [22, 26, 27],
has also contributed substantially to the wide range of reported binding energies
since this value is essential to the modeling of absorption and photoluminescence.
Since the transition energies of the free and defect-bound excitons are determined
directly using FWM spectroscopy, no modeling is needed and the dielectric constant
is not required to determine the binding energies. We note that in a recent work
by Even et al., the dielectric constant was taken as a fitting variable in modeling
the linear absorption spectrum, yielding a free exciton binding energy of 13 meV at

80 K, in agreement with the value reported here.

The separation between the free and defect-bound exciton resonances is 16 meV.
We attribute this to the binding energy of excitons to point defects within the
CH3NH3Pbl; film. The energy levels tied to a variety of point defects were cal-
culated using density functional theory techniques by Yin et al. [88]. All point de-
fects with low formation energies were found to be shallow defects, with energies
less than 50 meV away from the band extrema. The reported transition energies
in Ref. [88] suggest that the dominant donor MA; may be responsible for exciton
localization at low temperatures in our sample. The small 16 meV binding energy
of these defects is consistent with a similar coherence decay time observed for the
free and defect-bound excitons in our experiments (Fig. 4.5), which is a signature
of weak localization [129]. Our findings are also in line with an exciton local-
ization energy of 17 meV determined from photoluminescence and THz studies
on CH3NH3Pbl;_,Cl, [16]. Static disorder associated with the frozen methylam-
monium cations at low temperatures [22,90] may contribute to inhomogeneous
broadening of the exciton resonances, which is reflected by the measured linewidths
being ~5 times larger than the homogeneous width estimated from the duration of
the coherent emission. As the localization energy is determined here with a preci-
sion of a few meV (limited by the level of inhomogeneous broadening), the 16 meV

value we report will support theoretical models of point defects in CH;NH;3PbI;.
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Figure 4.5: Schematic diagram of the two-pulse degenerate four-wave mixing ap-
paratus

Multiple emission peaks have also been observed in photoluminescence experi-
ments on single crystals of CH3NH3Pbl; [29], however the energy separation be-
tween the emitting exciton resonances was considerably larger than that found
using FWM techniques in this work. As FWM detects the states participating in
absorption, this suggests that carriers relax into deeper energy levels prior to radia-
tive recombination. Our observations, which verify the existence of weakly local-
ized exciton states in this system, are in agreement with recent power-dependent
photoluminescence studies which determined that excitons recombine radiatively
from trap states [16] and transient photoconductivity experiments that indicated a
resonant transition below the band gap tied to localized states [125]. Our findings
are also consistent with earlier four-wave mixing experiments in disordered III-V
superlattices revealing simultaneous signatures of free excitons and excitons bound

to neutral Carbon acceptors [126].
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4.4 Conclusions

The application of coherent nonlinear optical spectroscopy to CH3;NH;PbI; reported
here complements and extends the numerous studies of this system using linear
optical techniques in recent years, for which the substantial broadening inherent to
the disordered organic inorganic perovskite materials obscures fundamental pho-
tophysical properties such as excitonic effects, leading to challenges in assessing
crucial parameters for solar cell design. Since FWM preferentially detects opti-
cal species possessing long coherence decay times, this technique is highly sensi-
tive to excitonic transitions, a feature that has been exploited for studying exci-
tons in clean and disordered III-V and II-VI semiconductors over more than two
decades [47,70,72,126,127]. The direct observation of the resonance energies of
both free and defect-bound excitons in CH3NH;PbI;, eliminating the need to rely
on assumed values of the dielectric constant for determination of the associated
binding energies, aids in clarifying the broad range of values of the exciton binding
energy reported in recent years as the relative role of free and defect-bound excitons
will vary depending on whether absorption or photoluminescence based detection
schemes are utilized. The observation of defect-bound excitons using a technique
based on nonlinear absorption indicates that both free and localized exciton species
play a role in an operational solar cell. The measured localization energy for bound
excitons of 16 meV reported here provides input to theoretical models of defects in
CH;3NH;PbI;. Our findings demonstrate the power of FWM spectroscopy for study-
ing excitonic properties and the influence of disorder in CH3NH3Pbl;, laying the
foundation for studies on other materials within the organometal halide perovskite
class of semiconductors, and will aid in improving solar cell device performance

using these materials.
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Strong many-body interactions are common among inorganic semiconductors used

in the highest efficiency single-junction solar cells. GaAs in particular has achieved
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the highest single-junction solar cell efficiency on record due to the low achievable
defect densities in the highly refined system. MAPI is a hybrid organic-inorganic sys-
tem with high defect densities, yet MAPI solar cells have achieved higher efficiencies
than some inorganic solar cells including multicrystalline silicon. In this study we
used FWM spectroscopy to compare the many-body interactions in the archetypi-
cal inorganic semiconductor GaAs and the archetypical perovskite semiconductor
MAPI to clarify if the high efficiencies recorded for perovskite solar cells was due
to a similarity to inorganic semiconductors. We found that Many body interactions
were substantially weaker in the MAPI system, revealing a stark contrast between
MAPI perovskite and inorganic semiconductors. This study helps place perovskite
in the context of other high performing semiconductor materials, leading the way
to understanding the fundamental properties of this unique, high performing solar

cell material.

5.1 Abstract

Perovksite semiconductors have shown promise for low-cost solar cells, lasers and
photodetectors, yet their fundamental photophysical properties are not well under-
stood. Recent observations of a low exciton binding energy and evidence of hot
phonon effects in the room temperature phase suggest that perovskites are much
closer to inorganic semiconductors than the absorber layers in traditional organic
photovoltaics, signaling the need for experiments that shed light on the placement
of perovskite materials within the spectrum of semiconductors used in optoelec-
tronics and photovoltaics. Here we use four-wave mixing (FWM) to contrast the
coherent optical response of CH3NH;3PbI; thin films and crystalline GaAs. At carrier
densities relevant for solar cell operation, our results show that carriers interact
surprisingly weakly via the Coulomb interaction in perovskite, much weaker than
in inorganic semiconductors. These weak many-body effects lead to a dephasing
time in CH3NH3PbI3 ~3 times longer than in GaAs. Our results also show that the
strong enhancement of the exciton FWM signal tied to excitation-induced dephas-
ing in GaAs and other III-V semiconductors does not occur in perovskite due to weak

exciton-carrier interactions.
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5.2 Introduction

Since the first integration of organo-lead trihalide perovskites into photovoltaic de-
vices, [53] the efficiencies of solar cells using this material as the primary absorber
layer have increased at an unprecedented rate, having reached over 20% in just
a few years. [5] Progress in understanding the fundamental physical properties
of these materials has been much slower to develop as the organic-inorganic per-
vskites are much more complex than both the typical organic semiconductors used
in solution-processed photovolatics and traditional inorganic semiconductor solar
cell materials. The relative importance of excitons and free carriers to the opti-
cal response and carrier transport in perovskite systems has been the subject of
considerable controversy, [14,15,18,20,22-24,27,30,32,33,130] although a con-
sensus is now emerging that excitonic effects are weaker than had previously been
thought, [18, 22, 24, 27] with optical phonons and the rotational motion of the
CH3NH; cations being identified as an essential contributor to dielectric screen-
ing and an associated reduction in the exciton binding energy (£,). [22] Together
with recent experiments showing evidence of phonon bottleneck effects [96] and
the successful interpretation of numerous dynamic optical experiments considering
only free carriers, [11,17,21,95,96,131-133] this suggests that the organo-lead
trihalide perovskites are more similar to direct band gap III-V semiconductors like
GaAs than solution-processed organics in which excitonic effects govern both opti-
cal excitation and transport. [134] Nevertheless, many open questions remain re-
garding the fundamental photophysical properties of these promising photovoltaic
materials.

Here we contrast the coherent carrier dynamics in solution-processed perovskite
films with the inorganic semiconductor GaAs using the powerful spectroscopic tech-
nique of femtosecond four-wave mixing, providing insight into where perovskite
semiconductors fit into the broader landscape of materials used in photovoltaic
technology. In a FWM experiment, two laser pulses E;(¢) and E,(t — 74) with wave
vectors 151 and k:} excite a third-order polarization that emits in the direction 2152 — k;:
(see Fig. 5.1, and Supplementary Information). The magnitude of the emitted sig-
nal, often referred to as self diffraction, versus the delay time 7, probes the decay

of quantum coherence within the system of electron-hole pairs excited by the laser
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pulse, providing a direct measurement of the time scale tied to the strongest scat-
tering process following optical excitation. Interactions within the system of excited
carriers and/or excitons lead to additional contributions to the self-diffraction sig-
nal, making this technique especially sensitive to many-body effects. [47] As a result
of this high sensitivity, fundamental interactions such as electron-electron scatter-
ing or exciton-free carrier scattering, which together with electron-phonon coupling
govern the relaxation, drift and diffusion of carriers following optical excitation in
an operating device, may be studied at low carrier densities reflective of solar cell
operating conditions.

While evidence of many-body effects such as Auger recombination and band
gap renormalization have been observed in perovskites at large carrier densities
>1x10'® em™3, [96, 132, 135] our experiments demonstrate that at densities rel-
evant for solar cell device operation Coulomb-mediated scattering plays a neg-
ligible role in carrier dephasing, indicating that charge carriers in CH3;NH;3PbI;
interact surprisingly weakly. This finding represents an unexpected divergence
from the inorganic semiconductors such as GaAs, in which such many-body ef-

fects contribute at densities as low as 10'3 cm™3

, and are stronger than all com-
peting interactions for temperatures up to 300 K and carrier densities down to 10'°
cm—3. [63,72,77,79,84,86] In addition to causing a three-fold larger 10 K interband
dephasing time relative to GaAs, our results show that the weak many body effects
in perovskite have the consequence that the dramatic enhancement of the exciton
FWM signal in GaAs tied to excitation-induced dephasing does not occur. These
weak many-body effects highlight a fundamental difference in the nature of charge
carrier scattering in perovksite relative to inorganic semiconductors, with crucial
implications for both understanding charge dynamics following optical excitation

and for optimizing solar cell performance.

5.3 Weak Exciton-Carrier Scattering in CH;NH;PbI;

The four-wave mixing response of the CH3NH;3PbI; film is shown in Fig. 5.2(a), il-
lustrating the variation of the signal characteristics as the center photon energy of
the laser pulse is tuned relative to the band gap energy. For these results, the per-

ovskite film was held at 200 K in a liquid N, cryostat. The corresponding results for
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Figure 5.1: (Right) Transient four-wave mixing spectroscopy: Interference of £,
with the coherent polarization density excited by E; results in a spatially-modulated
carrier density in the semiconductor sample. Self-diffraction of £, (non-interacting
two-level system) or the polarization density excited by E, (via many-body inter-
actions within the system of electron-hole pairs) constitutes the four-wave mixing
signal emitted along 2k,-k;. Top left: Methyl-ammonium lead-iodide perovskite
crystal structure. CH3NHj; (blue), Pb (green), I (purple). Bottom left: Absorption
spectrum versus temperature, indicating the phase transition around 160 K. [23]
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GaAs at 200 K are shown in Fig. 5.2(b). Despite a similar estimated exciton binding
energy in the room temperature phase of CH3;NH3Pbl; and GaAs, [18,22,24] as
well as a similar Urbach energy, [12] the coherent response from the two materials
differs dramatically. In GaAs, the FWM signal consists of a prominent exciton peak,
and a broad peak at higher energy associated with unbound electron-hole pairs
excited on optical transitions above the band gap. In contrast, for the pervoskite
sample the FWM signal is smooth and featureless for all laser tuning conditions:
Only the overall magnitude of the response varies with laser tuning (Fig. 5.2(c)).
The spectral dependence of the FWM signal from the perovskite film at 200 K is
similar to the laser excitation spectrum (Supplementary Fig. 5.8), indicating only
a free carrier response. The results of FWM experiments on the perovskite film at
10 K are shown in Fig. 5.3(a). In addition to the interband response above the band
gap, a weak shoulder below the band gap is apparent and attributed to the FWM
response of the exciton. [48] FWM results on GaAs at 10 K are shown in Fig. 5.3(c).
While in perovskite the exciton and interband signals are comparable in magnitude,
in GaAs a giant exciton FWM signal is detected. The large exciton signal measured

in GaAs exceeds the interband response by a factor of approximately 15.

The large exciton signal observed in the FWM response of GaAs, which con-
trasts with the linear absorption spectrum at 200 K that shows no discernible exci-
ton (Fig. 5.2(d)), has been studied extensively and is tied to scattering between the
excitons and free carriers mediated by the Coulomb interaction (see Supplementary
Information for more details). [63,72,77,79,84] This many-body interaction, typi-
cally referred to as excitation-induced dephasing, results in an additional FWM signal
at the exciton that is proportional to the slope of the density dependent dephasing
rate. This EID signal is much larger than the non-interacting exciton self-diffraction
signal (i.e. the response expected from a simple two-level system), allowing the ex-
citon FWM signal to persist in GaAs to temperatures beyond 250 K despite the small
exciton binding energy of 4 meV. This many-body signal is easily distinguished from
a non-interacting signal because the width of the exciton peak versus delay is deter-
mined by the bandwidth of free carrier transitions excited by the laser pulse rather
than the intrinsic dephasing rate of the exciton, a consequence of interference be-

tween contributions to the overall exciton diffraction signal from free carriers at
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Figure 5.2: Comparison of four-wave mixing response at 200 K from the
CH;NH;PbI; thin film and single crystal GaAs. The amplitude of the four-wave
mixing signal normalized to the peak value (colour scale) is shown as a function
of the time delay between the two excitation laser pulses and the detection energy
(Ep) for different values of the detuning of the laser energy (E;) from the band
gap energy (E,) (AE=Ep-E,). a Results on CH3;NH;PbI;, with E; = 1.606 eV, and
laser tuning from 1.600 eV (bottom panel) to 1.642 eV (top panel). b Same results
for GaAs, with E;, = 1.465 eV and laser tuning from 1.465 eV (bottom panel) to
1.503 eV (top panel). GaAs shows separate responses from the exciton and free
carrier transitions, where the strong exciton peak is caused by Coulomb coupling
of the exciton with the free carriers via excitation-induced dephasing. In contrast,
the CH3NH;3PbI; shows only a signal from free carrier transitions. ¢ Linear absorp-
tion (red) is shown with spectral slices of the contour plots in a at zero delay for
CH3NH3PbI;. d Same data for GaAs. For GaAs, the laser tuning determines the
relative size of the exciton and free carrier response, whereas in perovksite only the
magnitude of the free carrier response varies with tuning.
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different energies. [72,77,79,84]

It is important to note that the lack of a strong FWM signal tied to excitons
in CH3;NH3PbI; does not imply that excitonic effects (including Sommerfeld en-
hancement in the vicinity of the band gap) are weak. Excitonic effects result from
the Coulomb interaction between electrons and holes and dictate the ground state
excitations of the system. In contrast, our results provide direct insight into the
strength of many-body effects, which concern the coupling of electron-hole pairs
with each other and lead to a hierarchy of interactions and associated FWM signal
contributions. [136] In GaAs, the EID signal at the exciton results from four-particle
correlations tied to scattering between bound and/or unbound electron-hole pairs.
The lack of a strong exciton signal in the results of FWM experiments on the per-
ovskite sample indicates that such scattering interactions are weak (or equivalently
that the exciton dephasing rate is not dependent on the excited carrier density, cor-
responding to a negligible EID coefficient), in sharp contrast to GaAs.

A large exciton tied to the same EID many-body process has been observed in
experiments on a range of inorganic semiconductors (GaAs, InGaAs, InP, Ge) and in
a variety of situations in such materials (quantum well excitons, magneto-excitons,
and excitons tied to the spin-orbit split-off band gap). [72,77,79, 84] Furthermore,
strong exciton-carrier scattering has been observed in these systems at densities as
low as 1x10% ecm~3. [63] The weak exciton response in the perovskite thin film
suggests that exciton-carrier scattering effects are negligible in this system, repre-
senting a fundamental departure from the inorganic semiconductors with respect
to many-body interactions, and thus a fundamental difference in the physical pro-

cesses governing carrier relaxation and transport in these materials.

5.4 Long Interband Dephasing Time in CH3;NH;3;Pbl;: Weak Carrier-Carrier

Scattering

The coherence decay time (7) indicates the time scale associated with the fastest
scattering events for either electrons or holes following optical excitation, including
potential interactions with defects, phonons or other charge carriers. For unbound
electron-hole pairs, 7 may be extracted from the decay of the FWM signal above the

band gap versus the interpulse delay by fitting to a standard photon echo response
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[62] (see Supplementary Information for more details). While the decay of the
interband response at 200 K in both GaAs and perovskite is comparable to our time
resolution (~50 fs), for both samples the dephasing dynamics are resolvable at 10 K.
The delay dependence of the 10 K FWM signal was analyzed at a detection energy
10 meV above the band gap, yielding the scattering time associated with low-energy
unbound electron-hole pairs. The dephasing time extracted from the results on the
perovskite sample in Fig. 5.3(a) is 220 fs. The results for GaAs in Fig. 5.3(c) yield
a dephasing time of 60 fs. The slower coherence decay for electron-hole pairs in
CH;3NH;PbI; is surprising given the relatively high density of defects present in the
solution-processed film. The density of defects in similar films has been estimated
at 1x10% e¢cm=3 to 2x10'" ecm~3, [137, 138] much larger than in crystalline GaAs
for which the defect densities are typically <10 cm=3.

The slower carrier dephasing in CH3NH3Pbl; relative to GaAs is due to much
weaker Coulomb scattering between free carriers in the perovskite sample, as shown
in Fig. 5.4, which shows 7 versus the optically-injected carrier density (n.;, evalu-
ated using the measured total absorbed power from both excitation beams, laser
repetition rate, sample thickness and measured laser spot size). The rapid inter-
band dephasing process in GaAs has been well characterized and is governed by
strong carrier-carrier scattering, described by a dephasing rate % = % + cne%h, where
the 1 exponent describes carrier-carrier scattering in the bulk film (i.e. for carriers
with 3 degrees of freedom of motion), c is the EID coefficient, and the offset % is
due to coupling to phonons. [65,139] Fig. 5.4 shows the measured dephasing time
at 10 K from our GaAs film as a function of n.,. For comparison, the results of
measurements in bulk GaAs at 300 K from Ref. [ [139]] are also shown in Fig. 5.4.
All of the measured results for GaAs fit well to the 1/3 power law, showing dom-
inant carrier-carrier scattering. In Ref. [ [139]] the 1/3 power law was found to

hold over three orders of magnitude in density, down to 2x10'® cm ™3

, and a strong
dependence of the dephasing rate on carrier density has been observed in earlier

studies in GaAs for n,., as low as 1x10'3 ecm—3. [63]

The dephasing time for the CH;NH;3PbI; sample is independent of n., over the

-3

accessible measurement range down to 4x10'® c¢m (The range of accessible

carrier density is limited by laser power on the high side and signal to noise and
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Figure 5.3: Four-wave mixing results for CH;NH;Pbl;, low-temperature-grown
GaAs, and GaAs at 10 K. Upper panels: FWM signal (contour scale) versus pulse
delay and photon energy. Lower panels: spectral cuts at zero delay together with
laser spectrum. The band gap for each sample is indicated by the dashed line.
LT-GaAs and GaAs both show an exciton response caused by exciton-carrier scat-
tering, indicating that defect-induced localization associated with the high density
of defects in the LT-GaAs film (~10 cm~2) does not suppress many-body effects.
For the perovskite sample, only a weak exciton signal relative to the interband re-
sponse is observed and the coherent emission persists to longer time scales than
GaAs or LT-GaAs, indicating weak many-body interactions tied to exciton-carrier

and carrier-carrier scattering.
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Figure 5.4: Electron-hole pair dephasing times versus the excited carrier den-
sity for CH;NH;PbI;, low-temperature-grown GaAs, and GaAs. The 10 K results
for GaAs and LT-GaAs from Ref. [65] were taken on the same samples as stud-
ied in this work. The 300 K GaAs experimental data and fit were extracted from
Ref. [139]. The dephasing time for perovskite is >3 times larger than GaAs under
the same conditions and is independent of carrier density, indicating that carrier-
carrier scattering does not contribute to dephasing. This contrasts with GaAs, for
which carrier-carrier scattering dominates over all other interactions at densities
down to 1x10% e¢m ™2 and temperatures up to 300 K. [63,139]
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on the low side.) The 10 K measured value for 7 in GaAs of 60 fs corresponds to
a more than 3-fold shorter value in crystalline GaAs than in the solution-processed
CH;NH;PbI; film. These results indicate that, at the densities relevant for solar
cell device operation (<10 em~3), Coulomb-mediated carrier carrier scattering is
negligible within the perovskite system, in contrast to GaAs in which such effects

strongly dominate.

5.5 Role of Defects: Comparison to Low-temperature-grown GaAs

A possible explanation for the weak many-body effects we observe in CH;NH;3PbI;
is strong carrier localization tied to the high density of defects in the solution-
processed film. [135] Recent calculations using density functional theory suggest
that the density of deep defects is low in this system, accounting for the long ob-
served diffusion lengths tied to weak non-radiative recombination, [11] but that
there is still a high density of shallow point defects tied to methylammonium in-
terstitials and lead vacancies. [88] In addition to these shallow point defects, a
shallow spatially-varying potential is present associated with long-range correlated
orientations of methylammonium molecules, which results in static disorder at low
temperatures and dynamic disorder at room temperature. [90] The shallow local
potential fluctuations caused by the above defects and correlated MA orientations
can lead to charge localization, which may reduce the strength of Coulomb coupling
between charge carriers in CH3;NH;PbIs;.

In order to gain insight into the potential role of defects in reducing many-body
effects, here we contrast the FWM responses of the GaAs and perovskite samples
with corresponding measurements on a companion GaAs sample grown at a lower
substrate temperature (250°C), for which defects are intentionally incorporated.
The resulting material is commonly referred to as low-temperature-grown GaAs
(LT-GaAs), and has been studied extensively over the past two decades due to its
applicability to THz sources and detectors. [140] Growth at 250°C leads to excess
As, including a large density (~1x 10 cm~3) of Asg, antisite defects and As clusters
that cause both mid-gap trap states and local potential fluctuations. [140]

The results of FWM experiments on the LT-GaAs sample are shown in Fig. 5.3(b).

The FWM spectrum consists of a distinct exciton peak and a broadband response
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associated with the transitions above the band gap, similar to the results in GaAs
(Fig. 5.3(c)) albeit with a weaker fractional response from the exciton in compar-
ison to the interband transitions. A shoulder is also observed for photon energies
below the exciton in LT-GaAs, which has been attributed to the Urbach band tail tied
to As disorder. [70] The key observation for the purposes of this work is that the
exciton feature remains in the FWM response of LT-GaAs despite the large amount
of disorder. Recent prepulse four-wave mixing experiments have confirmed that the
observed exciton peak in LT-GaAs is caused by exciton-carrier scattering. [64] The
dephasing process of free carriers is also dominated by carrier-carrier scattering in
LT-GaAs, as shown in Fig. 5.4.

The dominant influence of many-body effects on the carrier kinetics in LT-GaAs
mimics the situation in GaAs, suggesting that the high density of defects in the LT-
GaAs film does not strongly reduce interactions between charge carriers. The origin
of the weak Coulomb interactions among carriers in the CH3;NH3PbI; system, which
possesses a lower defect density than LT-GaAs by several orders of magnitude, is
therefore unclear. Nevertheless, a role played by disorder cannot be ruled out as
carrier localization effects will be a sensitive function of the depth and correlation
length of the defect-induced local potential fluctuations. [141] Both the nature of
defects and their influence on charge localization are currently under intense inves-

tigation in the methylammonium trihalide perovskite family of materials. [88,90]

The slow spatial variation of the potential tied to the MA cation orientation in
the organic-inorganic perovskite has no analog in inorganic semiconductors. The
similar strength of many-body interactions within GaAs and LT-GaAs points to this
slowly-varying potential, rather than point defects, as the most likely source of
carrier localization and associated diminished many-body interactions in the hybrid
perovskites. We note that evidence for large polaron formation and a reduction
in the carrier cooling rate has been observed in single crystals of CH3NH3;PbBr3
[142] and more recently in CH3NH;3PbI; solution processed films [143], where the
orientational motion of the MA cations in the tetragonal phase screens the Coulomb
interaction responsible for electron-LO phonon coupling (Frohlich interaction). We
observe evidence for weak many-body effects in both the tetragonal phase (via weak

exciton-carrier scattering) and in the orthorhombic phase (via weak exciton-carrier
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and carrier-carrier scattering). Dynamic large polaron formation likely plays a role
in our findings within the tetragonal phase, representing a dynamic self-trapping
process. The localization effect we observe in the orthorhombic phase tied to the
correlated (yet frozen) MA orientations is a static version of this process, resulting in
a similar protective effect that reduces the rate of scattering between electron-hole

pairs.

5.6 Conclusions and Outlook

The emergence of CH3NH;PbI; for high efficiency solar cell applications has intro-
duced a complex yet urgent materials science challenge in the need to unravel the
photophysical properties of these materials, for which the combination of both or-
ganic and inorganic constituents has led to unexpected high performance as well
as subtle complexities. This fundamental understanding must be developed in the
context of competing technologies based on organic and inorganic solar cell materi-
als. The scattering processes that occur during carrier relaxation, drift and diffusion
are especially crucial to device function. While incoherent techniques such as pump
probe spectroscopy have provided valuable information about carrier cooling and
recombination, assessing the relative strength of the operative scattering processes
is essential, especially at carrier densities relevant for an operating solar cell de-
vice. Direct access to such scattering process necessitates a coherent optical probe
that measures the time scale for decay of quantum coherence within the electron-
hole pair system, reflecting the transition between the quantum kinetic and thermal
regimes following optical excitation of the semiconductor.

By contrasting the coherent nonlinear optical response of a CH3NH3PbI; thin
film with crystalline GaAs, our experiments illuminate crucial differences between
perovskites and inorganic semiconductors used in solar cells and optoelectronics.
At densities relevant for solar cell device operation, there is no evidence of many-
body effects in perovskite, despite the fact that such effects strongly dominate the
carrier kinetics in inorganic group III-V and group IV semiconductors. These weak
many body effects are evidenced by a lack of many-body-related enhancement of
the exciton four-wave mixing signal tied to weak exciton-carrier scattering and a

dephasing time for free carriers that is independent of density. The former effect
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is observed in both the tetragonal and orthorhombic phases, indicating that the
weak many-body effects are a universal property of the material. These findings
are in stark contrast with our experimental results in GaAs and LT-GaAs, for which
these many-body scattering effects strongly dominate. Our experiments highlight
the need for further studies to characterize disorder and it’s potential influence
on carrier localization within the organic-inorganic perovskite solar cell materials,
including the importance of the long-range correlated potential tied to the methy-

lammonium cation orientations.
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5.8 Supporting Information

5.8.1 CH3;NH;PbI; thin-film preparation

The CH3NH;PbI; samples were prepared using a modified sequential deposition
procedure reported in [118]. A solution in DMF of 1M Pbl, (mixed under argon)
was stirred at 70°C for 12 hours. The solution was filtered through a 0.45 um
pore PTFE filter into a 70°C, clean glass vial prior to sample preparation. The
temperature of the lead iodide solution was maintained at 70°C throughout the
deposition. 300 ul of the solution was cast onto a static sapphire substrate at room
temperature, and then spun at 5000 rpm for 60 seconds. The lead iodide film
was transferred to a 70°C hotplate for 15 minutes to remove the residual solvent.
300 xl of methylammonium iodide solution in isopropanol was deposited onto the
lead iodide film, rotating at 4000 rpm for 60 seconds. The films were then annealed
in an argon atmosphere at 100°C for 2 hours. Samples were stored under argon,
and subsequently transferred to the optical cryostat within the glove box prior to
optical experiments to avoid exposure to air. Characterization of the CH3NH;Pbl;
thin film morphology using scanning electron microscopy indicated good uniformity

Fig. 5.5. The absorption spectrum was measured using a CARY UV-VIS absorption
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spectrometer as a function of temperature (see Fig. 5.1), showing the Varshni blue
shift with increasing temperature typical of lead composite semiconductors with
positive thermal expansion coefficient of the bandgap. The phase transition around
160 K is also observed, in agreement with previous work [23]. X-ray diffraction
on a companion sample grown with the same recipe indicated full conversion to

perovskite with no residual lead iodide.

5.8.2 Molecular beam epitaxy growth of GaAs and LT-GaAs

The GaAs epilayers were grown using molecular beam epitaxy. A 100 nm GaAs
buffer layer was deposited onto a GaAs (001) semi-insulating substrate, followed
by 175 nm of Alj;Ga, 73As, forming a stop etch layer. 800 nm of GaAs was then de-
posited on top of the Alj 57Gag 73As layer. The substrate was held at 600°C through-
out the deposition of all layers for the GaAs sample, while for the LT-GaAs sample
the substrate temperature was lowered to 250°C prior to deposition of the 800 nm
top layer. In preparation for four-wave mixing experiments, the samples were glued
face down to c-cut, 1 mm thick sapphire windows with Norland optical adhesive,
and the substrate was removed using mechanical grinding followed by wet etch-
ing. Linear absorption measurements on the GaAs and LT-GaAs films were carried
out using a continuous wave white light source (Ocean Optics LS-1) Fig. 5.6. The
absorption coefficient was extracted from the measured transmission data using a
self-consistent analysis taking into account Fabry-Perot effects. Some residual Fabry-
Perot oscillations appear in the data below band gap (e.g. the small bump and dip
around 1.49 €V in the absorption spectrum for both samples). The direct band gap
occurs at 1.5068 eV. The GaAs sample grown at 600°C shows a clear excitonic peak
and sharp band edge response, whereas the defect-rich LT-GaAs sample shows no
excitonic peak and a smeared band-edge, consistent with previous linear optical
studies on LT-GaAs [144]. The absorption tail below the band gap in LT-GaAs is tied
to band tail states and absorption between the mid-gap Asg, impurity band and the

conduction band [69].
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5.9 Optical experiments

A schematic diagram of the four-wave mixing setup is shown in Fig.5.7. The op-
tical source is a Ti:Sapphire oscillator (Coherent Mira 900 seed). At the sample
position, the laser pulse duration is approximately 50 fs after group velocity dis-
persion (GVD) compensation using a home-built prism pulse compressor. After the
pulse compressor, the beam from the laser source is passed through a beam splitter,
resulting in a power ratio of 2:1. One beam is reflected from a light-weight retrore-
flector mounted to the cone of a speaker, enabling approximately 1 ps of path length
adjustment, and the other beam is sent along a fixed delay line controlled by a man-
ual translation stage. The speaker is driven with an amplified sinusoidal wave form
from a function generator at 12 Hz. This fast scan detection mode enables effective
noise cancellation and averages over slow drifts in the laser source intensity. The
four-wave mixing signal is directed through a monochromator (Oriel Cornerstone
260) and detected using a photo multiplier tube (PMT). The PMT signal is recorded
versus interpulse delay using a National Instruments data acquisition card triggered
by the function generator and Labview software. For selected experiments, a pulse
picker was inserted prior to the optical setup, resulting in no change in the four-
wave mixing signal characteristics down to a rep rate of 800 kHz aside from GVD-
induced temporal broadening. For the majority of experiments, the pulse picker
was removed to maximize the time resolution of the measurements. The carrier
density was estimated from the sum of average powers of the two input excitation
laser beams, as well as the measured reflected and transmitted average laser pow-
ers taking into account reflections at the cryostat windows surfaces, the interface
between the sample and sapphire, and the back surface of the sapphire window.

More details regarding the experimental techniques are found in Ref. [145].

5.10 Many-body exciton signal caused by exciton-free carrier interactions

Coulomb interactions between bound excitons and unbound electron-hole pairs
may be probed to very low carrier densities in four-wave mixing experiments as
these interactions produce a strong signal at the exciton when broad-bandwidth

excitation pulses are used to simultaneously excite excitons and free carriers. The
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free carriers cause a renormalization of the exciton self-energy [146], which leads
to both phase-breaking scattering interactions and a shift in the exciton transition
energy. These effects, which are referred to as excitation-induced dephasing and
excitation-induced shift, modify the optical parameters of the exciton by an amount
that depends on the density of free-carriers. As a result, the polarization excited
on the exciton transition can diffract from the population grating excited on the in-
terband transitions, resulting in a strong many-body four-wave mixing signal at the
exciton. As the interaction between the exciton and free carriers is independent of
the free carrier energy [84], interference between contributions to the free carrier
grating at different energies leads to an exciton response with a temporal width
that depends on the total bandwidth of free carrier transitions excited. For more
information on the coherent response of the semiconductor including many-body
interactions, see Refs. [64,72,79,84,86,111, 146].

5.11 Extraction of electron-hole pair dephasing times

The dephasing time for electron-hole pairs above the band gap was extracted by
fitting the four-wave mixing signal versus the interpulse delay (7,) to a photon echo
response characteristic of the inhomogeneously-broadened interband transition in
the semiconductor. The associated functional dependence was taken from Ref. [62],

and is given by:

J= Ae BT+ (220 (5.1)
N
where 9 z
_ —t2
O(x) = ﬁ/o e " dt (5.2)

In Eq. 5.1, dw is the degree of inhomogeneous broadening calculated from the
width of the four-wave mixing spectrum at zero delay, and the dephasing time
T5 is the only fitting parameter. This function was convoluted with a Gaussian
pulse with a width equal to the temporal duration of the autocorrelation of the
laser pulse measured at the sample position. To reflect the fact that the four-wave
mixing signal is a third order nonlinear response, the width of the Gaussian used for
convolution was 15% lower than the pulse autocorrelation width. Since dw and the
Gaussian pulse width used for convolution are fixed by experimental measurements,

the dephasing time T2 is the only fitting parameter. The error bars in Fig. 5.4 in
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the main text were found by repeating the fitting procedure taking into account a
+5% fluctuation in the measured width of the pulse autocorrelation and the signal

to noise level.

Figure 5.5: SEM image of the CH;NH;3PbI; thin-film studied in this work.
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Figure 5.6: Linear absorption spectra at 10 K for high-temperature-grown GaAs
(HT-GaAs) and low-temperature-grown GaAs (LT-GaAs).
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Figure 5.7: Schematic diagram of the four-wave mixing apparatus.
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Figure 5.8: Four-wave mixing spectrum at zero delay (red curves) and excitation
laser pulse spectrum (black curves) for CH;NH;3Pbl; (left) and GaAs (right), mea-
sured at a sample temperature of 200 K. The GaAs results indicate a coherent re-
sponse of both exciton and free-carrier transitions, whereas the perovskite sample

shows only a free-carrier response.
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Figure 5.9: (Left) Results of four-wave mixing experiments on CH3NH;PbI; at 10 K,
showing the amplitude of the signal (contour scale) as a function of energy and
interpulse delay. The horizontal dashed red line illustrates the band gap and the
white line shows the detection energy used to extract the dephasing time (10 meV
above band gap). (Right) Delay dependence of FWM signal at 1.653 eV (solid black
curve) with fit to Eq. 5.1 (red dashed curve).
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Ultrafast acoustic phonon scattering in CH;NH;3PbI;
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Electron-phonon coupling plays a crucial role in carrier dynamics and charge trans-
port in optoelectronic systems. The electron-phonon coupling in MAPI perovskite
has been a topic of debate in recent years due in part to the complexity of fitting
perovskite into standard scattering models. Here we use coherent spectroscopy to
study the dominant electron-phonon scattering processes in the low temperature
phase and model the dephasing signal to find clues regarding the fastest scatter-

ing processes. We find that the electron-phonon coupling is dominated by ultrafast
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acoustic phonon carrier scattering, and identify the Rashba effect as a potential

mechanism that leads to an increase in electron-phonon interactions.

6.1 Abstract

The hybrid organic-inorganic perovskites are of great interest for applications in
spintronics owing to the colossal Rashba effect in these materials. This Rashba cou-
pling strongly modifies the dispersion relation, leading to an indirect band gap and a
mixing of the spin and momentum degrees of freedom. These features of the Rashba
spin-split band structure are expected to have a marked impact on carrier energy re-
laxation and transport in these materials. Using four-wave mixing spectroscopy, we
reveal an ultrafast acoustic phonon scattering time of 110 fs. Our simulations show
that the Rashba effect results in a six-fold increase in the low-temperature scatter-
ing rate over that expected from a simple parabolic band. Carrier scattering with
ionized impurities dominates below 30 K, with an estimated impurity density from

the measured scattering time of 1.7x10'7 cm™®

. Our simulations yield a Rashba
parameter of 7, = 2 eVA, likely dominated by symmetry breaking at surfaces and

interfaces in our solution-processed films.

6.2 Introduction

With the recent observation of a colossal Rashba Effect (RE) in CH;NH;PbBr; [147]
with a magnitude comparable to the record set in BeTel [148], the family of hybrid
organic-inorganic perovskites have emerged as promising materials for semicon-
ductor spintronics [97]. The RE results from the breaking of inversion symme-
try in conjunction with spin-orbit coupling [103, 104], which is large in the hy-
brid perovskites owing to the incorporation of heavy elements (Pb, I, Br). This
results in a lifting of the degeneracy of the spin states and provides a means to
manipulate carrier spin without the need for external magnetic fields [149-151].
The ground-breaking observation in CH3NH3;PbBr3 using angle-resolved photoe-

mission spectroscopy [147] has stimulated the search for experimental evidence
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of the RE in other hybrid perovskite materials using a variety of techniques, in-
cluding photoluminescence [152,153] electro-absorption [154], precessional spin
relaxation [155], transient polarization anisotropy [156], and the circular photo-
galvanic effect [157]. While the origins of symmetry breaking in the various phases
of the hybrid perovskites have received considerable theoretical attention in recent
years [106, 110, 158-167], the observation of a large Rashba spin splitting in a
range of HOIPs including thin film samples prepared under a variety of conditions
is promising for the prospect of developing spintronic devices using these materi-
als [149-151,168-173].

For the application of HOIPs in spintronics and the optimization of other op-
toelectronic devices using these materials including photovoltaics [5], detectors
[174], and optical sources [9, 175-177], it is essential to understand the impact
of the colossal RE on carrier relaxation and transport. The splitting tied to the
RE shifts the band edges away from the high symmetry point in the corresponding
inversion symmetric structure. This leads to an indirect band gap separated from
the direct gap by a relatively small energy (~50 meV) [55,153], a feature that has
been invoked to explain the simultaneous presence of a large absorption coefficient
and long carrier recombination time in CH3NH;3PbI; leading to high solar cell effi-
ciencies [110,112,160,161,164,178,179]. Much less is known about the effect of
Rashba coupling on the dominant scattering processes in HOIPs [180], despite the
crucial role played by these scattering processes in the operation of optoelectronic
devices. The Rashba band edge dispersion relation and the mixing of the momen-
tum and spin degrees of freedom are expected to strongly impact these scattering

processes [99].

Here we report temperature-dependent four-wave mixing (FWM) studies on a
thin film of CH3NH;PbI3. Four-wave mixing in the self-diffraction geometry probes
the time scale for the decay of quantum coherence in the electron-hole system, pro-
viding access to the dominant scattering processes for charge carriers [47-49]. Our
findings reveal an ultrafast acoustic phonon scattering time of 110 fs. We show that
this rapid scattering time is caused by the change of the density of states near the

band edge induced by the RE [112]. Simulations of the temperature-dependent
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dephasing rate provide quantitative agreement with the measured four-wave mix-
ing results. Our calculations indicate a Rashba coupling strength of . = 2 eVA,
attributed to the inversion symmetry breaking tied to the surfaces and interfaces in
our solution processed film [164,165,181]. Our experiments also reveal an impor-
tant role played by carrier scattering with ionized impurities, which dominates for
temperatures below 30 K. Our experiments enable the extraction of an upper bound
on the impurity density of 1.7x 10" cm~3. Our findings provide insight into the im-
pact of strong Rashba coupling on the fundamental carrier scattering processes in
the hybrid perovskite family of materials.

The Rashba effect originates from spin-orbit coupling together with a lack of
inversion symmetry. The Hamiltonian of the conduction band at a given momentum
k = (k. cos ¢,k sin ¢, k,), in the presence of the Rashba effect, reads

2

h
H.=E)+

Im (kﬁ_ + kg) + 7c(ky0-x - kxo-y)a (6.1)

where m, is the effective mass, k, = |/kZ + k2, and o,(, are Pauli matrices. The
energy-momentum dispersion of the above Hamiltonian is
hQ

e

Ef = — (kL £ ko)* + k2], (6.2)

where kg = m~,./h* and EY — % = (. The corresponding eigenfunctions for £ in
the spin space are |1 (k)) = \/%(1, +ie*?)T with the spin orientation being a function
of the momentum direction. A schematic representation of the spin-split states in
the conduction band is shown in Fig. 6.1a.

Due to the large RE in the HOIPs [147,152-157], the form of the dispersion
relation in Eq. (2) is expected to have a strong impact on carrier scattering and
relaxation. For instance, the displacement of the band minimum to k, leads to a
weakly indirect band gap, evidence for which has been observed experimentally
in polycrystalline thin films of CH3NH3Pbl; using photoluminescence techniques
[55,153]. The indirect band gap caused by the RE has been invoked to explain the
unexpectedly long recombination times in the HOIPs despite their large band edge
absorption [110,112,160,161,164,178,179]. As we show below, the modification
of the density of states near the band edge tied to the RE also leads to a marked

increase in the rate of acoustic phonon scattering.
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Figure 6.1: a Schematic electron dispersion relation in the presence of Rashba cou-
pling. Light blue arrows indicate the direction of the Rashba effective magnetic field
as a function of in-plane wavevector, representing the equilibrium spin texture for
each spin band. An elastic scattering event with an acoustic phonon of wavevec-
tor ¢ (green arrow) in the lower spin band is indicated schematically. b Four-wave
mixing signal for two different temperatures (blue curves), together with fits to a
photon echo (red curves), yielding values of 7, = (400 4+ 10) fs [(125 + 10 fs)]
for 30 K [90 K]. The laser pulse fluence was 1.3 ©J/cm? and the laser was tuned to
1.65 eV, exciting optical transitions near the band edge. ¢ Four-wave mixing signal
versus interpulse delay and detection photon energy for various temperatures. The
signal decays more rapidly at higher temperature.
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The carrier scattering processes were studied in a thin film of CH3NH3PbI; using
FWM in the two pulse self-diffraction geometry. [47] The thin films were prepared
using a sequential deposition procedure described previously [48,49,118]. In the
FWM technique, two laser pulses E, (t) and EE(t — 7) propagating with wave vectors

"ne

k1 and ks are used to excite the sample. The decay of the so-called "self-diffraction”
signal along 2k,—k, versus interpulse delay  indicates the time for loss of coherence
on the optical transitions in the sample. Since the scattering of either carrier type
(electron or hole) changes the phase of the oscillating dipole on the electron-hole
pair transition, this technique provides a sensitive probe of the fastest scattering

process involving charge carriers.

6.3 Results and Discussion

The results of FWM experiments are shown for two different temperatures in Fig. 6.1b.
The FWM signal was fit to a photon echo response [62] convoluted with the laser
pulse duration (55 fs) to obtain the interband dephasing time (73) at each tem-
perature. The corresponding fits are indicated by the red curves in Fig. 6.1b. The
spectrally-resolved FWM signal is shown for a range of temperatures in Fig. 6.1c.
The weak oscillations in the results for 30 K are tied to excitonic quantum beats,
as discussed previously [48]. These quantum beats disappear and the FWM signal
decays more rapidly as the temperature increases, reflecting faster carrier scattering
at higher temperatures. The FWM signal decay time was below the resolution of
our experiments for temperatures above 110 K. The dephasing rate (TLQ) extracted
from fits to the FWM signal is shown in Fig. 6.2a as a function of temperature and
detection photon energy. le increases with increasing carrier energy relative to the
band gap, depends weakly on temperature below 30 K and increases rapidly for
higher temperatures.

The relatively constant dephasing rate below 30 K in Fig. 6.2a is attributed to
scattering with ionized impurities. The rate of ionized impurity scattering may be
obtained from the analysis of Conwell and Weisskopf [182] modified to describe
interband dephasing rather than momentum relaxation. (The latter contains a di-

rectional factor 1 — cos 6 with 6 being the scattering angle; i.e., a forward scattering
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Figure 6.2: a The interband dephasing rate Tiz obtained from fits to the four-wave
mixing signal (symbols). Pink, green, brown, blue and red symbols correspond to
optical detection energies of -10, -5, 0, 5, and 10 meV with respect to the band
gap. b Same data as in a after subtraction of the dephasing rate at 10 K, attributed
to scattering with ionized impurities. The resulting data is the dephasing rate tied
to scattering with phonons, which is nearly independent of carrier energy in the
vicinity of the band edge.
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does not impact the momentum relaxation time, but does reduce 75.) The result-

ing dephasing rate may be expressed as 7; ' = ZN }/ %v, where N, is the density of
ionzied impurities and v = \/% is the carrier velocity and Fj, the kinetic energy.
The rate of ionized impurity scattering is independent of temperature and increases
with Ej. Using the measured dephasing rate at 10 K, we estimate the density of
ionized impurities to be 1.7x10'"cm 3.

If we subtract the 10 K dephasing rate from the measured results at each value
of E}, the residual dephasing rate (Fig. 6.2b) accounts for all other carrier scatter-
ing processes. Given the strong increase in the dephasing rate with temperature
above 30 K, and the low rate of carrier-carrier scattering in CH3NH3PbI; at the
excitation density used in these experiments (2x10'% ecm~2) [49], the residual de-
phasing process is attributed to carrier scattering with phonons. The overall rate
of phonon scattering is faster than that expected for a simple parabolic band given
known parameters for the phonon coupling strength and the value of the optical
phonon energies [112,180]. We show below that both the ultrafast scattering rate
and the constant rate versus £ are well described by acoustic phonon scattering
taking into account the impact of the RE on the dispersion relation.

The interband dephasing rate due to carrier scattering with both acoustic phonons
and polar optical phonons was calculated following a model developed previously
[180]. The electron-phonon coupling can be expressed as

Hep = (Vabgeh goChs + Vg blchCigs) (6.3)

kgs
where cLs creates an electron with momentum £ and spin s (=1,/), b; creates a
phonon with momentum ¢, and the two terms describe phonon absorption and
emission processes, respectively. Since H,, does not change electron spin, the ma-
trix elements between electron eigenstates, My, (k, k') = (Y4 (k)| Hep|t+ (k)), in the

presence of RE are

M, (kK) = M__(k k)= Vk/_kT, (6.4)
1 — ei(¢1_¢)
M, (kK = M_,(kK)= Vk/_kT. (6.5)
The coupling between electrons and acoustic phonons is
: ho\NY2  shog\1/2
V, =ik prq) 0= (5) Vi 6.6)
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where E; is the deformation potential coupling for the conduction band, p is the
material density, w, = v,q is the acoustic phonon dispersion with v, being the ve-
locity of sound in the material, and ¢, = pv? is the longitudinal elastic constant. In

HOIPs, the polar coupling for electrons can be expressed as

Vi — —@Z (5" m; (gmizwl)m 6.7)

where o; is the dimensionless polar coupling strength for the jth optical phonon
mode [180]. The scattering rate can be calculated from the Fermi’s golden rule.
In our calculations, we restrict ourselves to the scattering rate of electrons. As we
show below, the RE strongly enhances the rate of acoustic phonon scattering. Since
the magnitude of the RE in the valence band is expected to be weaker than in
the conduction band due to the dominant contribution of the Iodide 5p orbital to
the valence states [99], electron scattering is assumed to dominate the interband
dephasing process. The magnitude of the Rashba coupling strength ~, was taken as

an adjustable parameter to obtain the best fit to the experimental results.

The results of theoretical simulations of the interband dephasing rate including
scattering with acoustic and polar optical phonons is shown in Fig. 6.3a, together
with the experimental data. For these simulations, only one optical phonon mode is
included tied to the Pb-I stretching mode, which was shown previously to have the
largest polar optical coupling (a, = 1.1) with phonon energy fuw, = 16.7 meV [180],
and the value of the Rashba coupling strength is 7. = 2 eVA. The theoretical simula-
tions provide good quantitative agreement with the experimental results, including
both the temperature dependence and the lack of dependence of the scattering rate
on carrier energy. The contribution of each phonon scattering process to the cal-
culated dephasing rate at a temperature of 50 K is shown as a function of electron
energy in Fig. 6.3b. The solid (dashed) curves indicate the scattering rates with
(without) Rashba coupling. Acoustic phonon scattering dominates over polar opti-
cal phonon scattering for the full range of temperatures considered here (<110 K).

The rate of acoustic phonon scattering is strongly enhanced for electrons ener-

gies near the band edge with Rashba coupling included. This strong enhancement

is the origin of the ultrafast interband dephasing observed in our experiments. Our
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Figure 6.3: (a) Results of theoretical simulations of the interband dephasing times
(solid curves). The experimental data (symbols) are the same as in Fig. 6.2a. (b)
Calculated scattering rate as a function of electron energy tied to acoustic phonon
scattering (black), and polar optical phonon scattering (red: phonon absorption;
blue: phonon emission). Solid (dashed) curves show the results of calculations with
(without) Rashba coupling, showing the strong enhancement of acoustic phonon
scattering caused by the Rashba effect. (c) Calculated density of states in the con-
duction band including the Rashba splitting. The DOS is constant for electron en-
ergies below the onset of states involving the higher energy spin band, in contrast
to the v/E dependence for a parabolic band without Rashba coupling.
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calculations indicate an enhancement of the low temperature acoustic phonon scat-
tering rate of 6x relative to the case of a simple parabolic band without Rashba
coupling. The RE also modifies the energy-dependence of the scattering rate tied to
acoustic phonons, which changes from an approximately square-root dependence
without Rashba to constant with the RE included. This feature is tied to the con-
stant density of states in the lower-energy spin band (Fig. 6.3c), and explains the
lack of an observed dependence of the dephasing rate on carrier energy near the
band gap. The ,/q dependence of the acoustic phonon coupling strength also con-
tributes to the enhancement of the scattering rate as the RE leads to an increase in
the average |¢q| for phonon scattering near the band minimum (Fig. 6.1a).

Since the CH3NH;3PbI3 sample we study here is a polycrystalline thin film, the RE
we observe is likely dominated by inversion symmetry breaking at the surfaces and
grain boundaries [164, 165, 181]. The surface reconstruction leads to a redistribu-
tion of the conduction and valence states, resulting in a strong surface dipole [165]
that has a penetration depth comparable to the film thickness (265 nm) [181]. The
value of v, = 2 eVA we extract from our simulations is in good agreement with a
recent calculation of the surface RE using density functional theory [164] as well as
recent observations in CH3NH;3PblI; films in the orthorhomic phase using the circular

photogalvanic effect [157].

6.4 Conclusions

In conclusion, we have applied four-wave mixing to measure electron scattering
times in thin films of CH3NH3PbI;. Our results indicate that the strong Rashba
coupling in this system enhances the rate of acoustic phonon scattering for band
edge carriers, by a factor of 6 at low temperature, due to the constant density of
states in the lower spin subband. The resulting acoustic phonon scattering time is
110 fs at 110 K. Our simulations give quantitative agreement with the measured
dependence of the interband dephasing time on temperature and carrier kinetic
energy with a Rashba coupling strength of 7, = 2 eVA, believed to be dominated by
inversion symmetry breaking at surfaces and interfaces in the polycrystalline thin
film. The large strength of the Rashba effect we observe, which is in line with other

recent experiments in the HOIPs [147,152-157], is promising for the prospect of
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developing spintronic devices using these materials. Our experiments also indicate
that scattering with ionized impurities dominates for temperatures below 30 K,
with an estimated density of 1.7x10' e¢cm™3. Our findings provide insight into
the influence of the strong Rashba effect in the HOIPs on carrier relaxation and

transport, with implications for a wide range of device applications.
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Chapter 7

Conclusion

Perovskite photovoltaic materials have gained critical acclaim worldwide as a po-
tential solution to our growing demand for clean and renewable energy. As an
alternative to fossil-fuel based energy production technologies, the advantages of
perovskite photovoltaics are obvious. Compared to existing PV technologies, per-
ovskite has the advantage that it can achieve high efficiencies from low temper-
ature, low-cost manufacturing techniques. Existing photovoltaics technologies in-
cluding crystalline and thin-film technologies require high temperature, high cost
manufacturing processes to achieve high crystal purity, and high efficiencies. An-
other advantage is that perovskite is deposited from solution, meaning it can be
deposited on a variety of different substrates and can be building integrated as a
thin-film on facades or as a coating on windows. The high efficiency resulting from
an ideal combination of a large absorption coefficient and long carrier lifetimes
is surprising as perovskite is manufactured using low-temperature manufacturing
processes resulting in a highly defected crystal structure. The fundamental material
properties that lead to these ideal device properties has remained a mystery. This
thesis has advanced the fundamental understanding of the material properties of
MAPI by utilizing coherent spectroscopy techniques that study the fastest scatter-
ing processes in semiconductor systems. This thesis work encompasses the direct
measurement of the exciton binding energy, showed that many-body interactions
are weaker in perovskite than GaAs, and illuminates the effect of the Rashba spin

splitting on carrier-phonon scattering in MAPI perovskite thin-films.

The exciton binding energy is a crucial material parameter that dictates the
mode of transport in the PV device. If the exciton binding energy is significantly
larger than the thermal energy at device operating temperature (kg1), transport is
dictated by the conduction of Coulombically bound electron-hole pairs. If the exci-

ton binding energy is on the order of kg7, transport is dictated by the conduction

99
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of free electrons and holes. We used FWM coherent spectroscopy that is sensitive
to exciton resonances to directly, and simultaneously measure the binding energy
of free excitons, and excitons localized by shallow defect states in the low temper-
ature orthorhombic phase of MAPI. We found that the exciton binding energy for
free (defect-bound) excitons was 13 meV (29 meV). Our measurements clarified
an ongoing debate regarding the binding energy with reported values that ranged

from 2-50 meV and were attained using incoherent optical techniques.

This thesis also reported a study that provided valuable context as to whether
the fundamental material properties of perovskite resemble those of inorganic semi-
conductors. We measured the carrier density dependent scattering of free-carriers
at carrier densities on the order of those typical in operating photovoltaic devices
using FWM coherent spectroscopy. Our results indicate that scattering resulting
from many-body interactions are weak in the MAPI perovskite system compared to
the well known inorganic semiconductor GaAs, revealing a stark contrast between
perovskite and inorganic semiconductors irrespective of the GaAs defect density.
We proposed that dynamic disorder inherent to the MAPI system due to the organic
constituents could lead to carrier localization and weak many-body interactions.

This effect would have no corollary in inorganic systems.

This thesis work also encompassed the measurement of carrier-phonon scatter-
ing times by analyzing the temperature, and energy dependent dephasing time in
the MAPI system using FWM coherent spectroscopy at low temperatures (10-100
K). These experiments showed that the phonon scattering time is extremely rapid.
In collaboration with Zhi Gang Yu at Washington State University, a model was de-
veloped that indicates that acoustic phonon scattering dominates dephasing, with
a scattering time of 110 fs at 110 K. The comparison between the experimental re-
sults and the theoretical simulations also revealed the important role that Rashba

band-splitting plays in enhancing acoustic phonon scattering.

FWM offers the ability to probe carrier scattering at low carrier densities (<
10*¢m=3). In probing this low carrier density regime, our studies strongly contrast
with ultrafast experiments by other research groups [50,133,183]. For example De-
schler et al. reported the measurement of 75, times in perovskite at densities greater

than 10%m =3 [50]. Their experiments revealed a carrier density dependent T5
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time. In this much higher carrier density regime, a nonzero density dependence is
expected because of the influence of screening of the charge carriers. In the room
temperature experiments of Deschler et al, the high carrier density would screen
put the coupling responsible for polaron formation. Such screening effects would
also be apparent in pump probe experiments at densities of greater than 10*cm =3,
explaining the band gap renormalization that has been observed in the past at these
densities [133]. By probing carrier scattering at densitites comparable to the oper-
ating conditions of solar cells, our experiments provide an important contribution

to unraveling the fundamental properties relevant for solar cell operation.

A valuable extension of the present thesis work would be to apply FWM to other
perovskite systems including single-crystal and two-dimensional perovskite. Two-
dimensional perovskites offer enhanced tunability by controlling the thickness of
the octahedral layers which controls the degree of quantum confinement. In ad-
dition, these materials offer flexibility in the choice of organic spacer molecules
that play the role of insulating barriers between the lead-iodide octahedral sheets
in which the charge carriers are confined. Recent experiments suggest that the
coupling between the charge carriers and the phonon modes tied to the organic
constituents is very strong [51]. It would therefore be of value to see if polaronic
effects play a similar role in reducing coupling between charge carriers in these 2D
perovskites. Measuring the dephasing time in these novel systems at low carrier
densities will clarify the fundamental optoelectronic properties in these systems, as

these measurements do not exist in the literature to date.

Furthermore, the experiments utilized in these studies were limited by the finite
tuning range and pulse duration of the laser system (50 fs, 750 nm - 850 nm). In
order to study the full range of carrier dephasing dynamics above and below the
optical bandgap (as a function of temperature) shorter wavelength, and shorter
temporal duration pulses can be utilized. As well, bi-exciton resonances can be
probed using a variety of coherent spectroscopy techniques including 2DFTS (2D-
perovskite), and FWM (3D-perovskite). Such studies would provide further insight

into the role of Coulomb coupling in perovskite systems.

The work presented in this thesis builds upon the onslaught of experimental
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work reported in the literature over the past 5 years of intense research, and ad-
vances the current understanding of the fundamental properties of perovskite. This
work should promote further development of perovskite based photovoltaic tech-
nology, resulting from a clarified understanding of the role of Coulomb coupling

between carriers, and the material environment that they interact in.
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