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Abstract

Recently, intense research activities have been focused on solution-processed
hybrid lead halide perovskite semiconductors which are being developed for the
solar-cell, light emitting diode (LED), and lasing applications. To optimize and
fabricate a competitive perovskite-based optoelectronic device, the fundamental
studies of the electronic structure, photo-generated carrier dynamics as well as the
photoluminescence (PL) & photocurrent (PC) response are necessary and of great
significance.

In this thesis, we have used the temperature dependent phase modulation two-
photon PL and PC microscopy to investigate fundamental photophysics of the
hybrid halide perovskite. Firstly, we investigate the carrier-phonon scattering
process in methylammonium lead bromide (MAPbBr3;) and formamidinium lead
bromide (FAPbBr3) perovskites directly after the excitation by the sunlight or
optical lasers. We found that the charge carrier coupling to the longitudinal optical
(LO) phonons is stronger than the exciton-acoustic phonon coupling in both
MAPbBBr; and FAPbBr; perovskites. The large LO phonon - free charge carrier
coupling strength in MAPbBr; thin films (TFs) at room temperature hinders the
carrier mobility and lowers the PC yield. The charge carriers recombine via exciton
or free charge carrier recombination. By separately quantifying spatially resolved
emission from excitons and free charge carriers in MAPbBr; bulk crystals, we found
that the emission from excitons is predominant in the small isolated localized spot
of the crystal while the emission from the free charge carriers is predominant in the
main bulk crystal. The larger band structure deformation surrounding the localized
spot protects the photo-generated carriers and promotes the first order (10)
recombination. Considering the charge accumulation effect in the high repetition
rate excitation system, the trap states and their dependence on phase transition at
low temperature are explored. We found that the areas with less traps have more
second order recombination emission. With decreasing temperature, the 10
recombination emission is increasing due to the increased exciton population and
the related emission. Besides, the lifetime related to the accumulation effect is
decreasing since the electrons cannot de-trap from the deeper traps. In addition, the
studies on the photo physics processes may help to develop highly efficient
MAPDBBT3; perovskites solar cells and photodetectors. The relationship between the
PC performance with the different emissive states is investigated in a MAPbBTr3
solar cell. The results suggest that the high emissive state at 2.34 eV, corresponding



to the band to band recombination, strongly contributes to the PC, while the lower
emissive state at 2.28 eV does not significantly contribute to the PC since it is a trap
state. When working as a MAPbBr3; microcrystal (MC)-based photodetector, the
carrier transport length can vary from 5.7 um (0.02 V) due to diffusion to 23.2 um
(2 V) due to the drift. For the solar cell and photodetector application, the
inhomogeneous distribution of the trap states introduces spatially inhomogeneous
distribution of PC as well as PL.
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Popular science summary

Due to the increased consumption of energy, and the increased CO; levels, the
development of renewable energy sources, such as photovoltaics and the related
materials is on demand. Solution processed hybrid halide perovskite with low cost
show promising application in solar cells, light emitting diodes and lasers devices.
In order to achieve commercially competitive products comparable or better than
the traditional silicon and gallium arsenide photovoltaic devices, the fundamental
working principles such as light absorption, charge carrier transport and photo
emission processes need comprehensive understanding.

When the material is exposed to the sunlight, free electron hole pairs and excitons
will be generated. These species and the interaction among them will have a
significant influence on the performance of the photovoltaic and light emitting diode
devices. Therefore, in this thesis, aiming to improve the performance of hybrid
halide perovskites, we used the phase modulation two-photon microscopy technique
to investigate the related species and their interaction processes. Based on MAPbBTr3
and FAPbBr; perovskite, the effect of the temperature and spatial inhomogeneity
are also taken into account. It was found that the population of free electron and hole
pairs is predominant at room temperature, which benefits the perovskite-based
photovoltaic devices. The population of excitons is predominant at low temperature,
which benefits the perovskite-based light emitting diode devices. Besides, the
phonon coupling with free electron hole pair and exciton limits the carrier mobility
and lowers the power conversion efficiency of perovskite-based photovoltaic and
lasing devices. Thirdly, the compress strain engineering through structural designs
could improve the performance of perovskite-based light emitting diodes. In
addition, we also found a good sample preparation procedure could reduce the
impurities and improve the performance of the perovskite. Finally, we use hybrid
halide perovskite microcrystals to fabricate photodetectors and it shows great
potentials to work as good photodetectors.
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Chapter 1 Introduction

1.1 Perovskite materials for renewable and sustainable
energy

With increased population, world economy, and urbanisation, the threat of the
looming energy crisis is gradually increasing. While due to the rising CO; emission
by the fossil fuels, the usage of renewable energy from sunlight, wind, hydro, tides,
waves and geothermal heat is increasing steadily'. Photovoltaics works well as clean
energy resource and many kinds of solar cells have been developed such as
crystalline silicon, dye sensitized, quantum dot, organic, and inorganic-organic
heterojunction solar cells®>. Many researchers in various fields, including, but not
limited, to materials science, chemistry, electrical engineering, chemical physics
have joined forces to enhance the power conversion efficiency (PCE) of solar cells
to make it competitive, compared with the traditional fossil fuels. At present,
crystalline silicon and single junction gallium arsenide (GaAs) based solar cells
perform excellentlly with the highest PCE of 27.6 % and 30.5 % under one-sun and
concentrated illumination, respectively (Figure 1.1)*. The PCE can be as high as
47.1 % for the multijunction devices’, exceeding the theoretical Shockley-Queisser
limit which is about 33.7 %°. The cost of such multi-junction solar cells is quite
high, limiting their application mainly to space power. Therefore, it is essential to
find easy fabrication and low cost alternatives, such as organic photovoltaics
(OPVs)” and dye-sensitized photovoltaics (DSPVs)®.

Recently, intense research activities have been focused on solution-processed
hybrid lead halide perovskite semiconductor for their promising application in the
fields of photovoltaic (PV) *"7, light-emitting diodes (LEDs) devices '®?!, light
diode™?, and lasers®*®, due to the unique advantages such as high optical
absorption coefficients, high carrier mobility, long carrier recombination time, and
excellent electron-hole diffusion length®!®!*2>!""1¥ The most efficient perovskite
solar cell has a PCE of 25.2 % (Figure 1.1)*. These above mentioned parameters
have a close relationship with the electronic structure of the material and charge
carrier generation as well as recombination processes when being used for electronic
devices'"'*%,
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Figure 1.1

Reported timeline of solar cell power conversion efficiencies since 1976 (courtesy of the National Renewable Energy
Laboratory, Golden, CO)

The name Perovskite originates from a famous Russian mineralogist Lev Perovski
and refers to the crystal structure of the mineral calcium titanium oxide CaTiOs3, the
chemical formula of which can be represented as ABXs?. For a highly efficient
photovoltaic cell based on perovskite semiconductor, A is a monovalent cation such
as methylammonium (CH;NH;" or MA"), formamidinium (CH3(NH,)," or FA"),
caesium (Cs") or their mixture. The divalent cation B typically represents lead (Pb
(II)) or tin (Sn (II)). X stands for halogen elements which bind A and B together,
including chloride (CI'), bromide (Br), and iodine (I')**. The divalent metal cation
B (such as MA") has a 6-fold coordination and forms an octahedron unit with X
(such as Br").

MAPbBT; perovskites, in particular, are more stable than the iodine (I) counterparts
and can be used in tandem solar cell to harvest visible light”'. There are three
phases, namely cubic (CU), tetragonal (TE), and orthorhombic (OR), for the ABX3
bulk crystal with different orientation and distortion of the BX¢ octahedra and cation
methylammonium (A)*%. The crystal structure of MAPbBr; with TE phase is shown
in Figure 1.2 (a) and (b), respectively. Phase of the hybrid lead halide perovskite
plays an important role in the band structure®, phonon-carrier coupling®**, and
charge-carrier dynamics®®,
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Figure 1.2
(a) Crystal structure of MAPbBr3 perovskite in TE phase. A (MA*), B (Pb (Il)), and X (Br). (b) three-dimensional
perovskite lattice structure.

1.2 Electronic structure of hybrid halide perovskite

In semiconductors, when a number of atoms come together, a band is formed due to
the splitting of each atomic orbital into many energy levels. The highest occupied
band is normally called valence band (VB), while the lowest unoccupied band is
conduction band (CB). The energy gap between CB and VB is called bandgap of
the semiconductor.

It has been widely reported that the band edge states in organic/inorganic lead
bromide perovskite originate mainly from the orbitals of lead and halide’’**. As
shown in Figure 1.3 (a), there are mainly four types of orbital hybridization that
contribute to the CB edge and upper VB. They are bonding Pb (6s) - I (5p) and Pb
(6p) — I (5p) orbitals compositing the deeper VB and antibonding Pb (6s) — I (5p)
and Pb (6p) — I (5p) orbitals compositing the CB edge and VB edge. It is calculated
that the antibonding states at the VB and the bonding states at the CB are likely to
be tolerant to defects in semiconductors™. Besides, the dangling bonds or vacancies
form states which are shallow defects close to the band edges or are within the CB
or VB. While for most of the defect-intolerant semiconductors shown in Figure 1.3
(b), the CB is composited by antibonding states and VB by bonding states.
Therefore, the nonbonding or weakly bonding orbitals act as trap states that reside
deeply within the band gap™®.
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Figure 1.3

(a) Bonding and antibonding orbitals in MAPbIs demonstrating the formation of energy bands relative to isolated p and
s atomic orbital energies. (b) electronic structures of the conventional semiconductors which is defect-intolerant.

1.3 Carrier kinetics

1.3.1 Generation of excitons and free charge carriers

Being exposed to a light with energy larger than the band gap, the semiconductor
material can absorb a photon by which a valence electron is promoted to the CB. If
the photon energy is high, an electron-hole pair with energy significantly higher
than the band gap can be generated. The minimum energy to dissociate the exciton
is called exciton binding energy (Ej). If the thermal energy exceeds the binding
energy E}, the exciton rapidly dissociates into free electron and hole pairs. At the
same time an electron and a hole can meet and form an exciton. These two processes
are in equilibrium where the dissociation rate is determined by the temperature and
the exciton binding energy while the recombination depends on the concentration
of the free charge carriers which is proportional to the excitation fluence. This
equilibrium can be described by the Saha-Langmuir equation®**>4,

x% 1 2mukgT ; b

= ek (L)

where x is the ratio between the free charge carriers over the total excitation density;
n is the excitation density; h is the Planck constant; kg is the Boltzmann constant;

u is the reduced mass of the exciton. This relationship shows that the relative

population of the free charge carriers increases with the increased temperature and
decreased excitation density.



1.3.2 Early stage hot carrier cooling via carrier-phonon scattering

When the charge-carriers have energy above the band edge which corresponds to a
thermal energy that is significantly higher than the lattice temperature, the carriers
are termed as hot carriers. The distribution of the hot carriers is not in equilibrium
and subsequently these hot carriers will relax via processes such as charge-carrier
interaction, in other words, carrier-phonon scattering®. Several groups proposed
that the carrier-phonon coupling limits the charge-carrier mobility and leads to the
emission line broadening in hybrid metal halide perovskites***. They discovered
that the scattering from longitudinal optical phonons (LO phonon) via Frohlich
interaction is the predominant process at room temperature, while the scattering
from the acoustic phonons is negligible. The hot carriers are cooled down by
interacting with LO phonon firstly. A subsequent interaction between the LO
phonon and acoustic phonon will reestablish the thermal equilibrium. The timescale
of the cooling process is quite important for designing an excellent solar cell device
to extract the hot carriers and generate high open-circuit voltage and PCE. While
the timescale of the hot carrier cooling is generally investigated using transient
absorption spectroscopy which is beyond the outline of this thesis. However, the
coupling strength between the phonons and the carriers can be studied by
investigating the photoluminescence (PL) spectral linewidth which is closely related
to the interaction process. The LO phonon interaction strength has an inverse
relationship with the carrier mobility based on the Feynman-Osaka model*>**',
Therefore, the understanding of the hot carrier cooing via carrier-phonon scattering
will give more information on the carrier mobility which is essential to develop high
efficient perovskite photovoltaics and lasers.

1.3.3 Recombination

Besides cooling, the charge carriers recombine. The charge carrier recombination
dynamics can be expressed in terms of the orders of concentration or population —
the first-order (10), second-order (20), third-order (30) in the population, as

. d
expressed through the rate equation d—rtl = —kyn® — k,n? — kyn "' In the

equation, k; is the rate constant associated with 10 recombination, which depends
on the population of electrons (n,), holes (ny) or excitons. If shallow electron traps
are present, k4 is related to the recombination of a trapped electron with surrounding
abundant holes. Analogous process for the trapped holes can also take place. k; is
the 20 charge-carrier recombination rate constant, which depends on the square of
the population — for example multiplication of the population of electrons and holes.
The proportion of the free charge carrier population can be evaluated based on the
Saha-Langmiur (SL) theory’****!. k, represents the rate constant of Auger
recombination in which the recombination energy of the electron-hole pair is



transferred to a third participant, either an electron or a hole. Therefore, the total
recombination rate r(n) (equation 1.2) which influences the charge-carrier
diffusion length Lp (equation 1.3) is the comprehensive result of three combination

mechanisms >3,

r(n) = ksn? + kyn+ kg (1.2)

kpT 1
Lp= [F=— (1.3
D qg r(n) ( )s
where u is the carrier mobility; kg is the Boltzmann constant; q is the elementary
charge and T is the temperature.

Besides, the trap states introduced by the impurities, also make a significant
influence on the recombination kinetics of the carriers!!-'%5%6%:15:3435.32.54°57
Typically, the impurities can be introduced in the form of interstitial impurity atoms,
edge dislocations, and vacancies®.

1.4 Phase modulation two-photon PL and PC microscopy

1.4.1 Two-photon microscopy

1.4.1.1 Two-photon absorption (TPA)

Two-photon absorption microscopy is a popular imaging technique in live animal®’~
! and brain slices™ . It typically uses a near-infrared (NIR) light to generate two-
photon absorption (TPA), which was originally predicted by Maria Goeppert-Mayer
in 19317, TPA is the simultaneous absorption of two photons by which an electron
is promoted from a lower energy state to a high energy level (such as from VB to
CB in a semiconductor) while the energy difference between the levels is equal to
the sum of the absorbed photons’ energies. TPA technique was firstly verified by
the two-photon-excited fluorescence in a europium-doped crystal”. The
relationship between the light intensity and the two-photon absorption is quadratic.
The transition probability R, of TPA can be given by

Ry = 5,12 (1.4).

Normally, the excitation intensity I, represents the number of excitation photons
passing through the investigated object per unit area per unit time (photons cm™ s
". s, is the TPA cross section in cm®s, and 1GM (Goppert-Mayer) = 10" cm*s.



1.4.1.2 Three-dimensionally localized excitation

The three-dimensionally localized excitation in TPA can increase the transition
probability and enable the excitation at different depth in the investigated object.
Take 1 mW laser excitation as an example,

1mW = 102 (é) (1.5)
) ) he  6.626%¥1073% Jsx3.0+108
The photon energy is obtained as: E=—= £ =

e A Ax107%m
1.989+10~
— (J) (1.6).
The number of photons per second with wavelength located at 790 nm is written as:
10734

S 1 1
n= =5x%1012 %2 (photons ;) =3.95%10%° (photons ;) (1.7).

Toso10-16
1.989 )'10 Ji

Then the number of the photons is divided by the focal plane area. Diffraction
limited objectives produce a minimum focused spot size defined by the Airy Disk.
The minimum spot diameter can be calculated using the numerical aperture (NA) of
the objective and laser wavelength:

790 nm

Minimum spot diameter = 1.22;—A =122 YR 1.927 (um) (1.8).

The area of the focusing spotis s = mr? = 2.9166 * 1078 cm? (1.9).

o ) . 3.95*1015photons§
Therefore, the excitation intensity / can be obtained as: [ = =

2.9166%1078 cm?
h )
1.3543 % 1023 222 i) the focal plane.
sxcm?2

Compared with one photon absorption, the excitation volume of TPA process is
quite small. The illumination point spread function IPSF(x,y,z) can be used to
describe the intensity distribution around the focal point. For two-photon
microscopy, the IPSF(x,y,z)* can be used to describe the three-dimensional
Gaussian-like volume. The square of the IPSF minimize the wings relative to the
center. Therefore, the excitation intensity decreases rapidly and there is little TPA
process off the focal plane. As a result, the three-dimensional resolution is superior
for the two-photon microscopy. The volume can be calculated as

3
Viocus = mzwzyw, (1.10).

. 0.3202 0.5321 1
With NA < 0.7, wy, = ona Yz = T 5 [n_ 2—NAZ

index of the material, wy, and w, are the estimated diffraction-limited lateral and

], where n is the refractive

axial 1/e radii of IPSF(x,y,z)? by fitting the lateral and axial intensity squared
profiles with gaussian function’®’®, The schematic diagrams of the IPSF (x,, z)



for the one-photon absorption and the IPSF (x,y, z)? for the two-photon absorption
are shown in Figure 1.4 (a) and (b), respectively. Compared with one-photon
absorption, the excitation area of the two-photon absorption is strictly confined in
the focal plane because the two-photon absorption happens nearly simultaneously
with extremely high photon density.

. T

Focal plane

Figure 1.4
The schematic diagrams of the (a) one-photon absorption and (b) two-photon absorption. The insert figure in the
middle shows the axial profile (0,0,z) of IPSF?.

A femtosecond laser pulse train (Ti:sapphire laser, 700 - 900 nm) is the most
commonly used source to generate enough TPA process due to the increased
probability for the simultaneous interaction of two photons but with a relatively low

average power. The average squared intensity can be calculated as’**,

gp<I(t)>?

<I(t)? >= )

(1.11),

where gp is a factor which depends on the temporal laser pulse shape (0.66 for
Gaussian pulse shape); 7 is the full-width half-maximum of the pulse (8 fs); R is

the repetition rate 70.16 MHz. Thus, the TPA process has been increased by (i—’;) ~

1.176 * 10° times while the average intensity of the beam is the same.
1.4.1.3 Low scattering intensity

TPA can reduce the scattering intensity more compared with one photon absorption
due to the longer incident optical wavelength, resulting in a better signal to noise
ratio (SNR). The relationship between the scattering intensity a and the wavelength
of the incident radiation A is shown as

a="2 (112),



where Dy, is the diameter of an object particle.
1.4.1.4 Deep penetration depth

The penetration depth is to describe the decayed intensity of the incident
electromagnetic wave (é (about 37%) of its original value) inside of a material.

Based on Beer-Lambert law, the intensity of the decayed electromagnetic wave at
depth z inside the material 1(z) can be described as

I (2) = Ihe™* (1.13),

where I, is the intensity of the incident electromagnetic wave on the material
surface.

The penetration depth can be represented as: z = % (1.14).

The photons with energies below the band gap cannot be absorbed through one-
photon absorption. Thus, the penetration depth of the two-photon excitation is
longer than the that of one-photon excitation, if the photon energy is below the band

gap.

1.4.2 Phase modulation spectroscopy

The effect of light intensity on the intrinsic action signal (such as PC and PL in a
solar cell) can be used to investigate how the recombination process occurs and
contribute to the functionality of a system. Various techniques have been utilized to
follow different charge carrier recombination dynamics, including PL, photocurrent
(PC), time-resolved PL, optical-pump—optical or terahertz (THz) probe
spectroscopy, and others®®>*#1%3 For example, based on the transient absorption
microscopy, Nah et al. investigated the difference between the signals from free
charges and excitons®, while the direct information about the subsequent effect of
the fast processes could not be observed.

The interaction of a system with coherent light leads to the excitation with well-
defined phase signature which can be controlled. Different spectroscopic techniques
(phase matching, phase cycling, and phase modulation) have been developed using
a sequence of laser pulses with controlled relative phases to isolate the signal of
interest by changing the wave-vector or modulation information.

The expression  E(t) = A(t) cos(kx — w;t) = A(t)[exp(i(kx — wyt)) +
exp(—i(kx — wyt)] describes an electric field of a propagating light beam, where



A(t) is the temporal envelope of the field; k is the wave-vector and w,, is the carrier
frequency of the light.

Phase matching can help to spatially isolate the signal of interest by changing the
directions of the incident beams. The matching of the wave-vectors corresponds to
the momentum conservation. If the incident beams have wave-vectors k; and k,
the total electric field is E(t) = [Ae~ik1x—wt) 4 ge~ilkax=w1)] 4 [c.c.]. The
different second order non-linear processes induced in the non-linear crystal can be
written as following:

P,(t) x E(t)? x 4 + [exp{—2i(k.t + w,t)} + c.c.]
+ [exp{—2i(k,t + w;t)} + c.c.]
+ Z[exp{—i((kl + k) + Za)Lt)} +c. c.]
+ 2[exp(—i(k; — k;)t) + c.c.] (1.15)

where c.c. represents the complex conjugate. The terms [exp{—2i(k,t + w t)} +
c.c.] and [exp{—2i(k,t+ w;t)}+c.c.] are related to second harmonic
generation (SHG). The terms [exp{—i((k; + k;)t — 2w, t)} + c.c.] is caused by
sum frequency generation (SFG). The number 4 and [exp(—i(k,; — k,)t) + c.c.]
are corresponding to the optical rectification. The different non-linear process can
be followed at different wave-vectors.

Ignoring the spatial dependence, the frequency can also be used to separate different
non-linear signals by using phase cycling and modulation. Compared with
noncollinear phase matching, collinear phase cycling enables the application on the
isolated microscopic system with the dimensions smaller than the wavelength of the
light. Relative phases between the pulses are controlled by pulse shapers. By
forming well-chosen combinations of the measured signals with properly chosen
relative phases of the pulses, the desired non-linear signals can be obtained. If the
incident beams have phases ¢; and ¢, , the total electric field is E(t) =
[Ae—ilx—wrt=01)  pe=illx-wrt=¢2)] 4 [c.c.], then the different second order

non-linear processes induced in the non-linear crystal can be obtained as following:
P,(t) x E(t)? x 4 + [exp{—2i(kt + w.t + ¢p;)} + c.c.]

+ [exp{—2i(kt + w t + ¢p,)} +c.c.]

+ 2[(exp{—i(¢1 + ¢ + 2kt + 2w, t)} + c.c.]

+ 2[exp(—i(¢1 —¢y)) +c. c.] (1.16)
Taking two-experiment phase cycles as an example, the terms [exp{—2i(kt +
wpt + ¢1)} + c.c.] can be eliminated by {([Ae~ikx=@1t=0) 4 ge-ilkx-wrt-0)] 4
[c.c.]) + ([Ae~iUx=w1t=0) 4 ge~ilkx—wrt-m)] 4 [ c.])}, which can be represent
as XX — XX, where X and X stand for phases ¢; and ¢, of two incident beams as

0 and m, respectively. The terms [exp{—2i(kt + w;t + ¢p,)}+ c.c.] can be
eliminated by XX — XX.
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While in phase modulation, acousto-optic modulators are used to continuously

sweep the relative phases of the optical fields. A Mach-Zehnder interferometer (MZI)
with two acousto-optical modulators is used to manipulate the phase modulation.

Each AOM acts as a Bragg cell where a longitudinal acoustic wave is propagating.

The frequency of the acoustic wave is about 55 MHz. Compared with the acoustic

wave velocity, the laser pulse velocity is much faster. Therefore, the AOM applies

a time-varying phase shift Qt to the pulse. The total electric field E(t) is described

as E(t) = [Ae ikx—out=tD) 4 pe-ilkx-wit=0:0] 4 [c.c.], then the different

second order non-linear processes induced in the non-linear crystal can be obtained

as:

P,(t) x E(t)? «x 4 + [exp{—2i(k + w, + Q)t} +c.c.]
+ [exp{—2i(k + w; + Q,)t} + c.c.]
+ 2[(exp{—i(Q; + Q; + 2k + 2w )t} + c.c.]
+ 2[exp(—i(Qy — Qy)t) + c.c.] (1.17)

where c.c. represents the complex conjugate. The terms [exp{—2i(k + w; +
Qq)t} + c.c.] and [exp{—2i(k + w; + Q,)t} + c.c.] are due to SHG. The terms
[(exp{—i(Q; + Q, + 2k + 2w; )t} + c.c.] are due to SFG. 4 and the terms
[exp(—i(Q2; — Qy)t) + c.c.]are corresponding to the optical rectification. The
different non-linear process can be detected at different modulation frequencies.

1.4.3 Phase modulation two-photon PL and PC microscopy

By ignoring the spatial dependence on k in the following derivation in the collinear
phase modulation experiment with the same spatial dependence on k, the expression
can be simplified. The electric field E for a wave after the AOM can be described
with the following equations

E (t) = A;(t)(cos(wit + Qqt)) (1.18)
E,(t) = A;(t)(cos(w,t + Q,t)) (1.19)

Where the A; and A, are the carrier envelopes of the pulses. {1; and (), are the
driving frequencies of AOMs and they are about 55 MHz which is much lower
compared to the optical frequency (379 THz). The total electric field after a
sequence of phase-modulated pulses can be written as,

E(t) = E1(8) + E;(t)

= [A1(t) cos(wt + Q)] + [A2(t) cos(w,t + Q,t)] (1.20)
The intensity of the corresponding laser beam is proportional to the square of the
field. Consequently, the corresponding train of the laser pulse intensity is modulated

at the difference of the phase modulation frequencies ¢=(; — £, , which in our
case is 50 kHz., which we name as the first harmonics (1H) in this work. The

11



schematic diagram of the laser pulse train with the modulated intensity (2+cos (¢t))
is presented in Figure 1.5. Due to the high repetition of the laser pulses, 20 pulses
are used to represent the 1500 pulses in experiment in Figure 1.5.
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Figure 1.5
The Train of the laser pulse intensity modulated at 1H. 20 pulses are used to represent the 1500 pulses in experiment.

The probability of two-photon absorption is proportional to the light intensity
square. Therefore, the excitation concentration or, in other words, population, has,
besides 1H, even the second harmonic (2H) frequency present.

For the 10 recombination process, the PL emission is proportional to the
population P of the electrons or holes in the CB or excitons. By expanding the fourth
power of the equation (1.20), we can find the ratio between the amplitudes of the
1H (F1H) and 2H (F2H) components of the corresponding 10 signal as:

3

FIH:F2H =5:2 =41 (1.21)

N| W

The 20 recombination PL signal is proportional to the product of the population of
electrons and holes, and is described as:

E®° = (E(0) + E,(®)" (1.22)

These signals have frequency components at 1H, 2H, third harmonic (3H), and
fourth harmonic (4H). And the amplitudes at these four harmonics can be
represented as S1H, S2H, S3H, and S4H, respectively. After expanding the
expression, the ratio of the amplitude of the 20 recombination PL at the 1H:2H:
3H:4H is

12
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S1H:S2H:S3H:S4H = 32 64 '32°128

=56:28:8:1 (1.23)

1.4.4 Phase modulation two-photon microscopy with charge
accumulation effect

When the ground state recovery timescale is larger than the interval between the
laser pulses (ty =~ 14.25 ns), accumulation effects leading to nonlinearities can
occur.

Accumulation effects related to the ground state depleting due to slow 10
recombination process after two-photon excitation can be described as follows:

P(o) describes the population of systems in excited state. The time evolution of the
excited state population is given by the kinetic equation which consists of the
relaxation and excitation by the laser pulses

_d(‘;;")) = —T'P(0) + R[1 = P(0)] ) a,8(c —n),P(0) = 0 (1.24)

n

o= ti is the integer value describing the laser pulse arriving condition, and t; is the
0

interval time of the two ultrafast pulses.
r= t?o where 1t is the lifetime of the 10 recombination process.

a, = (1 + cos(¢t))? describes the cosine modulated pulse intensity, where the n
is the pulse sequence of the laser pulse train.

R[1 —P(0)] is the transition rate (R) from the VB to CB multiplied by the
population of electrons in the ground state [1 — P(0)].

From 1.24, the following recurrence relation can be obtained
Py =yPa_1 + Roan(1 —yPy_q), P(0) =0 (1.25).

And equation1.25 is illustrated in Figure 1.6. The first term of the right-hand side
of the equation 1.25 represents the part of the previous pulse excitation which has
still not come back to the ground state. The second term represents the new
excitation by the pulse sequence n.

y = e~ T is the exponential decay of the excited electron population, and R, =

s,12 At is the transition probability. s, is the estimated two-photon absorption cross-
section of MAPbBr3 perovskites, I is the peak intensity of the laser pulse of the
length At.

13
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Figure 1.6

The Amplitude of the excited state population with the charge accumulation effect. The line 1 and 2 represent the
amplitude and trend of the population P, of electron or hole or excitons. The line 3 and 4 represent the population yP,_,
of accumulated by the previous pulse. The line 5 represents the exponential decay of the population just after each
excitation. The line 6 represents the 10 recombination PL change.

We expand the equation (1.24) in terms of Fourier components corresponding to
the harmonics 1H, 2H, 3H, and 4H with their corresponding amplitudes F1H, F2H,
F3H, and F4H, respectively. The final result for the ratios of the amplitudes (Rrzn ,

F1H
Rrsn, and Rran ) between F1H, F2H, F3H, and F4H are obtained as:

F1H F1H

1 [P wesea) ), 7, 10,
R%_‘L Iz + ¢2(1—2ycos(¢) +y2) (1 2:3"' 16ﬂ) (1.26),

rz+9¢21—2ycos3¢ + y? 27
Rr3g = E > ?2 Eb > (1 ——[3) (1.27),
Fim 2. T?+¢? 1—2ycosp +y 8

R _ B |I'?+ 16421 — 2ycos4¢p +y?
Fin 16 rz+ @2 1-2ycos¢ + y?

(1—13p) (1.29).

where ¢ = ¢pt, = 0.000715; § = %; R is the two photon transition probability;
At is the pulse duration evaluated by the full width at half maximum (FWHM)
which is about 10 fs in this present work.
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We point out that since the 20 recombination process in the perovskites is fast'?,
influence of the accumulation effects to the 20 expression (6) is negligible.

In the frame of the above model which consists of the 10 recombination with
accumulation effects and the 20 recombination, we can express the experimental
amplitudes of the four harmonic components as A1H = F1H + S1H, A2H = F2H
+ S2H, A3H = |-F3H+S3H]|, and A4H = |-F4H+S4H|. Due to the 180° phase flip
(opposite sign) of the accumulation related F3H and F4H, they will partially cancel
the S3H and S4H. We summarize simplified expressions of the decomposition
amplitudes of the four harmonics in Table 1.1.

Table 1.1
The simplified expression of the decomposition amplitude of four harmonics for 10, 20, and the total outcomes of 10
and 20 recombination processes are presented here.

AlH A2H A3H A4H
FIH F2H F3H F4H
10 F1H*1 FIH*Rezs  FIH*Rpsn FIH*Rran
F1H F1H F1H
S1H S2H S3H S4H
20 S4H*56 S4H*28 S4H*8 S4H*1

The simulated time and frequency domain data with four harmonics originating
from 10 and 20 recombination are visualised separately and a sum in Figure 1.7.
The transition rate is set to 0.01 and the ground state recovery timescale is set to 300
ns. Figure 1.7 (a) shows the simulated time domain data with F1H, F2H, F3H, and
F4H components labelled as blue, red, purple and orange dotted lines, respectively.
The relationships between amplitudes of these four components is given in the
Table 1.1. The simulated time domain intensity due to the 10 recombination
process with four harmonics is plotted as the inset in Figure 1.7 (d), marked with
blue colour. The corresponding Fourier transform with the amplitudes F1H, F2H,
F3H, and F4H are plotted in Figure 1.7 (d), marked with blue colour.

Similarly, Figure 1.7 (b) shows the simulated time domain data for the 20
recombination. The relationships between amplitudes of these four components
follows equation (1.23), 56:28:8:1. The sum of the different components for the 20
recombination is plotted as the inset in Figure 1.7 (e), marked with red colour. The
simulated frequency domain data with SIH, S2H, S3H, and S4H are plotted in
Figure 1.7 (e), marked with red colour.

Figure 1.7 (¢) shows the simulated time domain combined outcomes of 10 and 20
recombination processes with A1H, A2H, A3H, and A4H components labelled as
blue, red, purple and orange dotted lines, respectively. Due to the 180° phase flip
(opposite sign) of the accumulation related F3H and F4H, they will partially cancel
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the S3H and S4H. The resulting A3H is the absolute difference of S3H and F3H,
and A4H is the absolute difference of S4H and F4H. The time domain combined
outcome of 10 and 20 recombination processes with four harmonics together is
plotted as the inset in Figure 1.7 (f), marked with green colour. In addition, the
simulated frequency domain data with A1H, A2H, A3H, and A4H are plotted in
Figure 1.7 (f), marked with green colour.
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Figure 1.7

(a-c) Simulated time domain signal of 10, 20, 10+20 recombination process. (d-f) Simulated frequency domain signal
of 10, 20, 10+20 recombination process.

The discrete Fourier transform of the raw data is carried out using a fast Fourier
transform (FFT) algorithm with MATLAB software. The modulus |a + bi| =
Va? + b? of the Fourier transformed complex numbers show modulation
amplitudes at 1H, 2H, 3H, and 4H frequencies as A1H, A2H, A3H, and A4H,
respectively. We point out that the data used here partially overlap with the raw data
in our previous work'? where we separate PL from excitons and free charges in
MAPbBr; perovskite crystals using two-photon phase-modulated PL spectroscopy.

At room temperature, the average amplitudes of A3H and A4H are 2.4362 and
0.3189, respectively. The amplitude of A4H is low and significantly disturbed by
electronic noise. Therefore, only A1H, A2H, and A3H are used for further analysis.

The following relations follow the above description of 10+20:
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A1H=F1H+S1H, (1.29)
A2H=F2H+S2H, (1.30)
A3H=]-F3H+S3H]|, (1.31)
F2H=F1H*Rr2n, (1.32)

F1H

F3H= FIH*Rrsn, (1.33)

F1H

S1H:S2H: S3H=7:3.5:1. (1.34)

The experimental A1H, A2H, and A3H at each image pixel and temperature were
fitted to the model by using nonlinear least-square analysis (Levenberg-Marquardt
method) as implemented in Matlab. The fitting has three independent parameters
(F1H, S1H, and the lifetime of the 10 recombination) based on the set of equations
(1.29)-(1.34). As the results, the F1H, F2H, F3H, F4H, S1H, S2H, S3H, S4H, and
time scale of 10 recombination process (1) at each pixel and temperature can be
obtained. Besides, the relative error of A1H, A2H, and A3H can be calculated as,

(F1H + S1H) — A1H

Rerr_lH = AlH , (1.35)
(F2H + S2H) — A2H

Rerr_ZH = AlH , (1.36)
|F3H — S1H| — A3H

Rerr1n = AlH .(1.37)
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Chapter 2 Experimental methods

2.1 Sample preparation

2.1.1 Synthesis of MAPbBr3 microcrystal and thin film

MAPbBBr; microcrystal was synthesized according to the method described by
Kojima et al'*'**>%_ The precursor was obtained by dissolving 21.12 g MABr
(Dyenamo, purity > 98 %, ~ 0.01 mol) and 3.67 g PbBr: (Sigma-Aldrich, purity >
98%, ~ 0.01 mol) in 10 mL N, N-Dimethyl formamide (Sigma-Aldrich, purity > 99
%). Subsequently, about 100 pL precursor was pipetted onto the glass substrates
which were washed by acetone in an ultrasound machine. By heating the substrates
at around 80 °C, the solvent was completely evaporated, leading to the formation of
microcrystals. The MAPbBr3 thin film was obtained by spin coating a 5 pL
precursor on the glass substrate surface at a speed 0of 4000 rpm. To ensure the sample
conductivity during the SEM measurement, a 5 nm Pd/Pt layer was coated on the
perovskite crystals using Q150t ES metal sputter coater. High-resolution scanning
electron microscope (SEM, Hitachi S4800) images were obtained to observe the
morphology distribution.

2.1.2 Synthesis of FAPbBr; nanocrystals

0.2 mmol lead acetate trihydrate (Aldrich, purity 99.99 %), 0.75 mmol
formamidinium acetate (0.078 g,), 2 mL oleic acid (Sigma, purity 90 %), 3 mL 1-
octadecene (ODE, Sigma, purity 90 %,) were placed in a three neck round bottom
flask to obtain the precursors. The mixture was heated up to 100 °C for 30 minutes
under vacuum to remove any impurity and water in the precursors. 0.6 mmol
OLAmBr in 2 mL toluene (Merck, sonicated to dissolve) was swiftly injected when
the temperature reached 130 °C. During the reaction, N, was backfired to the system.
The reaction flask was dipped into an ice-water bath to rapidly cool down the
reaction mixture for 30 s. Then, the reaction product was dispersed in the mixture
of toluene and acetonitrile with 1:1 ratio and centrifuged at 12000 rpm. The upper
supernatant part was discarded, and the precipitate part was dispersed in toluene and
centrifuged at 2000 rpm again. The supernatant part was collected in a separated
vial and stored in refrigeration for further utilizations.
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2.1.3 MAPDBYr; solar cell fabrication

The glass substrate coated with fluorine-doped tin oxide (FTO) was purchased from
Sigma Aldrich, USA. Zinc powder (Merck, USA) and 2 M HCI were used to etch
the substrates and form the electrode pattern (2 mm x 25 mm, W x L). These
patterned substrates were then cleaned in an ultrasonic bath with detergent (5 %
labolene), de-ionized water, acetone, isopropyl alcohol (IPA), and ethanol for 20
minutes, respectively. To remove the organic residuals, these cleaned substrates
were treated with UV light for 15 min. The TiO; layer was prepared by spin coating
PMT-20 (Dyesol, Australia) at 3000 rpm for 60 s. Subsequently, the TiO, coated
substrates were sintered at 500 °C for 60 min at a heating ramp rate of 10 °C/min.
Then the MAPbBr3 layer was coated on the top of FTO/TiO; by spin casting at 3000
rpm for 200 s. The obtained substrates were annealed on a hotplate at 100 °C for 2
min inside the glove box. The hole transporting layer poly (3-hexylthiophene 2-5,
diyl) (P3HT) (Sigma Aldrich) was deposited by spin casting at 3000 rpm for 30 s
on FTO/TiO2/MAPbBr3; substrate using the solution with 15 mg PsHT in ImL
toluene. In the end, the golden back contact was deposited using thermal evaporation
under the pressure of 2 x 10, The active area was about 0.02 cm?. The OALI solar
simulator (USA) consisting of Keithley 2400 source measuring unit was used to
record the photovoltaic current-voltage performance.

2.1.4 MAPDBr; based photodetector fabrication

The MAPDBr; detector was fabricated by covering the substrate with several
microcrystals after the fast crystallization and annealing process. The glass
substrates were coated with ITO contacts (5 um channel width and 1000 um length).
Then, the single MAPbBr; microcrystal based photodetector can be characterized
by contacting the two ITO electrodes.

2.1.5 GaAs p-i-n diode

The GaAs p-i-n diode was purchased from Kyosemi Co. LTC with the part nr.
KPDGO08. The active area of this diode is about 80 x 80 um?”. A classic AAA solar
simulator (OAI Trisol) fitted with AM1.5 (air mass) filter was used to simulate the
solar irradiation and it was calibrated using a standard Si solar cell. All the devices
were characterized under ambient conditions. Under 100 mW/cm? illumination, the
cell has a short circuit current density of 88.90 mA/cm?, open circuit voltage of 0.93
V, and a fill factor of 84.07 %. The external quantum efficiency of the device at
790 nm (excitation wavelength) is about 78 %"*°.
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2.2 Experimental Section

2.2.1 Optical setup

Pin 1

°
Pn2 | @
: °
| Mirror : Pin 3 °
| Beam Splitter : ++-@ Pin 4
Laser7¢0 mm 1 i Digitizer
70.16 MHz | Pin tole : 9

@ Blocker

AmpiferPD W I?ﬂ
815nm |
oM Grating

Camputer

APD1 or Specrometer

Figure 2.1
The schematic of the setup, with CMP (Chirp mirror pair), AOM (Acousto-optic modulator), DL (Delay line), PD
(photodiode), APD (Avalanched photodiode), DM (Dichroic mirror), Pre-AMP (Preamplifier).

The schematics of the setup is shown in Figure 2.1. A Ti:sapphire oscillator
(Synergy, Femtolasers) provides 8-20 fs pulses at 70.16 MHz repetition rate. The
group-velocity dispersion induced by the different optical elements is pre-
compensated by a pair of chirped mirrors (CMP). The Mach-Zehnder interferometer
(MZI) includes two beam splitters (BS), two totally reflecting mirrors, and two
acousto-optic modulators. The beam splitter splits the laser pulses into two equal
replicas with equal intensity. The phases of the electric filed of the two replicas are
swept using acousto-optic Bragg cells (AOM). The two AOMs are driven by two
radio frequency generators at different frequency. The tunable delay line is placed
in front of one of the beams to control the temporal overlap of the two beams. The
two pulses with precise time delay and phase difference are finally brought together
collinearly using the other beam splitter. One of the outputs from the MZI is directed
to a 1200 I/mm grating. A narrow frequency range of the reference is selected by
fixing a slit at the wavelength of 815 nm. The selected reference is detected by an
amplified photodiode. The other output of the BS is alligned to an inverted
microscope (Nikon Ti-S). Subsequently, a reflective objective (RO) is used to focus
the laser beam onto the sample. The sample is placed in a temperature-controlled
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stage which is fixed on a three dimensional piezo-driven scanner (Nano-LP Series,
Mad City Labs).

The fluorescence signal emitted by the sample is collected with the same objective
and directed to an avalanche photodiode (APDI1) (LCS A3000-01, Laser
Components) or a spectrometer (Flame, Ocean Optics). A dichroic mirror (FF670-
SDi01-25x36, Semrock) is used to separate the two-photon excited PL signal from
the incident light. The transmitted laser beam is filtered out from the PL generated
from the top side of the sample by a long-pass filter with cut-off wavelength at 600
nm. Then the transmitted laser signal is directed to the APD2. The PC is amplified
by a pre-amplifier (SR570, Stanford Research Systems).

The signal from the amplified PD (reference signal), pre-amplifier (PC signal),
APD?2 (transmitted laser beam), and APD1 (fluorescence signal) can be digitized
simultaneously by the pin 1, 2, 3, and 4, respectively, of the digitizers at different
speed for different data acquisition time in different experiments.

2.2.1.1 Femtosecond Laser source

In order to get the nonlinear signal from the investigated material, the optical
excitation with 10™* s pulses is used to provide a much higher top intensity than
what would be possible with continuous wave or longer pulses.

The shape of the laser pulse can be described as a Gaussian function. The
relationship between the spectral bandwidth and duration of the laser pulse can be
written as:

AvAt > K (2.1),

where Av is the frequency bandwidth of the laser pulse as full-width at half-
maximum (FWHM). At is the temporal length of the laser pulse as FWHM, and K
is a number only dependent on the pulse shape and it is 0.441 for a Gaussian pulse.

The frequency v can be obtained as the equation (2.2),

V== (22).

In the equation, c is the light speed in vacuum, 3.0*10® m/s. v is the frequency and
A is the wavelength of the light.

The differential of the above equation leads to
AL
Av = —=F (23).

Therefore, the time-frequency relationship can be rewritten as

28
AAxc

At > K2 (2.4).
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Figure 2.2
The spectrum of optical lasers used in this thesis work.

Figure 2.2 shows the spectrum of the optical laser in this thesis. By fitting with the
Gaussian function, the central wavelength is obtained to be about 790 nm, and the

2 *
FWHM is about 114.5 nm. Thus, At > K 2L = 0,441 » —2mm7o0mm g ¢
114.5nm*3.0*108?

AMxc

2.2.1.2 Acousto-optic modulator

Acousto-optic effect or acousto-optic diffraction is the interaction between optical
light and acoustic waves. This phenomenon was predicted firstly by Brillouin and
experimentally demonstrated by Lucas, Biquard and Debye, Sears in 1932% . The
acousto-optic interaction is a photo-elasticity effect change by applying mechanical
strains. The strains are generated by the acoustic wave produced in a transparent
medium by a radio frequency (RF) generator. The acoustic wave can be taken as a
wave of refractive index variations that can be expressed as n(z,t) =n+
An cos(2rft — Kz) and used to describe the plane acoustic wave propagating
along z axis, where f and K represent the frequency and propagation constant,
respectively; n and An represent the undisturbed refraction index and the amplitude
variation of the refractive index induced by the acoustic wave.

Considering the light diffraction effect by a monochromatic acoustic wave, two
limiting regimes, namely Raman-Nath and Bragg, are expected and shown in
Figure 2.3 (a) and (b), respectively. The regimes are determined by the quality
factor Q” (equation 2.5).

27T7\LL

Q=——03(25)
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Where A, is the wavelength of the laser beam 790 nm; A is the acoustic wavelength
_ v _ 5900 m/s

f~ 55x10%/s
acoustic wave.

= 107.3 um; L is the distance of the laser beam travels through the

The Raman-Nath regimes can be observed at quality factor << 1. As a result, the
diffraction pattern contains many diffraction orders and the light intensity is
symmetrically distributed. For the Bragg region, the quality factor >> 1. And there
are only two diffraction orders in the diffraction pattern.

(a) (b)
RF driver RF driver
Pizeo-electric transducer Pizeo-electric transducer
‘/ystal of acousto-optic interaction ‘/y/stal of acousto-optic interaction
V.7 \ V. /15t order
g\r 3 2st order a* ‘\/
N RS
NN .
0 order

\% - \
Figure 2.3

The working principle of an acousto-optic modulator in a Raman-Nath (a) and Bragg (b) regimes.

The acousto-optic modulators purchased from Gooch&Housego with model
number 35022-1-8 are used in this thesis. The interactive material in the AOM is
fused silica, with an operating wavelength range in 600 — 900 nm and the operating
frequency is about 55 MHz. A RF signal is applied to a piezo-electric transducer,
which is bound to the fused silica, and an acoustic wave will be generated. This
acoustic wave acts as a phase grating traveling through the crystal at a speed of 5.9

km/s and with an acoustic wavelength 4 = Y- 3900ms 4073 um , which

f~ 55%10%/s
strongly depends on the frequency of the RF signal.

The Bragg angle 0 represents the incidence angle and it can be calculated as:

sing = —2L (2.6),

2nv

where 4 is the optical wavelength (790 nm); f is the acoustic frequency (55 MHz);
n is the refractive index for the light (1.46 for the fused silica); v is the acoustic
wave velocity in the crystal (5.9 km/s). Therefore, 8 is about 0.005 degree which
gives efficient diffraction larger than 85%.

2.2.1.3 Reflective objective--Schwarzschild reflector
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When a broad band femtosecond laser pulse transmits through a dispersive medium,
the group velocity dispersion occurs’'. Therefore, the reflective objectives do not
experience chromatic effect and perform better for such laser pulses with an
extremely broad band, compared with the refractive optics.

The reflective objective (RO, 36X/0.5 NZ, Edmund Optics) in an inverse Cassegrain
configuration or Schwarzschild configuration is used to focus the laser beam onto
the sample. The diagram of a typical reflective microscope objective is shown is
Figure 2.4. The laser pulse train passes through the aperture hole and the primary
concave mirror, then to the secondary convex mirror. Subsequently, the laser beam
was reflected, diverged by the secondary mirror, and reflected back by the primary
mirror subsequently. In the end, the beam is focused by the primary mirror to the
focal point with an angle of 30° (NA=0.5). The PL signal emitted from the sample
is also collected by the primary mirror. Further on, the PL signal is guided out from
the aperture hole after reflecting by the secondary mirror.

Primary mirror

— Laser pulse train
PL

Aperture hole

Secondary mirror

Figure 2.4
The diagram of the reflective microscope objective.

The minimum diameter of focusing spot is dependent on the NA of the objective
and the laser wavelength. Therefore, the minimum spot diameter can be calculated

as: Minimum spot diameter = 1.22 I\f—A =122+« 220" = 1927 um (2.7).

Due to the two-photon excitation, the focal spot is even smaller (section 1.3.1).
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2.2.1.4 Digitizer

To capture and process data at a high speed, the Alazartech’s ATS9870 and
ATS9440 digitizers were used.

Figure 2.5
(a) Alazartech’s ATS9870 and (b) Alazartech’s ATS9440

The Alazartech’s ATS9870 digitizer is a dual-channel digitizer and is shown in
Figure 2.5 (a). The digitizer provides two 8-bit analog to digital converters (ADC)
channels which enable simultaneous sampling of 2 or 1 channel with a maximum
sampling rate of 1 GSa/s. Each 8-bit sample is stored in 1 byte. Therefore, the
maximum acquisition data rate at 1 GSa/s is given by:

1 GSa/s *2 channels*1 byte per sample = 2 GB/s.

The Alazartech’s ATS9440 digitizer is a Quad-channel digitizer and is shown in
Figure 2.5 (b). The digitizer provides four 14-bit ADC channels which enable the
simultaneous sampling of 4, 2, or 1 channel with a maximum sampling rate of 125
MSa/s. Therefore, the maximum acquisition data rate at 125 MSa/s is given by:

125 MSa/s*4 channels*2 bytes per sample = 1 GB/s.
2.2.1.5 Temperature-control system

A temperature-control system (Linkam Scientific Instruments, LTS420E-P) is used
to vary the sample temperature from -195 °C to 420 °C. This temperature-control
system is designed with low level of noise and vibrations. The whole system is
automatically controlled by the T96 controller. A platinum sensor is embedded near
the surface of a temperature-controlled stage (53.5 mm x 43 mm) for accurate
temperature control. The temperature can be detected by simply placing the sample
on the stage and contact the appropriate points manually on the sample. Liquid
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nitrogen is used to control the stage temperature at linear cooling rate as fast as 100
°C/min or as slow as 0.01 °C/min.

2.2.2 Data acquisition and analysis

The generalized lock-in amplifier technique is used in the data acquisition and
analysis process’.

2.2.2.1 Data acquisition with phase modulation technique

We take one measurement as an example. The PL and PC from the solar cell with
applied forward 2V bias are acquired using the digitizer ATS9440. The data on all
four channels are acquired, where channel A, channel B, channel C, and channel D
are PL signal, reference, reference, and PC signal, respectively. The preamplifier is
set as 1 mA/V. Channel A is DC coupled with 100 mV range. Channel D is coupled
with 400 mV range. Channel B and C are AC coupled with 100 mV range. The data
acquisition rate (£;) is 10 MSa/s and acquisition time (t) is 0.05 s (50 ms). The
modulation frequency is 3 kHz. The total number of data points N in each channel

is calculated as:
N=Fxt=10"2%0055=5+10°(28).

For each channel, there are 5 = 10° data points. The acquired time domain data
points are 4 * N = 2 * 10°.

.4250 42630 | 25784 .42&0 42688 |25768 .42544 42640 | 25776 .42634 42676 | 25772 .42532 42530 | 25792

Acquired time domain data

PL signal . B | PC

25784 |25768 | 25776 | 25772 |25792

PC signal

Figure 2.6
The acquired data for 4 channels and they are PL, Ref, Ref, and PC, respectively. The green blocks represent the PL
channel, the grey blocks represent the Ref channel, and the orange blocks represent the PC channel.

The raw data of the signal is a binary file in a time domain and shown in Figure 2.6.
The four channels are digitized subsequently and written into the binary file. The
PL, Ref and PC data can be obtained by selecting the 1*, 2™ or 3, and 4™ datapoints
in each block which contains four data points.
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The plot of the time domain raw data. (a) raw time domain data which contain 2 * 10° data points in four channels. (b)
the selected PL data which contain 5 * 105 data points in channel A. (c) the selected PC data which contain 5 * 10° data
points in channel D. (d) the selected Ref data which contain 5 * 105 data points in channel B.

The time domain raw data of the solar cell with the applied forward bias +2 V
consisting of four channels information are shown in Figure 2.7 (a). The selected
PL raw data in channel A are shown in Figure 2.7 (b). The plot of the PC raw data
in channel D is shown in Figure 2.7 (¢). The reference raw data in channel B are
shown in Figure 2.7 (d). All the data points are 16 bits. The range from 1 to
216represents the range from -100 mV to 100 mV. For channel A, the amplitude of
the signal in mV is obtained as,

215)+100
YpLmv = % (2.9).
For channel B, the amplitude of the signal in mV is obtained as,
215)+100
Veormy = E21 (210,
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For channel D, the amplitude of the signal in mV is obtained as,

x—215)%400
Ypemv = % (2.11).

The total PL and PC signal containing modulated signal and dark background can
be calculated as:

YPLmMV YpCcmv
YRefmv YRefmvV
= and =
YpL 5e105 ° Ypc 5105

The calculated yp; = 0.3498, and yp, = —2.6058. The negative value of PC
means that the photo-induced PC direction is opposite to the applied forward dark
current.

To extract the PL and PC signal, the discrete Fourier transform (DFT) is carried out
on the data set of each channel using a fast Fourier transform (FFT) algorithm with

MATLAB software. The modulus |a + bi| = Va? + b? of the Fourier transformed
complex numbers show the modulations at different frequencies. The frequency can
be calculated as:
(n—1)+Fg
= (2.12),
where F, is the frequency of the n-th point; n is the number in the signal sequence
in time domain; F; is the sampling rate; N is the total digitized data points.

The modulation signal at first harmonic (1H) is located at the 151th data point based
on the above equation. The modulation 1H signal of PL is 8.18 * 107 and that of
PCis 1.13 % 10°.

2.2.2.2 Laser repetition rate validation

The repetition rate of the laser pulse train can be validated by the following example.
The PL from FAPbBr3 nanocrystals is acquired by the digitizer ATS9870. Only one
channel is used with 40 mV range. The data acquisition rate is 1 GSa/s and
acquisition time is 0.001 s (1 ms). By applying the Fourier transform on the time
domain data shown in Figure 2.8 (a), the signal at 70.16 MHz (1H) and signals at
overtones frequencies, such as 140.32 MHz (2H), 210.49 MHz (3H) and 280.65
MHz (4H) can be obtained and shown in Figure 2.8 (b). It can be seen that the
repetition rate of the laser pulse train is about 70.16 MHz.
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The frequency of laser. (a) the two-photon PL of FAPbBr3; nanoparticles and digitized at a speed 1GSal/s (1 Giga sample
per second) for about 1 ms. And there are 1048576 datapoints in total. (b) the Fourier Transform of the time domain
2PPL spectrum. And the signal at 70.16 MHz is the laser frequency.
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Chapter 3 Carrier-phonon scattering
in MAPbBr; and FAPbBr3 perovskite

The hot carrier, created by the photoexcitation with energy well above the band edge,
can be cooled down via carrier-phonon scattering. The strength of the carrier-
phonon coupling can be investigated via analysing the temperature-induced PL
spectral linewidth broadening****. The analyses are made difficult by other sources
of line broadening like the coexistence of multiple structural phases. Therefore, it is
necessary to proceed the PL spectral imaging and the PL corresponding to different
phases can be separated and individually resolved, which is important for perovskite
applications in optical and optoelectronic devices.

3.1 Carrier-phonon scattering of MAPbBr; with
different phases

MAPDBBT3 is typically more stable than the iodine (I) counterpart and it is easy to
grow. Three different phases (CU, TE, and OR) are prevalent in MAPbBr3 bulk
crystals (BCs). Many studies have shown that the temperature related phase
transition in MAPbBr; bulk crystals significantly influences the optical properties’"
7. The PL spectrum peak at 2.22 eV is mainly contributed by TE phase at room
temperature’, while the PL spectrum peak at 2.24 eV was originated from the OR
phase below 160 K. Besides, the carrier-phonon scattering does affect the hot
carrier mobility a lot**"'%, Therefore, in this chapter, we use the temperature
dependent two-photon PL to investigate the influence of the different phases on the
carrier-phonon scattering and identify how it influences the carrier mobility in
MAPDBBT3 thin films (TFs) and BCs.
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Temperature dependent PL spectra of (A) MAPbBrs TF. (B) MAPbBrs BC. (C) and (D) show normalized PL spectra of
MAPDbBrs TF and BC, respectively, at some selected temperatures.

Temperature dependent PL spectra of MAPbBr; TFs and BCs are shown in Figure
3.1 (A) and (B). The normalized PL spectra of the TFs and BCs are shown in Figure
3.1 (C) and (D), respectively. The PL spectra are fitted with three Voigt components
centered at 2.22, 2.28, and 2.31 eV corresponding to TE, OR, and CU phases,
respectively. At room temperatures, the main peaks for MAPbBr; TFs and BCs are
centered at 544 nm (2.28 eV, OR phase) and 558 nm (2.22 eV, TE phase),
respectively. The peak at 2.28 eV which comes from the OR phase at room
temperature is the main component providing 63% of the PL spectra. The slight blue
shift of 2.28 eV compared with 2.24 eV of the OR components at low temperature
is mainly due to shift of the balance of equilibrium from mainly free charge carriers
at room temperature to excitons at low temperature. At 79 K, the peak is at 2.246
eV corresponding to the OR phase for both MAPbBr; BCs and TFs.
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With decreasing temperature, there is a continuous red shift in the PL spectra of the
MAPbBBr; TFs. This can be explained by the increased population of the excitons
and decreased population of free charge carriers. The balance between excitons and
free charges is usually described by the Saha-Langmuir equation (1.1). This is
different from the red shift due to the reabsorption because the PL is collected in the
epi-direction. In contrast to the MAPbBr; TFs, an abrupt blue shift from 560 nm to
552 nm is observed in the MAPbBr; BCs with temperature decreasing from about
160 K to 140 K , suggesting a phase transition from TE to OR phase **.

Besides, the free charge carrier — phonon coupling, exciton — phonon coupling has
a significant influence on the PL linewidth broadening”*'*"'2, As demonstrated in
Figure 3.1, the PL spectra show a broader linewidth at room temperature and a
narrower one at 79 K for both MAPbBr; TFs and BCs. The relationship between the
linewidth of the PL spectra and charge carrier coupling can be described as,

I'(T) =Ty + T, +T10 + Fimp (3.1
Tac = YacT (3.2)

1
Io = YoNLo(T) =710 “Eio 3.3)
eKsT — 1
Ep

1-‘imp = Vimpe_m (3.4),

where [ is the temperature-independent inhomogeneous broadening due to the
disorder and inperfections'®'*; T, and I, are the homogeneous broadening
resulting from the acoustic and the LO phonons with coupling strength y,. and y; ¢,
respectively; Ty, is the inhomogeneous broadening because of the ionized
impurities; ¥;mp is the contribution part to the PL line width broadening when the

impurities are fully ionized; and Ep is the average binding energy of the
impurities'®'%. Besides, Ny, (T) is the occupation of the respective phonons given

by Bose-Einstein distribution function Ny, = , where E} is the energy of

Ero
ekBT 1

the LO phonons and kjp is the Boltzmann constant.

To extract the coupling strength with the LO phonons and acoustic phonons, two
separate temperature regions are selected according to the obviously different
energies of two kinds of phonons. The energy of the acoustic phonon is less than
2.5 meV, while the energy of the LO phonon is about 15.3 meV'"". For temperatures
lower than 100 K, the LO phonon occupation is negligible as the thermal energy is
only about 7 meV. Therefore, only the acoustic phonons are prevalent and contribute
to the linewidth broadening at temperatures lower than 100 K, while the LO phonons
start playing a role when the temperature is above 200 K. In addition to the different
phonon types, the coupled excited species are different as well. At higher
temperatures (200 - 298 K), we mainly have free charge carriers and consequently
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coupling between the LO phonon and free charge carriers is the dominating source
for the line broadening. At low temperature, however, the balance shifts towards the
excitons and therefore below 100 K mainly the coupling between the acoustic
phonon and excitons determines the line broadening. Both phonon-carrier/exciton
couplings in different MAPbBr3; TFs and BCs samples are shown in Figure 3.2. The
related linewidth parameters are extracted according to equations (3.1 - 3.4) and
the results are presented in Table 3.1. In the fitting we have included the scattering
by the impurities, and found that the corresponding contribution to the broadening
is negligible''%. The exciton acoustic phonon coupling strength is about 21
meV/K for both samples as they are in the same phase at low temperature. The free
charge carrier LO phonon coupling strength is about 52 meV in the MAPbBr3 TFs
with OR phase and about 24 meV in the MAPbBr; BCs with TE phase. The 2.2
times difference in the coupling constants in different phases can result in significant
difference in the carrier mobility based on the Feynman-Osaka model, where the
carrier mobility is inversely proportional to the LO phonon coupling strength.
Therefore, it is suggested that the transition from the OR phase to the TE phase at
room temperature can improve the photovoltaic performance of the MAPbBr3; TFs
if the sample degradation by the external effect is inhibited.

@ MAPbBry BCs
@ MAPbBry TFs

-
<
1

(=2}
<
1

FWHM (meV)
wn
o
n 1 i

I~
o
1

"

%]
<

) L ) A L]
100 150 200
Temperature (K)

Figure 3.2

Temperature dependent linewidth of MAPbBr3 TFs (red color) and BCs (black color). Four regions with blue line, green
line, cyan line and yellow line demonstrate the exciton-acoustic phonon coupling, free charge carrier-LO phonon
coupling in TFs and BCs, respectively.
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Table 3.1
Extracted linewidth parameters

Sample TFs BCs

r Yac r r Yac r

0(ac) 0(L0) Yio 0(ac) 0(L0) YLo
MAPbBr;  (meV) (“If)v " mev) (meV)  (meV) (“If‘)v " (mev)  (meV)

0.16£0.01 21+1 21£1 5242 0.20%0.02 21£2 4241 24+1

3.2 Coupling of phonons with excitons and free charge
carriers in formamidinium bromide perovskite
nanocrystals

Formamidinium lead bromide (FAPbBr3) nanocrystals show unique optoelectronic

and PL properties. They are more stable compared with the MAPbBr;. The same
technique and method can be used to investigate the FAPbBr3; nanocrystals as well.
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Figure 3.3
(A) Temperature dependent PL map of FAPbBrs NCs cooling from room temperature. (B) Normalized PL spectra of
FAPDBr3 at different temperature (RT to 80 K).

The temperature dependent two-photon PL spectra from 283 to 79 K of the NCs is
shown in Figure 3.3 (A). Figure 3.3 (B) shows the normalized spectra averaged
over 20 points at selected temperatures. Firstly, it can be seen that FAPbBr3 NCs
contain three phases at room temperature (CU phase at 537 nm, TE phase at 557
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nm, and OR phase at 548 nm”). Below 260 K, it only contains the OR phase.
Secondly, the different contribution from the population of free charge carriers and
excitons influence the position of the maximum in the PL spectra. Thirdly, a gradual
red shift in PL is observed when the temperature decreases from room temperature
until 200 K due to the increased exciton population. Compared with MAPbBr; BCs
(Figure 3.1 (B)), there is no phase transition below 260 K, indicating that the main
PL peak originates from the same phase as for the high temperature. In addition, the
maxima of the PL spectra shift from 546 to 558 nm, giving an approximated exciton
binding energy of 0.05 eV. Compared with the exciton binding energy in FAPbBr3
BCs in the OR phase (0.022 eV)”, the relatively high exciton binding energy
estimated here can be caused by the lattice induced compression strain and the
localization of s? electron density in Pb?* which can affect the cation-anion
interaction in VB'?’,
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Figure 3.4
Temperature dependent PL FWHM of the FAPbBrs NCs. The red curve shows the LO phonon coupling to free charge
carriers. Green line is the acoustic phonon and exciton coupling.

The temperature broadening of the PL linewidth can be used to investigate the
coupling of phonons with excitons and free charge carriers. As above, the analyses
are carried out separately for the high temperatures (240 - 298 K) and low
temperatures (79 - 100 K), which is shown in Figure 3.4. Based on equations 3.1-
3.4, the fitting results providing coupling strength and the fitting parameters are
shown in Table 3.2. LO phonon free charge carrier coupling strength is about 58
meV and the acoustic phonon exciton coupling strength is about 0.1 meV/K, which
is similar to the case in FAPbBr; bulk perovskites (61 £ 7 meV and 0.06 £+ 0.02
meV/K)'"". Thus, the acoustic phonon — exciton coupling strength is higher in the
NCs compared with the bulk crystal counterpart. In total, these findings provide a
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fundamental understanding of the carrier phonon dynamics in the early stage hot

carrier cooling.

Table 3.2
Extracted Line Width Parameters
I—b(ac) Yac FO(LO) YLo
Sample
(meV) (meV/K) (meV) (meV)
FAPDbBr3 21+2 0.1£0.02 3241 58+1
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Chapter 4 PL emission of excitons and
free charge carriers with the influence
of local band structure deformation

In a direct band gap semiconductor, the carrier recombination processes are complex
due to the existence of excitons, traps, and structural inhomogeneities. The
recombination kinetics have a close relationship with the unique advantages of the
perovskite material such as long carrier diffusion length, which is crucial for a
material to be efficient in electronic devices™'’. Therefore, the investigation of the
segregation of first order (10) and second order (20) recombination channels and
their distribution as well as contribution to the PL emission is important. Based on
the phase modulation two-photon PL microscopy technique (section 1.4.3), separate
quantification of the emission from excitons and free charge carriers in MAPbBTr3
crystal can be achieved.

Amplitude 5 Amplitude

| T= RT b. 100

"Monomolecular

1 1 1 1 1 1 1 0
0 20 40 60 80
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Figure 4.1

Spatially resolved maps of the excitons and free charge carriers in a crystal of MAPbBr3; at room temperature. (a) An
SEM image of the MAPbBr; crystal. Size of the image is 80 ym * 80 um. (b) Spatial distribution of excitons obtained
from the monomolecular recombination. (c) Distribution of free charge carriers obtained from the bimolecular
recombination. The amplitudes of each image are scaled by the colour bar to emphasize the spatial features. The R1 in
(b) shows the predominant contribution from the excitons. The Rz in (b) shows the predominant contribution from the
free charge carriers.

Figure 4.1 (a) presents the SEM image of a MAPbBr; crystal. The PL distributions
obtained from excitons and free charge carriers at room temperature are shown in
Figure 4.1 (b) and (c), respectively. Firstly, the SEM image shows structural
inhomogeneities, which results in the variations in emission from the excitons
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following the 10 recombination and free charge carriers following the 20
recombination. As the exciton binding energy (E, = 35 — 50 meV)'® is slightly
larger than the thermal energy at room temperature (E; = 25 meV), the free charge
carriers dominate compared to the excitons'>'”. Due to the highly emissive property
of the excitons generated from the free electrons and holes, the total emission from
the free charge carriers (Figure 4.1 (c¢)) is about 4 times higher than that from the
excitons (Figure 4.1 (b)). Besides, the excitonic emission is the predominant in
some small isolated localized spot crystal (R, in Figure 4.1 (b)). Such localized spot

scenario has been investigated previously'>**,
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Figure 4.2

Influence of band structure deformation on PL. (a, b) show band structure deformations in the conduction and VB
induced by trapped charges (in this case trapped electrons) and local strains, respectively. The local band structure
deformations in MAPbBrs create a barrier for the capture of free charge carriers and excitons. As the charges and
excitons do not have enough thermal energy to cross the barrier and reach the traps at low temperatures, they
recombine radiatively. At room temperature, a significant number of charges and excitons can reach the traps and
recombine nonradiatively reducing the yield of PL. The dependence of the total emission on the temperature following
eq 4.1shown in (c). The measured data are shown by boxes, and the line is the resulting fit. The height of the barrier

Ea, obtained from the fit is 55 £ 5 meV.

In semiconductor, nonradiative recombination process induced by impurities (traps
or strains, shown in Figure 4.2 (a) and (b), respectively) can decrease the emission
from perovskites at room temperature''. The band structure deformation potential
of traps or strains acts as barrier and protects the free charge carriers and excitons
from the nonradiative recombination''’. The strain induced band structure
deformation generates a barrier to the electrons, hole and the excitons. Therefore, it
controls the whole emission from the perovskite. While the trap induced band
structure deformation is generated by the Coulomb repulsion between the trapped
electrons and free electrons, while giving a less influence on the excitons. The height
of the barrier (E,) determines the temperature dependent PL. emission (1) and the
relationship is given by,

n=1/(1+ Cexp(=Eq/(kgT))) (4.1),

where kg is the Boltzmann constant and C is a constant. The total emission at
different temperatures from (153 - 298 K) is fitted with eq 4.1. The height of the
barrier is obtained to be 55 £ 5 meV (Figure 4.2 (c)).
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Figure 4.3

Temperature dependent spatially resolved PL maps of the excitons and the free charge carriers (153 K to room
temperature). Images with an area of 80 um x 80 ym are recorded for excitonic emission in (a) and emission from free
charge carriers in (b). Temperature dependence of the emissions from the intense regions, R1, Rz, R, and R4, and the
emissions integrated over the crystal are shown in (c). Solid blue and red lines are fitting results corresponding to the
emissions from the excitons and free charge carriers, respectively.

In addition, by analyzing the emissions from the exciton and free charge carriers
separately, it is possible to identify the type of the deformations to the band structure.
The temperature dependent spatially resolved PL maps from 10 and 20
recombination are shown in Figure 4.3 (a) and (b), respectively. Figure 4.3 (c)
shows the emission from excitons and free charge carriers in the whole region, R1,
R2, R3, and R4, respectively. The fitted results are summarized in Table 4.1. The
activation energy in the whole region for the trapping of excitons is higher than that
of free charge carriers, indicating that both the electrons and holes pass through the
barrier. Besides, in R1, R2, and R3 region, the activation energies of the excitons
and free charge carriers are quite similar to that in the whole region. While the
emission from excitons dominate in R4 region and the activation energies are
significantly larger. The higher activation energy for the free charge carriers
indicates that the band structure deformations are resulted from both the trapped
charges and the local strains, making a significant influence on the PL emission.
Therefore, the strain in crystals can be controlled by the size, shape, or morphology
to improve the light-emitting performance of the perovskite crystals.
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Table 4.1
Height of the Barrier Preventing Nonradiative Recombination of Excitons and Free Charge Carriers in a Crystal of
MAPbBr3

Region Excitons (meV) Free charge carriers
(meV)
Average 75+ 7 49+ 4
Ry 73+£7 566
R» 78 £ 12 50+6
R; 75+8 63+ 10
R4 90+ 12 131 +£28
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Chapter 5 Phase modulation technique
and the effect of accumulation

Phase modulation two-photon microscopy can be used to spatially quantify the
emissions from 10 and 20 radiative recombination in MAPbBr; perovskites
(chapter 4). For laser pulses with high repetition rate, the charge accumulation effect
needs to be considered when the ground state recovery timescale is larger than the
interval £y between two laser pulses (t, = 14.25 ns). In this case, the accumulation
effects like bleaching of the ground state can influence the amplitude of the lower
harmonics and introduce additional higher harmonics (3H and 4H) in the 10 process
as well''!. Since the 20 recombination is fast (in picosecond scale)'? compared to
the 10 recombination, it does not contribute to the charge accumulation effect. The
ground state recovery timescale is mainly determined by the 10 recombination
lifetime in the MAPbBr; perovskites.

Based on the model in section 1.4.4, the nonlinear least-square analysis (Levenberg-
Marquardt algorithm) provided by MATLAB is used to fit the experimentally
measured amplitudes of three harmonics A1H, A2H and A3H. As a result, the
harmonics of the first order recombination F1H, F2H, F3H, F4H, and second order
recombination S1H, S2H, S3H, S4H, together with the time constant of 10
recombination process (1) can be obtained. While the fitting results is strongly
influenced by the starting lifetime value (the starting value for the iterative
Levenberg-Marquardt fitting procedure). Therefore, it is necessary to optimize the
fitting results by varying the given initial timescale for the 10 recombination
process.
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Figure 5.1

Determination of four regions based on the total PL emission at room temperature. HR: high PL region; MR: medium
PL region; LR: low PL region; LOR: localized spot region. The areas representing HR, MR, LR, and LOR are enclosed
by red, black, green, and blue rectangles. The investigated area of each figure is 50*50 um?.

There are four characteristic regions in the MAPbBr3 perovskite films: high PL
region (HR), middle PL region (MR), low PL region (LR), and localized spot region
(LOR), consisting of 9, 16, 22, and 6 pixels, respectively. These four regions are
defined via the total PL emission at room temperature, which is shown in Figure
5.1. The areas representing HR, MR, LR, and LOR are enclosed by red, black, green,
and blue rectangles. The investigated area of each figure is 50*50 pm?®.
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(a) Fitted timescales at different stating lifetime value, (b) fitted ratio of szn and (c) fitted ratio of Rm; based on

Levenberg-Marquardt least square method. The standard deviations are calculated based on the 9, 16, 22 and 6 pixels
based on the mask matrix for high PL region (HR), middle PL region (MR), low PL region (LR), and localized spot region
(LOR), respectively. The shaded regions represent the 0.5*STD.

It turns out that fitting of the pixels in many regions of the analysed image tend to
get stuck in local minima which depend on the initial guess of the parameter 7.
Figure 5.2 shows the relationships between the starting lifetime value t value (the

10 recombination lifetime), fitted ratio of Rrz2n, and fitted ratio of Rrsu and the
F1H F1H

results at 113 K taken separately for four characteristic regions. Different from the
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other regions, in HR the convergence of the t is very robust consistently leading to

the same t = 250 ns independent of the initial guess. Therefore, we use 250 ns as

the starting lifetime value of 1 in all pixels.
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The relative deviation between the experimental amplitudes A1H, A2H, A3H and
the corresponding model can be expressed as,

(F1H + S1H) — A1H

err 1H — AlH ) (5.1)
(F2H + S2H) — A2H

Rerr_ZH = A2H ) (5.2)
|F3H — S1H| — A3H

Rerr_lH = A3H -(5-3)
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These deviations for four regions at different temperatures are presented in Figure
5.3. The deviations in HR, MR, and LOR are quite small while in LR the deviations
are larger due to the experimental uncertainty in this low signal region.
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Figure 5.4

Images based on the analyses of the two-photon excited PL of MAPbBrs perovskite film at 113 K. The following fitting
results are shown: (a) the time constant of ground state recovery 1in 10 recombination, (b) ratio of amplitudes F2H/F1H
of 10 recombination, (c) ratio of amplitudes F3H/F1H of 10 recombination, (d) sum of all 10 recombination ALL10, (e)
sum of all 20 recombination ALL20, and (f) sum of both first and second order recombination ALLPL. The areas
representing HR, MR, LR, and LOR are enclosed by red, black, green, and blue rectangles. The investigated area of
each figure is 50*50 ym2.

The PL intensity shows large spatial variations which can be explained by the
differences in the local non-radiative channels®*''?. The higher the concentration of
the traps, the more non-radiative recombination is expected, and the lower the PL
amplitude. In addition, due to the high trap density or deeper trap states in LR,
marked with green rectangle, low levels of both 10 and 20 recombination PL were
found. The MR region marked with a black rectangle shows the medium intensity
region with PL levels between HR and LR. For the LOR, the morphology has
significantly changed due to the phase transition from TE (Figure 5.1 at room
temperature) to OR phase (Figure 5.4 d-f at 113 K).
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Temperature dependence of the 10 recombination PL amplitude ALL10 (a) and 20 PL amplitude ALL20O (b) in four
regions defined in Fig 4. The standard deviations (SD) are calculated based on the 9, 16, 22, and 6 pixels in the HR,
MR, LR, and LOR, respectively. The shaded regions represent the 0.5*SD.

Figure 5.5 a-b show the changes of averaged amplitude of 10 and 20
recombination in the four regions as a function of temperature. In general, it can be
found that the PL intensities for all the regions except localized spot region increase
with decreased temperature, which is similar to the trend obtained based on the
previous model". This phenomenon is also found in MAPbI; films and single
crystal samples®*. The population of intrinsic defects follows a Boltzmann
distribution and therefore it is exponentially sensitive to temperature''”. Besides, the
localized spot regions are the brightest in 10 PL emission, and are almost the
brightest regions in the 20 PL emission above 200 K (as shown the blue curve in
Figure 5.5). This suggests that the grain boundaries in the localized spot act as
barriers that restrict the diffusion of photodoped holes around the trap sites, leading
to a decelerated depopulation and longer radiative recombination lifetime''. After
the phase transition from TE to OR at around 150 K**"'7"'% the 10 recombination
PL in localized spot regions significantly decreases. This indicates that the barrier
effect disappears after the phase transition. Alternatively, the phase transition may
induce additional defects.
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Figure 5.6
The ratio of the 10 and 20 recombination PL amplitude ? (a) at 253, (b) 173, and (c) 113 K. The HR, MR, LR, and
20

LO are marked as in Figure 5.4. (d) Temperature dependence of ji’ in the four regions.
20

10

Images of the ratio j— at 253, 173, and 113 K are shown in Figure 5.6 a-c and the

20
temperature dependence of the ratios in the four regions are shown in Figure 5.6

d. The images of the ratio jﬂ show large spatial variations as well which can be
20

explained by the different 10 and 20 recombination PL channels. When the ratio is
larger than 1, the 10 recombination process is the predominant process. It is obvious
that the 10 recombination process is the predominant process in all the four regions
for the two phases. Besides, the ratio in the LR is larger than that in the HR, and the
ratio in the LOR is larger than that in the HR as well. The reasons are different and
will be explained in detail in the following section (Figure 5.8). In addition, the
ratios % in HR, MR, and LOR are increasing with temperature decreasing in the

TE phase. While the ratios % are similar in these three regions in the OR phase at
20

low temperatures.
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Figure 5.7

Fitted 10 recombination time constant (ns) as a function of temperatures. The standard deviations are calculated based
on the 9, 16, 22 and 6 pixels based on the mask matrix for high PL region (HR), middle PL region (MR), low PL region
(LR), and localized spot region (LOR), respectively. The shaded regions represent the 0.5*STD.

Figure 5.7 presents the temperature dependence of 10 recombination lifetimes. The
10 recombination lifetime which is decreasing in the TE phase and increasing in
the OR phase with temperature decreasing in HR, behaves differently in two phases.
In addition, the 10 recombination lifetime in LOR increases with decreased
temperature in the TE phase, and it does decrease a lot after the phase transition.
However, the 10 recombination lifetime in the MR and LR does not change
significantly, meaning that the phase transition does not influence them.
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Figure 5.8
(a) Photophysical scenario of HR in the perovskite and (b) Model for LR in the perovskite.

To further explore the effect of the spatial distribution of traps on the thermal PL
dynamics, we adapt the trapping model by Stranks and coworkers'' for our
experimental conditions considering the thermal electron-hole PL and thermal
excitonic PL in HR and LR. Schematic explanation of the model is presented in
Figure 5.8. The rate equations for the excitons, free electrons and trapping can be
given by the set of rate equations (5.4) - (5.6).

dny
- Rineny — Rgny — Ryny (5.4)
dn,
FT G + Rgny — Reneny — yene(Ny — nr) — Repneny, + yanr (5.5)
dny )
2 Vile (Ny —nr) = Ynr(nrne + n7) — yanr (5.6)

No hole trapping is considered. Ny is the concentration of the electron traps which
varies from region to region, nr is the concentration of the filled traps and gives
also the corresponding concentration of the free photodoped holes in VB. Thus, the
free electrons at a certain temperature can be obtained as n = n, and the free holes
are obtained as np, = n, +nr. G is the generation rate determined by the two-
photon absorption. ny is the concentration of excitons. The parameters Rs, Rq, and
R, are the exciton formation from free electron and hole (nongeminate
recombination of an electron and hole to an exciton), dissociation to electron and
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hole, and radiative recombination rate, respectively. R,p is the radiative
recombination rate of free electrons and holes. y;, ¥4, and y,,,- are the trapping, de-
trapping, and the trap mediated non-radiative recombination rate, respectively.

There are two channels which give PL, namely free electron-hole pair
recombination R, and exciton recombination R,. Both can lead to 10 and 20
dependence. Let us first discuss the 20 emission scenarios. Clearly, the term
R.pn.ny after an intense laser pulse when we have high concentration of electron-
hole pairs, corresponds to the 20 process. In this regime the exciton emission Ryny
is also 20 if the exciton/charge carrier balance is such that it is determined by the
quadratic term R¢neny,. The latter is very similar to the Saha-Langmuir description
of the exciton/free carrier balance which also depends on the exciton binding energy
and temperature. The 10 radiative recombination of excitons after an intense laser
pulse is very short-lived and the corresponding contribution to the integrated
emission is small. The 10 recombination also appears once the concentration of the
electrons has dropped due to the trapping. In this case n, is much less than n,, =
n, + nr and n, K ny and the term n,n; = n,nr leads to 10 PL in both two
radiative channels. In this regime the de-trapping channel y;ny may become
particularly important at longer timescales after the excitation pulse when the rapid
20 recombination has depleted the population. The de-trapping also leads to
temperature dependence of the PL.

In the TE phase, besides the 10 Ryny and 20 Ryn,ny, after an intense laser pulse

and the 10 de-trapped R.,ny in both HR and LR, the 10 de-trapped Ryny in the

HR and 20 de-trapped Rxny in the LR generates a higher 2;0 in LR, compared with
20

Ao . . . : .
Aﬂ in the HR. Further on, the grain boundaries in the localized spot act as barriers
20

that restrict the diffusion of photodoped holes around the trap sites. The increased
n, leads to more exciton population in the localized spot according to the Saha-

Langmuir equation, and the extra 10 Rxny in the LR results in a higher iﬂ in LOR
20

compared with that in the HR. In addition, the population of excitons vs free charge
carriers is increasing at lower temperature based on the Saha-Langmuir equation.

. Ao . . .
As a result, the ratios of Aﬂ in HR, MR, and LOR increase at lower temperature in
20

the TE phase. After the phase transition, the barriers in the localized spot may
disappear due to the structural changes (see Figure 5.1 and Figure 5.4). As the
consequence, the ratios become quite similar in the OR phases with decreased
temperature in these three regions.

To better understand the carrier dynamic in different regions with different traps, it
is of great importance to know the 10 recombination lifetime. In the HR, the
gradually frozen deeper traps reduce de-trapping thereby the 10 recombination
lifetime here is shorter at lower temperature. After phase transition, the increased
bandgap or emerged new traps may increase the trapping and de-trapping process
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in HR. In the LOR, the increased 10 recombination lifetime suggests that the
boundary effect is increasing with temperature decreasing. While the abrupt
decrease of the 10 recombination lifetime indicates that the boundary effect
disappears after the phase transition from TE phase to OR phase with decreased
temperature. In addition, the 10 recombination lifetimes in the MR and LR do not
change significantly, which may be due to abundancy of traps with different depths
which do not significantly influence the trapping and de-trapping processes.
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Chapter 6 MAPbBr3 solar cell device
and microplate photodetector

The perovskite works well for the solar cells and photodetector applications due to
the high carrier mobility with less LO phonon — carrier coupling strength (chapter
3), longer diffusion length with slower total recombination rate and longer 10
recombination rate (chapter 4 and 5). For a good solar cell material such as GaAs,
the photo-generated electrons and holes have no place to go under the open-circuit
condition. Therefore, the external luminescence emission balances the incoming
sunlight. Any nonradiative recombination channel impairs the carrier density,
lowering the open-circuit voltage. Thus, efficient external luminescence (which is
good for the LED application) is a counterintuitive necessity to approach the
Shockley-Queisser (SQ) efficiency limit'?'. Further, the short-circuit current of a
solar cell material mainly depends on two aspects: the ability to absorb light which
generates the carriers and the yield of the generated free charge carriers reaching the
electrical contacts successfully. Here too, any nonradiative recombination channel
impairs the carrier density, lowering the short-circuit current. The high open-circuit
voltage as well as the short-circuit current contribute to the high output power of a
solar cell. Therefore, it is of significance to investigate the external luminescence as
well as the PC under the same excitation condition, giving detailed information on
the charge carrier dynamics.
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6.1 Variation in PC response due to the different PL
emissive states

PC map of GaAs PL map of GaAs
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Figure 6.1

(a) PC map and (b) PL map measured on the film of GaAs solar cell, and (c) PC map with region A marked by a red
box and (d) PL map with region B marked by a blue box measured on the film of MAPbBrs perovskite. The regions A
and B are later used for biases dependent study and the detial are present in Figure 6.3.

The PC and PL maps of the GaAs solar cell film at zero bias are shown in Figure
6.1 (a) and (b), respectively. It is obvious that the edge of the solar cell appears in
both the PC and PL map, separating the active region (yellow) and substrate region
(blue). The regions that give high PL also give high PC signal. The Pearson’s
correlation coefficient (y) (equation 6.1) can be used to characterize the correlation

of these two images,

Liea (% =D —§)

= 6.1
N e o T L
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where x; and y; represent the PC and the PL yields at different positions in the
investigated area, respectively. The calculated correlation coefficient from these two
images is 0.9993, indicating the emissive states contribute not only to the PL signal
but also the PC signal, which is expected in the case of an ideal solar cell. While the
PC map and PL map of the MAPDbBr; perovskite do not show a clear correlation (as
shown in (Figure. 6.1 (c¢) and (d)). The Pearson’s correlation coefficient of Figure
6.1 (c) and (d) is only 0.32. There are several reasons for this poor correlation.
Firstly, the inhomogeneity in the film thickness can contribute to the variations in
the PC and PL map. Secondly, the contact heterogeneity adds randomness to the PC
response'?. The truelly intrinsic sources for the poor PC and PL correlation in
MAPbBBT; perovskite solar cell need to be explored.
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Figure 6.2

PL spectrum peak fitting results as a function of PC response for positions of interest in MAPbBr3 perovskite solar cell.
(a) The PL spectrum is fitted with two Voigt profiles centered at 2.34 eV (blue line) and 2.28 eV (red line); (b) PL and
PC correlation in regions where the 2.28 eV emission does not occur; (c) PL and PC relationship in regions shows. The
blue and the red dots are the areas under the corresponding Voigt profiles.

As mentioned above, the PL spectra of each point in the image of Figure 6.1 (d) are
obtained under zero bias voltage. One of the representative PL spectra is shown in
Figure 6.2 (a). The spectra can be decomposed to two Voigt profiles centered at
2.34 eV (blue) and 2.28 eV (red), respectively. The integrated area under the two
fitted lines gives the corresponding PL intensity. Positions with high PC intensity
and positions with high PL intensity are selected to perform the peak fitting based
on Figure 6.1 (¢) and (d). Normally, two pathways corresponding to the PC and the
PL from one state are expected and there are four pathways for two emissive states
in total. After peak fitting, the PL at 2.34 eV can be observed in all of the selected
positions in the sample, while the emissive state at 2.28 eV component is not present
everywhere. In Figure 6.2 (b), the positions show the PL contribution at 2.34 eV vs
PC, while the 2.28 eV emission is negligible. This suggests the absence of the state
responsible for 2.28 eV emission and the PC at these positions originate from the
2.34 eV emissive states. The positions showing significant PL contribution with
negiligible PC contribution suggest the poor contacting of the electrodes. Figure
6.2 (c¢) shows the PL intensity versus PC plot from the positions where the
contribution from both emitting states is significant. The random distribution of the
PL yield suggests that significant heterogeneity is present. Besides, the appearance
may be due to the contribution to the PC from both emissive states. It may be also
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due to the fact that the PC is only contributed by the 2.34 eV state and the appearance
of the 2.28 eV is caused by the energy transfer from the high energy state to the
lower energy state.
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Figure 6.3

(a) PC-PL relation in the region A without emissive state at 2.28 eV by applying different forward bias to MAPbBr3
perovskite solar cell; (b) in the region B with the emissive state at 2.28 eV and (c) PC-PL relationship obtained by
applying different forward bias to the GaAs solar cell;

To confirm the above two possibilities, the PL-PC correlation in region A without
2.28 eV emissive state, in region B with 2.28 eV emission sate, and in the GaAs
solar cell by applying different forward bias (0 to 0.25 V) are carried out and the
results are shown in Figure 6.3 (a), (b), and (c), respectively. The modulated signal
at 3 kHz as well as the small window of bias voltage is used to eliminate the
influence caused by the impedance of the device. Besides, the signal at the
modulation frequency can select the contribution from the light induced current
only. While the dc signals contain the contribution from the dark current that is not
easy to separate. Typically, when a forward bias is applied to a direct band gap solar
cell, fewer photogenerated carriers can be extracted as current and more radiative
recombination occurs, which results in a negative correlation relationship between
the PC and PL yields'**. The obtained correlation coefficient of the PC-PL yield for
region A in MAPbBr; perovskite solar cell and GaAs solar cell are around -0.97,
while only -0.4 for region B in MAPbBr; perovskite solar cell. The weak PC-PL
yield correlation suggests that the emissive state at 2.28 eV does not contribute to
the PC significantly.

The emissive state at 2.34 eV is quite close to the band gap energy of MAPbBT3
(2.36 eV)'* and therefore it can be related to the band-to-band carrier
recombination. While the emissive state at 2.28 eV is lower than the band gap
energy, and it may be originated from the different phase of the MAPbBr; perovskite
(TE phase) or defect-related polaronic emission. This suggests that the sample can
be optimized in the preparation process to reduce the emissive traps and to increase
the PCE performance.
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6.1 High resolution mapping of two-photon excited PC
in perovskite microplate photodetector

Single MAPbBr; microcrystals (MCs) can be used as active material for
photodetectors. In this work, the scanning PC microscopy (SPCM) is used based on
TPA and making use of the fact that the near-infrared light can penetrate the whole
crystal and thereby the focal point, where TPA mainly takes place, can be chosen
anywhere in the crystal. We study the PC distribution in single MAPbBr; MCs under
different applied forward biases.
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Figure 6.4

PC mapping with 0.02 (a), 1 (b), and 2 V (c) bias. The orange dashed line indicates the MC edge, the two black dashed
lines show the ITO gap which separates the two electrodes. Inset of part a: SEM image of the MAPbBrs MC device
used in the experiment. (d) Average PC decay length along X axis with different voltage bias. (e) lllustration of electron
and hole transfer (top) and hole diffusion (+0.02 V) and drift (+1, 2 V) in VB. (f) PC intensity along Y axis at different x
values with 2 V bias.
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The SPCM measurements with 0.02, 1, and 2 V bias were performed on a MAPbBr3
MCs to study the spatial variations of the photocurrent. The results are shown in
Figure 6.4 (a-c). The investigated MC size is about 25 X 25 um?. The 5 pm indium
tin oxide (ITO) gap under the MC is indicated by two parallel black dashed lines.
Under a very weak bias (0.02 V), the PC is only generated close to the ITO gap. It
can be explained by the small band bending at the electrode gap edge, where the
current flow occurs. While the charge carriers further away from the electrode gap
perform nearly random motion and do not contribute to the photocurrent'*>'?°, The
carrier diffusion length can be fitted with the PC intensities along the X axis with
an exponential decay function. The fitted diffusion length L are about 6.4, 3.7, and
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7.0 um for different Y positions at 7, 15, and 24 pm, respectively. The average
diffusion length is about 5.7 + 1.8 um, which is quite close to the reported value'?’.
The relationship between the diffusion length Lp and the carrier mobility u can be
expressed as equation 6.2,

[LkBT

Lp = 7(6.2),

where kg is the Boltzmann constant; T is the sample temperature; q is the
elementary charge; T is the carrier lifetime which is normally 200 ns in this
material'*®. Therefore, the estimated carrier mobility is about 63 cm?V ~1s™1, which
is quite close to the reported value (60 cm?V ~1s~1)!?%_ This result is consistent with
the suggestion that the carrier diffusion is the main mechanisms for the PC under
very low bias.

By increasing the bias from 0.02 Vto 1 V to 2 V, the PC distribution becomes wider
along the X axis (Figure 6.4 (b) and (c)) due to the larger band bending at the
electrode gap edge by a larger applied forward electric field (Figure 6.4 (e)). By
fitting the minority diffusion length with an exponential decay under 1 and 2 V, the
average PC decay lengths increases to 12.3 £ 2.2 and 23.2 + 1.9 um, respectively.
Under high applied external bias, between the anode (+) and cathode (-), the band
bending is stronger, electrons and holes move faster and can thereby reach their
corresponding electrodes from more far'*’. The PC shows large variations among
the crystal (Figure 6.4 (f)). This strong spatial distribution is mainly due to the
inhomogeneous distribution of the trap-states''2.
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Conclusions

In this thesis, we have studied photophysics of perovskite by using temperature
dependent phase modulation two-photon PL and PC microscopy. These results are
of importance for both fundamental research and applications in devices.

After photoexcitation, the hot carriers can be cooled down via carrier-phonon
scattering. The temperature-dependent two-photon PL is used to investigate the
linewidth broadening resulted from carrier-phonon scattering, coexistence of
different phases, emissions from exciton as well as free charge carriers in the
MAPbBBr; and FAPbBr; perovskites. In MAPbBr3 perovskite, we found that TE
phase is predominant in the BCs while OR phase is predominant in the thin films
(TFs) at room temperature. With decreased temperature, the abrupt blue shift in the
PL peak at around 150 K suggests a phase transition from TE to OR in the bulk
crystal. While a continuous red shift in the PL peak shows a gradual increase of the
exciton population. The higher LO phonon - free charge carrier coupling strength is
found in the TFs, suggesting a lower carrier mobility. For the FAPbBr3; NCs, three
phases coexist at room temperature and only OR phase exists below 260 K. In
addition, the LO phonon - free charge carrier coupling strength in the NCs is found
to be higher than the bulk counterparts. Besides, the LO phonon-free charge carrier
coupling strength is higher than the exciton-acoustic phonon coupling strength in
both MAPbBr3; and FAPbBr;.

Besides cooling, the radiative recombination of excitons as well as free charge
carriers can occur. The phase modulation two-photon PL microscopy is used to
quantify the contribution of the emission originating from excitons and free charge
carriers in MAPbBr3 and separate both contributions spatially and spectrally. The
experimental results show that the emission from free charge carriers is predominant
in most of the regions in the crystal. While the emission from excitons is
predominant in some localized spots. In addition, the nonradiative recombination
channels originate from the traps and strain. The band structure deformation depth
is highest around the localized spots which protect the photogenerated carriers and
promote the 10 recombination process.

Considering the charge accumulation effect, phase modulation two-photon PL
microscopy is used to spatially resolve how the impurities change with phase
transition in MAPbBr3 polycrystalline perovskite film. We analyzed the PL in terms
of 10 and 20 recombination dynamics taking into account the possible
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accumulation effects related to the depletion of the ground state due to the high pulse
repetition rate. We found more 20 recombination emission in the region with less
traps. The highly emitting localized spot showed evidence for a boundary which can
explain the enhanced 10 recombination emission. With temperature decreasing, the
10 recombination emission is increasing due to the increased exciton population in
the perovskite film. Besides, the 10 recombination lifetime is decreasing.

The perovskites can be used to make optoelectronic devices as solar cells and
photodetectors owing to their many favourable properties like the high carrier
mobility (less LO phonon — carrier coupling strength) and the long diffusion length
(slower total recombination rate and longer 10 recombination rate). For the solar
cell application, phase modulation two-photon PL and PC microscopy is used to
investigate the correlation of the PC response with emission from two different
states at 2.28 and 2.34 eV in MAPbBr; crystal. The experimental results show an
obvious heterogeneous distribution both in the PC and PL map. Besides, the strong
correlation of PC and PL map for GaAs solar cell and MAPbBr; solar cell containing
only 2.34 eV state indicates that the state at 2.34 eV contributes to the PC
significantly. While the emissive state at 2.28 eV, which might be caused by the trap
states, will lower the performance of solar cells. For the photodetector application,
we use SPCM to investigate the charge carrier distribution and transport in
MAPbBBr; MC photodetector. The results show that the charge carrier transport
length is dependent on the applied electric field and it varies from 5.7 pm to 23.2
pm under the applied bias from 0.02 to 2 V.
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