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Abstract

Metal halide perovskite -basedthin film s, the light harvesting layer in perovskite
solar cells, have received increasing attention since 2012 Although many studies have
focused on elucidating the complicate d dynamics involved in the photoexcitation
process of metal halide perovskite-based thin film and their impacts on charge carrier
behaviors, the ultrafast photoexcited dynamics (within the first picosecond) and spatial
heterogeneity of those dynamics are often overlooked or investigated separately.

In this dissertation, | demonstrate the ability of pump probe microscopy (PPM)
to reveal the photoexcited charge carrier dynamics in methylammonium lead iodide
(MAPDI 3) perovskite thin films with sub -picosecond temporal resolution and sub-
micrometer spatial resolution. Spatial mapping between PPM images and fluorescence
lifetime microscopy (FLIM) i mages of MAPBIs perovskite thin films is achieved to
bridge the different time scalesof charge carrier dynamics at the same region.By
spatially overlapping PPM and FLIM images with scanning electron microscopy (SEM)
images, | demonstrate that the spatial heterogeneity of charge carrier dynamics is not
solely dependent on the morphology of MAPBI s perovskite thin films . Additionally, a
model is introduced to decompose the pump probe and fluorescence signal and separate
different charge carrier dynamics. Sub-picosecond charge carrier dynamics obtained

from pump -probe signals with various probing wavelength sare used to monitor the



cooling processof charge carriersand extract the time-resolved charge carrier
temperature with micro meter spatial resolution. In the end, | discuss the potential of
PPM in investigating degradation and different microstructures of MAPBI s perovskite

thin film s.
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1 Introduction

In the past decade,organic-inorganic halide perovskite solar cell s have received
enormous attention due to their outstanding power conversion efficiency (PCE), simple
fabrication process and tunable absorption range. To date, the highest certified single-
junction perovskite solar cell PCEreported is 25.2%?!. Together with its scalablesolution -
basedfabrication method and low processing asts, organic-inorganic halide perovskite
solar cells have already demonstrated the potential to be the next generation solar cell

To further improve the device performance of perovskite solar cells, researchers
now put focus on understanding the photoexcitation processesbehind the photovoltaic
properties of these materials. By elucid ating the complicated charge carrier dynamics
involved in photoexcitation processesand the impact O1 wx 1 UOYUOPUI wUOT pOwi O
microstructure on these dynamics, defect engineering? and structure tailoring 4 can be
realized to optimize the performance of perovskite solar cells.

Multiple optical methods are employed to investigate the charge carrier
dynamics of perovskite thin films . For example, time-resolved pump probe spectroscopy
and time-resolved fluorescence lifetime microscopy (FLIM) are widely used to monitor
the charge carrier behavior after photoexcitation 4. However, the spectroscopy methods

generally analyze the average signal over alarge area and fail to provide spatial

information . FLIM, in another hand, has micrometer scale spatial resolution but can only



investigate certain charge carrier dynamics, which are radiative processes, in
nanosecord time scales.

In this dissertation, | will demonstrate the use of pump probe microscopy (PPM)
and FLIM to monitor photoexcited charge carrier dynamics in methylammonium lead
iodi de (MAPDI 3) perovskite thin films with sub -picosecond temporal resolution and sub-

micrometer spatial resolution.

1.1 Introduction to perovskite solar cells

Solar cells areelectrical devices that harvest solar energy and convert it to
electricity via the photovoltaic effect!s. Traditional solar cells utilize doped silicon to
form a PN junction (figure 1a). The depletion zone between P-type silicon and N -type
silicon servesas the light harvesting region. When a photon of light is absorbed in th is
region, a free electron and holepair is created. The potential differen ce across the PN
junction drive s the electron to the cathode andthe hole to the anode. If an external
circuit is connected to the electrodes, an electric current will flow from the anode to the
cathode and the energyconversion is completed.

Instead of using doped silicon to collect light, perovskite solar cells employ
materials having ABXs crystal structure astheir light -harvesting layers. Materials having
such crystal structure are called perovskite material s. In this dissertation, we focus on

the organic metal halide perovskite (CH sNH sPbls, MAPDI 3), which has organic cations

CH3NH 3" (MA) as A, divalent metal atoms Pb2*as Band halide anions I as X in the



crystal structure. Electron and hole transport layers are added (figure 1b) in perovskite
solar cdls to help the separation and transport of free electrons and holes created by

light absorption. Due to the high optical absorption of perovskite materials, perovskite
thin films deposited from solution whose thickness are around 300nm are widely used

in perovskite solar cells?® 17,

(b)

HTM
P-type

Perovskite

Depletion Zone

N-type

ETM

Figure 1: Traditional silicon solar cells and perovskite solar cells.  (a)
Traditi onal silicon solar cells contain P-type silicon layer, N-type silicon layer and
electrodes. The depletion zone in the PN junction serves as the light absorption area.
(b) Perovskite solar cells contain perovskite materials, hole transport material s (HTM )
such as spiro-OMeTAD , electron transport material s (ETM) such as TiOz, Fluorine -
doped Tin Oxide ( FTO) glass, electrodes, and cover glass. FTOglass is a transparent
conductive metal oxide used in the fabrication of transparent cathodes .

1.2 Electron band structure of semiconductors

The dectron band structure is the fundamental of photoexcitation processesand
the charge carrier transport of semiconductors. A simple model of electron band

structure is introduced to better understand the phot on-electron interaction in solar cells.



According to the! OOE T z U @ thk walkefun@ions of an electron in crystal
structure having p eriodic potential can be written as:
o 0P » )
where[ is the wave function, r is the position vector, k is the crystal momentum vector ,
and ¢ is aperiodic function that has the same periodicity as the crystal. In the tight
binding model8 which asaumes that electrons are tightly bound to the local atoms and
have limited interaction with surrounding atoms , the crystal Hamiltonian O can be
expressedby the Hamiltonian of an isolated atom 'O with a small correction term to the
atomic potential 3
O 0O 3w (2
A solution of the wave function to the time-independent crystal Schrodinger equation
can beapproximated as a linear combination of atom orbitals
r» By 4. » A, ©)
where =| . is the atom location in the crystal and m refers to the atomic energy level. By
solving equations 1 and 3, the wave function can be expressed as:
[o» =Bl OE-. » 4, (4)
where N is the number of atoms in the crystal. The generalwave function can be written

asa linear combination of wave functions of different atomic energy levels:
r» B or » (5)

The crystal Schrddinger equation is written as:
4



or » O 30 » > (6)

where - is the energy associate with the wave function [ ». Due to the tight
binding between electrons and local atoms, the energy associated with the wave
function [ is close tothe energy of atomic levels. Howev er, instead of being a fixed
value at a certain atomic level, the electron energy now is a function of the crystal
momentum k ranging through N values . As N increases,an energy band is formed close
to the energy of atomic levels (figure 2). For example, the energy band close tothe m-th

atomic energy level can be expressed bymultiply the crystal Schrédinger equation by

the wave function 1 * » and integrate over all »:

z

T S0 30 P> - B e 7

utilize the eigenenergy of 'O and the orthonormality of different atom orbitals, the

electron energy inside the m-th energy band is:

o —. 7 " »30[ P> (8)

where O is the energy of the m-th atomic level. The width of the energy band is closely
related to the interatomic spacing since 3w becomes more significant as the distance
between electrons reduces When the electrons are far apart. Theenergy band returns to

the fixed value O .



(a) V(r) (b) Energy levels

Q| =

Figure 2: Electron band structure. (a) Electronic levels of an isolated atom. (b)
The energy levels for a system having N such atoms in a periodic array. The
interatomic distance is d. When atoms become closer, energy bands are form with N
available values in each band.

For different materials, the occupation of each energy band varies. For the
semiconductors, the valence bandis the outermost energy band that is fully occupied by
electrons. The unoccupied energy band next to the valence band iscalled the conduction
band. No electronic statesexist between these two bands, therefore, the range between
them is called the band gap. The energy difference between these two bands is the band
gap energy. Normally, photons with energy larger than the band gap energy can excite
electrons from the valence band to the corduction band (figure 3). Due to the large
population of available energy states in the conduction band, excited electrons canfreely
move in the material and form current between regions having potential difference. It is

how the solar cells generate and ransport excited electrons.



O O

Figure 3: Energy diagram for solar cells. Electrons in the valence band absorb
photons with energy | ogreater than the band gap energy [ and move to the
conduction band . Excited electrons and holes move to the electron transport material
(ETM) and the hole transport material (HTM) due to the potential difference between
materials.

1.3 Recombination processes in semiconductors

Since theremarkable PCE of perovskite solar cells is closely related to the long
lifetime 10 20 long diffusion lengths 2t and low recombination rates 2. 22of charge carriersin
perovskite layers, a better understanding of charge carrier recombination processesis
required for further improvement of the PCEof perovskite solar cells.

In semiconductors, charge carrier recombination is usually expressed as:

LG T T 1 ©

where ¢ represents the photoexcited charge carrier density. 'Q is the first-order

Shockley-Read-Hall (SRH) trapping rate constant and describes thetrap-assisted

recombination of electrons or holes. 'Q is the semnd-order band-to-band recombination



rate constantthat shows the radiative recombination of an electron hole pair. "Q only
becomes significant with very high light intensity. It represents the third -order Auger
recombination which is a non-radiative r ecombination involv ing three charge carriers.

Figure 4 shows the mechanism of these recombination.

(@) (b)

] . * o
O ® O O ® O Q .

Figure 4: Mechanism of charge carrier recombination. C is the conduction band
and V is the valence band. Solid and hollow circle s represent electrons and holes
respectively. (a) Trap-assisted recombination. Trapping states are in the band gap,
electrons and holes first enter these states and then relax to t he ground state. T stands
for trapping states. (b) Band-to-band recombinatio n. Radiative recombination of an
electron hole pair release energy via photon emission. (c) Auger recombination. The
energy released from the recombination of an electron hole pair is absorbed by
another electron in the conduction band to reach to a higher energy state.

For the trap-assisted recombination, the excited electron or hole enters a localized
state (trapping state) with energy between the band gap created by a defect in the crystal
lattice before relaxing to the ground state. This recombination is mainly non -radiative,
the energy dissipates via lattice vibration. For the band-to-band recombination, an

excited electron jumps from the conduction band to the valence band and fills a hole.



The energy is released viaa photon emission. For the Auger r ecambination, an excited
electron jumps back to the valence band and fills ahole, the releasedenergy is absorbed
by another excited electron to move to higher energy states. Sincethree charge carriers
are involved, this recombination requires very high charge carrier density to be
significant.

When the charge carrier density remains low, the dominant recombination
processis the trap-assistedrecombination. Increasing charge carrier population will fill
up trapping states. The existence of hrge amount of free electronand hole pairs makes
the band-to-band recombination significant. Further increase of charge carrier
population will raise the possibility of the three-particle interaction and lead to
dominant Auger recombination . The charge carrier density change under eachdominant

recombination is listed:

€0 €0Q (Trap-assisted recombination) (10
€ 0 ——— (Band-to-band recombination) (11
£0 —— (Auger recombination) (12

According to these recombination processes, te diffusion length of charge

carriers can be calculatedby:

~ ~

[ 0 0t Q¢ (13)



oy (14)
e

where r(n) is the total recombination rate of charge carriers, ‘ is the mobility of charge
carriers, T and Q represents temperature and Boltzmann constant respectively and ‘Qis
the elementary charge?® 2 |n realistic situations, the trap-assistedrecombination is the
dominant recombination process in solar cells under 1-sun illumination (1000 W/m2 and
25°C standard cell temperature), with the exception that concentrator solar cells use

lenses to focus sunlight and achieve high charge carrier density?*. Therefore, the

diffusion length usually depends mainly on "Q, which is associated with the
available trapping states. To obtain a longer diffusion length, trapping states
should be minimized by reducing defects and structur al disorder in the

perovskite layer.

1.4 Shockley-Queisser limit for single junction solar cells

Despite various optimizations made to improve the PCE of solar cells, there is a
maximum theoretical PCE for solar cells with a single PN junction. It is called the
Shockley-Queisser limit. The limit considers energy losses due to the blackbody
radiation, radiative recombination between free electron -hole pairs, impedance
matching and the spectrum losses. A large portion of the energy losses (52% energy
losses for a single junction silicon solar cel?®) are from the spectrum losses: only photons

with more energy than the bandgap energy (the energy difference between the valence

10



band and the conduction band) of the light harvesting material in the solar cell can
create electronhole pairs and be converted to electricity. Additionally, energy above the
bandgap energy is lost during thermalization (figure 5b). One way to exceed the
Shockley-Queisser limit is to collect high -energy electrons, also known as hot carriers,
before they thermalize to the band edge?®. A more detailed discussion of the hot carrier
harvesting will be provided in chapter 4.

(@) (b)

Available energy — Thermalization loss
| e ‘ ¢ <+ Not absorbed

Figure 5: Spectrum losses counted in Shockley -Queisser limit. (a) Excited
electrons (solid red circle s) and holes (hollow red circles ) created by photons with
diff erent energy. The length of arrows represents the amplitude of photon energy. V
stands for the valence band and C stands for the conduction band . Black dash arrows
show the thermalization p rocesswhere high energy electrons relax to the band edge.
(b) Spectrum losses due to the band gap limitation and the thermalization . The green
area shows the available solar energy for electricit y conversion. The red area shows
the energy loss due to the thermalization . Excess electron energy above the band edge
will be lost and converted to heat. In the blue area, photons with energy less than the
band gap are not harvested by the solar cell.

1.5 Pump probe microscopy and fluorescence lifetime
microscopy

The simple and scalablesolution -basefabrication method of perovskite thin films
gives perovskite solar cells greateconomic potential?’. Meanwhile, various types of

defectsand spatial heterogeneities are inevitably introduced to the perovskite thin films

11



during fabrication . To study the impact of defectsand spatial heterogeneity on the
charge carrier dynamics of perovskite thin films , spatial and temporal resolution are
required. Scanning electron microscopy (SEM) can provide nanometer spatial resolution
but the temporal resolution is absent. Conventional transient absorption spectroscopy
and time-resolved photoluminescence spectroscopy can monitor charge carrier
dynamics with su b-picosemnd and sub-nanosecondtemporal resolution respectively.
However, their signals usually represent the average value from a large area Little
spatial information is provided, and the local heterogeneity of charge carrier dynamics is
overlooked.

To achieve spatial and temporal resolution at the same time for the study of
charge carrier dynamics of perovskite thin film s, time-resolved fluorescence lifetime
microscopy (FLIM) and pump probe microscopy (PPM) are adapted. FLIM can monitor
radiative recombination processes of charge carrierand characterize the charge carrier
lifetime . The micrometer spatial resolution of FLIM can reveal the region having
abundant defects like grain boundaries . Instead of representing only radiative
recombination processes PPM can monitor the change of the total charge carrier
population , which includes both radiative and non -radiative recombination processes.
The sub-picosecond temporal resolution of PPM enables the study of the ultrafast charge
carrier dynamics with in the first several picosecondssuch as the ot carrier cooling

process and charge carrier transport betweenthe perovskite thin films or the electron

12



and hole transport layers. Additionally, the sub -micrometer spatial resolution of PPM
can provide localized information of the charge carrier populati on. However, typical
PPM only measures the charge carrier behaviors within several hundred of picoseconds
which limits the study of some long-live charge carrier dynamics. In this dissertation, |
demonstrate that the micrometer scale mapping between PPM imagesand FLIM images
bridg esthe monitoring of charge carrier behaviors in different timescale s and gives us a

more complete picture of localized charge carrier dynamics.

1.5.1 Nonlinear optical interactions

Pump probe microscopy utilizes va rious nonlinear opti cal interactions to
monitor the charge carrier dynamics. Two laser pulses (pump and probe) are used to
resolve electron population changes induced by these interactions. Figure 6 illustrates

several common nonlinear optical interactions.

=l ]

with vibrational
levels

Virtual state

Excited state =—T—

Ground state

TPA SRS ESA SE GSD

Figure 6: Common nonlinear interactions used in pump probe microscopy
two -photon absorption (TPA), stimulated Raman scattering (SRS), excited state
absorption (ESA), stimulated emission (SE) and ground state depletion (GSD).
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The intensity dependence ofthesenonlinear optical interactions on the pump
and probe beamscan beobtained by consider the nonlinear optical susceptibilities of the
materials. The polarization U of the material system can be expressed withthe optical
susceptibilities as:

06 f ..00 ..00 ..00 E (15
where is the permittivity of free space, ... is the linear susceptibility, ... and ...

are the second and third -order nonlinear optical susceptibilities. Conventionally, the
polarization can be split into the linear and nonlinear parts as:

06 0 o 0 o (16)
where 0 0 is the part that has linear dependence m the electric field. Typically, high
order susceptibilities are much smaller than the linear susceptibility. Therefore, these
nonlinear interactions are only significant under strong electric field s such asthe electric
field of laser pulses.

Accordingto, ERPT OO0z Uwl GUEUDOOU wb O drée@hamd)thed UO x P E wl
wave equation in a nonlinear material can be expressed as:

€ -
T oo 21 o an

wlo T w!o
where ¢ is the refractive index of the material and c is the speed of light. The non-zero

term containing 0  actsasa driver of electromagnetic waves. By solving this equation,

the modification of the electromagnetic waves due to the nonlinear polarization can be
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determined. The real part of the nonlinear optical susceptibilities ... in 0
corresponds to a phase change to the waves and the imaginary part of them results to an
absorption change to the waves.

Different nonlinear optical interactions are associated with different order of
nonlinear optical susceptibilities , therefore, the intensity dependence of nonlinear optical
interactions on the electromagnetic waves canvary. For example, the two-photon
absorption shown in figure 6 is associated with the third order nonlinear optical
susceptibility and the change of absorption coefficient ¥ of the probe beamdepends on

the intensity of the pump beam:
0 -® t0O (18)
Y1 @ 04. 1 h h o 80 (19
where 'O and O represents the intensity and electric field of the pump beam.

1 h hj stands for the third order nonlinear optical susceptibility
corresponding to the absorption coefficient change of the probe beam. The absorption
change ¥6 of the probe beamis written as:

Y61 e 0Oy 7 6 "0"0 (20)
where “O is the intensity of the probe beam. Equation 20 showsthe change of the probe
beam due to the presence of the pump beam. It is theprincipl e of the pump probe

microscopy.
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1.5.2 Pump probe microscopy

As discussedin the previous section, pump probe microscopy obtains molecular
information by interrogating a variety of nonlinear optica | interactions of the materials.
The pump pulse excites electronsin the ground states and the following probe pulse can
monitor transient electron dynamics involving electronic and vibrational energy states.
By adjusting the difference of arrival time (ti me delay, t) between the pump and the
probe pulse, the time-resolved electron dynamics can be achieved. In addition to
adjusting the time delay, tuning the pump and probe wavelengths provide a large
parameter space to obtain molecular specificity.

The pump-probe signal detected in the PPMis the intensity change of the probe
pulse with the pump pulse on and off. Different nonlinear optical interactions will result
in different type s of pump -probe responses (different signs and lifetime s). As shown in
figur e 6, due to the involvement of virtual energy states, two -photon absorption (TPA)
and stimulated Raman scattering (SRS)will provide a pump -probe signal that is only
significant within the time window when the temporal profile of the pump pulse and
the probe pulse are overlapped. Processessuch asexcited state absorption (ESA),
stimulated emission (SE), and ground state depletion (GSD) involve certain excited
electronic energy states. The thermal relaxation time of these excited electrons can differ
from sample to sample. It leads to different lifetimes of pump -probe signal. Figure 7

illustrates the time -resolved pump -probe signal of several common nonlinear optical
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interactions. Additionally, the pump -probe signal of the state-filling effect (SFE) which
is usually observed in the pump -probe measurement of perovskite thin films is plotted.
The statefilling effect describes the absorption change of the probe beam due to the
energy state occupationsinduced by the pump beam. Empty energy statespreviously
available for the photon absorption of the probe beam are now partially filled by
electrons excited by the pump beam. The population of the excited electrons Y0 is
linearly dependent on the intensity of the pump beam if a linear absorption of the pump
beam is assumed.The absorption reduction of the probe beam can be expressed as:
Yoo00 Yo o008 00 (22)
Sincethe statefilling effect involves electronic states,the corresponding pump -probe

signal has acertain lifetime .

Pump-probe signal (A.U.)

Time Delay (ps)

Figure 7: Time -resolved pump -probe signal of common nonlinear optical
interactions.
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As shown in figure 7, TPA and SRS exhibit different signs of pump-probe signal.
For TPA, the absorption of the probe pulse is enhanced with the presence of the pump
pulse. Therefore, if we measure the transmission of the probe pulse, we will obtain less
intensity of the probe signal. It corresponds to a positive pump -probe signal in PPM
analysis. Meanwhile, the sign of SRS depend on the wavelength of the pump and probe
pulse. When the wavelength of the pump pulse is shorter than the probe pulse, the
presence of the pump pulse will result in additional signal in the probe wavelength. In
this case (same as shown irfigure 6), more transmitted probe signal is measured, and
the pump -probe signal is negative.

Note that different conventions of defining the sign of pump -probe signal are
adapted by different research groups. Our group uses the positive sign for enhanced
absorption of the probe pulse and the negative sign for reduced absorption of the probe
pulse by the sample. Starting from Chapter 2, this convention will be used in all PPM
analysis. For Section 1.3, the opposite sign will be used (positive for reduced absorption
and negative for enhanced absorption) when the PPM work of other groups are

reviewed.

1.5.3 Fluorescence lifetime microscopy

Long fluorescence lifetime indicates low density of defects and possible long
diffusion length of charge carriersin a perovskite thin film 0. Both properties are

associated with high PCE in perovskite solar cells. Therefore, fluorescence lifetime isan
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important parameter for evaluating the quality of a perovskite thin film 0 FLIM is a
powerful method to obtain fluorescence lifetime with micrometer spatial resolution. It is
mainly based on the time-correlated single photon counting (TCSPC)technique?&. In
the TCSPC technique,single photons of a periodic light signal are detected by a
photomultiplier tube (PMT) . Usually, the light signal has high repetition rate, and the
intensity of the signal is low enough to satisfy the assumption that the probabili ty of
detecting one photon in one signal period is low and the change of detecting more than
one photon in one signal period can be neglected Therefore, instead of measuring the
fluorescence intensity at different time delay s (time difference between light excitation
and the detection of fluorescence signal, the TCSPC techniquecan count the
distribution of photons arriving at different time delay s over many signal periods
(figure 8a). Fluorescencewaveforms can be reconstructed base on the time-correlated

photon distribution (figure 8b) and the fluorescence lifetime can beextracted from it.

(a) Pulse periods (b) Photon counts
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N
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Figure 8: Principle of the time -correlated single photon counting technique. (a)
Red pulses stand for the light signal in each period. B lue pulses stand for single
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a detected single photon is used to form a time -correlated photon distri bution. (b) The

red curve is the reconstructed fluorescence waveform based on the time -correlated

photon counting histogram.

In principle, the time resolution of TCSPC is not limited by the bandwidth of the
detector, like seen with an analog signal recording technique. Instead, it depends on
how accurate the time of a single photon detection can be deermined, which usually has
much better time resolution than the analog recording technique 3L In FLIM, in addition
to photon detection with TCSPC technique, galvo mirrors scan the laser beam acrass the

sample so that the spatial resolution of fluorescence signal is also obtained.

1.6 Progress of pump probe microscopy studies on perovskite
thin films

Pump probe microscopy has demonstrated its capability of investigating
perovskite thin films in the past 5 yeargs 3233 Many photovoltaic properties of
perovskite thin films have been revealed by several research groups. In this section, |
will summarize the recent progress on perovskite thin films study by PPM.

As mentioned in previous section, band gap energy and defects are important for
the PCEand charge carier lifetime of perovskite thin films . Theseproperties are also
critical to the choice of pump and probe wavelengths in PPM. Figure 9a shows the linear
absorption spectrum and the fluorescence emission spectrumof MAPDI s thin films.
Photons with energy higher than the band gap energy are likely to be absorbed by the

thin film and excited electrons tend to relax to the conduction band edge before
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radiatively recombi ning with holes in the valence band. Therefore, therapid decrease in
the linear absorption spectrum and the sharp peak (760nm)in the emission spectrum
together identify the band gap energy of MAPDI s thin films at around 1.63eV.Figure 9b
shows the morphology of MAPbDI s thin films with granular structure . Defects are usually

associated with structur al disorder from pin holes and grain boundaries10 34
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Figure 9: Linear absorption and fluorescence emission spectrum and SEM
image of the MAPDI sthin film. (a) The emission peak is centered at 760nm (b) SEM

image of the MAPDI s thin film having granular structure.  Gray region s with bright
edge are pin holes with | ittle MAPbDI .

Once the band gap energy is determined, different pump and probe wavelength
combination s can be designed to nvestigate the charge carrier dynamics. Typically, the
pump wavelength is chosen to provide photons having energy greater than the band
gap energy so that a population of charge carriers is created after the pump excitation.
The probe wavelength can be chaosen to either probe the absorption change induced by
the pump beam® 35 or probe the index change induced by the pump beam3%. To probe the

absorption change induced by the pump beam, the probe wavelength needs to excite
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electrons slightly above the band edge. Electrons excited by the pump beam fills a
portion of available energy states near the band edge so that the absorption of the probe
beam will be reduced. Meanwhile, if the probe wave length is chosen to provide energy
much lower than the band gap energy, no significant absorption will occur. However,

the pump excitation will result in an index change of perovskite thin films. The
transmission of the probe beam will therefore be affected3s.

In the work of Libai Huang z U w1 3%)NDAPI s thin film swith granular structure
are investigated with a 630nm pump beam and two color of probe beams: 755nm
(photon energy larger than the band gap energy) and 785nm (photon energy slightly less
than the band gap energy). Both probe wavelengths show a bleaching signal (Y'Y T,
figure 10a, b). Note that the sign convention of enhancedabsorption (Y'Y ) and
reduced absorption (Y'Y ) is used here. The bleaching signal of 755nmand 785mm
probe wavelengths are due to the state filling effect of band edge energy states and sub
bandgap energy statesrespectively. Since subbandgap states are trapping statesoften
associated with defects and whose energy are slightly less than thebandgap energy,
regions having strong bleaching signal from the 785nm probe are likely to have more
defects.

As shown in figure 10a and b, the dashed line represents the edge ofa single
grain in the MAPDI s thin film . In the grain boundary, lessbleaching signal from the

755nm probe and more bleaching signal from the 785nm probe is observed. This
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observation can beexplained by state filling effect of abundant sub -bandgap states
around the grain boundary . After pump excitation and thermalization , electron
accumulation at band edge energy stateswill be reduced due to available states below
the band edge. Therefore, the bleaching effect at the band edgeis less pronounced while
the bleaching effect below the band edge becomes more significant due tothe state
filling effect of sub-bandgap states Additionally, the lifetime of pump -probe signal at
the grain boundary when probing at 755nm is slightly shorter than that at the grain
interior (figure 10c). It can be associated with more recombination channels atthe grain
boundary. This observation again support sthat the grain boundary contains more sub-

bandgap states than the grain interior.

Probe=755nm" *x_ Probe=785nm M8 j Probe = 755 nm

Tl 1 ,’ Film‘l ,/I -
Film 1 = . b a Grain

* Boundary

-

1000 2000 3000 4000 5000
Delay time (ps)

Figure 10: Pump probe microscopy images of MAPDbI s thin films with different
probe wavelengths. Pump probe microscopy ima ges of 755nm probe beam (a) and
7851m probe beam (b) taken at « == ¥ime delay. Two images show the same
region of interest. The white dash line indicates a single grain in the MAPDI s thin
film and scale bars are  H J(c) Carrier dynamics at 755nm within a grain and at the
grain bou ndary. Solid lines are fitted to a time -dependent carrier density function
considering both recombination and carrier diffusion. Adapted with permission from
J. M. Snaider, Z. Guo, T. Wang, M. Yang, L. Yuan, K. Zhu and L. Huang, ACS Energy
Letters 3 (6), 14021408 (2018)Copyright 2018, American Chemical Society.
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Their group also investigates the diffusion coefficient (D) of hybrid perovskite
thin films . To determine D, a slight modification of the scanning mechanism of PPM
must be made. Typical PPM uses a pair of galvo mirrors to scanthe spatially
overlapping pump and probe beam across the sample toobtain spatially resolved
pump -probe images. In this case,the pump beam is fixed at one position and only the
probe beamis scanned Therefore, only the fixed position is excited by the pump beam.
After excitation, excited electrons start to diffuse to surrounding areas having less
electron density in the conduction band. The scanning probe beam thenmeasuresthe
diffusion processby the spatial expansion of pump -probe signal3* 37 (figure 11). For a
two -dimension diffusion, D can be calculatedby , , 1O awhere ,, represents the
variance of pump -probe signal with Gaussian shapeat different time delays (t). This
method is also used to evaluate the carrier transport across grain boundariess,lateral
heterojunctions38, and the nearsurface carrier diffusion enhancement by

phenethylammonium functionalization 3°.
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Figure 11: Pump probe microscopy images of the carrier transport in a hybrid
perovskite thin film . (a) The 2D imaging of the carrier density profile in MAPDI s at
24



different pump ¢ probe time delaysd w%OU wWET OEa wUDP Ol wghex UOwlT 1 wUD
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b Y Y o(B)Séans of excited-state density profile projected along one dimension. Data

are acquired at different time dela ys. The profiles are fitted by Gaussian functions.

Adapted with permission from Z. Guo, J. S. Manser, Y. Wan, P. V. Kamat and L.

Huang, Nature Communications 6 (1), 7471 (2015)Copyright 2015, The Authors .

Although the wavelength of the probe beam is usually chosento directly monitor
the charge carrier behavior near the band edge, multiple optical responses such asband
gap renormalization “°, band-fil ling 4%, and line broadening“? might complicate the
dynamics of carriers near the band edge.In the work of Erik M. Grumstrup z Uwi UOU x O w
they select the probe wavelength to have photon energy well below the band gap
energy. In such case, there is nasignificant probe absorption and majority of the
complicated optical responses mentioned above are avoided It is the refractive index
changedue to the presence of excitedcharge carriersthat is probed. To a good
approximation, the refractive index change should have a linear dependence of excited
charge carrier density43. Without the presence of the pump beam, the image formed by
the probe beam will show interference fringes due to the variation of the thickness of the
perovskite thin films. When the pump beam is present, the interference fringes will shift
EUI wOOwWUT 1T wET Eaétivelinde® Eharigd Fiplre) 12 sHowsithe original and
shifted interference fringes of a hypothetical do main. A predicted pump -probe signal is
determined by the difference between the original and shifted fringe s®*¢. Since the

original fringes can be determined with the help of atomic force microscopy (AFM)
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which provide the topography of mat erials, the shifted fringes and the change of local
refractive index can be obtained by the pump -probe signal.

Sincethe change of refractive index can be directly related to the charge carrier
dynamics, the time-resolved charge carrier dynamics can be obtined by tuning the
arrival time s of pump and probe pulses just like the conventional PPM. Combining this
method with a modified pump probe microscopy technique similar to what we mention
above (fix the pump beam and solely scan the probe beam across the ample), more
fundamental properties of perovskite thin films such as the carrier mobility, effective

mass and mean scattering time can be determined¢.
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Figure 12: Effects of a refractive index change in pump prob e reflection
imaging . (A) Profile of hypothetical domain (black line) overlaid with two predicted
reflectivity traces assuming different refractive indices. A decrease inthe  refractive
index (red vs. blue traces) is accompanied by lateral shifts of the interference fringes.
Also note the mean decrease in amplitude between the blue and red tr aces. (B)
Predicted pump -probe signal, k= 9= L« | determined from the two traces
shown in panel A. Adapted with permission from A. H. Hill, C. L. Kenne dy, E. S.
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Massaro and E. M. Grumstrup, The Journal of Physical Chemistry Letters 9(11), 2808
2813 (2018)Copyright 2018, American Chemical Society.

Although pump probe microscopy studies on perovskite thin films ha ve
achieved certain success the ultrafast charge carrier dynamics ( pr) ) and the spatial
heterogeneity of charge carrier dynamics have not yet been fully understood due to the
involvement of multiple optical processes . Attempts to spatially correlate the time-
integrated fluorescencemicroscopy and pump probe microscopy ¢ have been made by
Mary Jane Simpsonfrom Oak Ridge National Lab oratory. They discovered spatial
heterogeneity of time-integrated fluorescence intensity and spatially uniform pump -
probe signalé at v ] itime delay. The uniform pump -probe signal at early time (in
picosecond scale) indicates a uniform excitation from the pump beam . The heterogeneity
of time-integrated fluorescence intensity is associated with trapping states which will
alter the local quantum efficiency of the sample.

In addition to the work mentioned above , many improvements have been made
to broaden the usage of PPM. Electron backscattering diff raction (EBSD) can becoupled
with PPM to correlate the local crystal quality and charge carrier transport in lead halide
perovskite thin films 44 A modified PPM setup with the broadband probe beam can push
the study of hot carrier cooling process in the perovskite thin films even further by
providing temporal, spatial and spectral resolution at the same time 45,

Despite the progress of PPM on perovskite thin films described above, spatial

heterogeneity of charge carrier dynamics is still not completely understood. For
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example, the correlation between fluorescence signaland pump -probe signal is absent
and the ultrafast charge carrier dynamics is overlooked in most of the studies. In this
thesis, the correlation between fluorescence signal and pump-probe signal is discovered
with micrometer spatial resolution and the ult rafast charge carrier dynamics within the

first picosecond is discussed.

1.7 Thesis outline

In chapter 2, | demonstrate the ability of PPM to reveal the ultrafast charge
carrier dynamics with sub -micrometer spatial resolution. A dapted phasor analysis is
used to distinguish the spatial heterogeneity of charge carrier dynamics found in PPM
and FLIM images. Sub-micrometer scale mapping between phasor and SEM imagesis
achieved. The heterogeneous charge carrer dynamics are associated with the spatial
defectsand structural disorder.

In chapter 3, I introduce a model to decompose the pump-probe and fluorescence
signal in different time regions to better understand the charge carrier dynamics. The
correlation between PPM and FLIM in the same regionis analyzed. Spatial
heterogeneity of charge carrier dynamics is related to visible and invisible defects by
mapping PPM and FLIM images to the morphology of MAPbI s perovskite thin films.

In Chapter 4, the ultrafast chare carrier dynamics is related to the hot carrier
cooling process.l demonstrate the hot carrier cooling process can be monitored by

multi -wavelength pump probe microscopy . The time-resolved local electron
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temperature is obtained with micrometer spatial resolution by analyzing local pump -
probe spectra at different time delays.
In Chapter 5, | discuss the potential of using PPM to investigate the impact of
degradation and different microstructures of the MAPblI s thin films onthl wWUE Ox O1 Uz w

charge carrier dynamics.
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2 Probing the spatial heterogeneity of charge carrier
dynamics in CHsNHsPbls perovskite thin films with
femtosecond time-resolved nonlinear optical
microscopy

The spatial heterogeneity of perovskite thin films hasreported by multiple
researchgroups® 44 It is closely related with various defectsin the thin film s'0.32.3544The
charge carrier dynamics change due tosuch spatial heterogeneity plays an important
role in PCE of the thin films. However, the difference of charge carrier dynamics
between heterogeneous regions is not fully understood. Since thestudy of ultrafast
charge carrier dynamics and correlation between different charge carrier dynamics are
limited by the temporal and spatial resolution, the ability of PPM to monitor various
nonlinear optical interactions raised by the change of charge carrier population with
sub-picosecond temporal resolution and sub -micrometer spatial resolution makes PPM a
suitable tool for such study. Combining PPM with FLIM, the tim e scaleof monitoring
charge carrier population can range from picosecondsto nanoseconds and the different
recombination processes(radiative and non -radiative) can be distinguished. In this
chapter, | demonstrate the correlation between spatial heterogeneity of MAPDbI s thin
i DBOOUZ wob OU xte €nér@e carieEdgnBmics. The correlation between the charge

carrier dynamics in different time scales is alsorevealed.
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2.1 Optical microscopy setup

2.1.1 Pump probe microscopy setup

Figure 13 shows our PPM setup. A mode-locked Ti:Sapphire laser (Chameleon,

Coherent) generates a laser pulse train with 80MHz repetition rate. The pulse train is

split into the pump beam (red) and the probe beam (yellow). The pump beam is

modulated by an acousto-optic modulator (AOM) with a square function at 2MHz. The

probe beam is sent to an optical parametrical oscillator (Mira-OPO, Coherent) for
wavelength tuning. The optical path length of the pump beamis adjusted with a
translational stage before spatially overlapp ed with the pump beam. A beam splitter is

used to spatially combine the pump and probe beams.

Ti:Sapphire
80 MHz

Time delay (t)

=
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Figure 13: Pump probe microscopy setup. The pump and probe beam s are
shown in red and yellow respectively . An AOM is used to modulate the pump beam
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at 2MHz. Pump and probe beams are combined and focused to the sample. A pair of
Galvo mirrors scan beams across the x-y plane of the sample. Nonlinear optical
interactions invol ving both beams transfer the pump beam modulation to the probe
beam. Spectral filters are applied before the photodiode (PD) to block the pump beam
and selectively measure the probe signal . A lock -in amplifier is used to extract the
intensity modulation of the probe signal . Inset shows the modulation transfer when
TPA happens.

An objective lens is used to focus the spatially overlapped beams on the sample
and a pair of Galvo mirrors scan the two beams together across the xy plane of the
sample. Multiple spectral filters are placed before the photodiodes (PDA55, Thorlabs) to
fil ter the pump beam and selectively pass the probebeam. The intensity modulation of
the probe beam due to the presence of the pump beam (via nonlinear optical interactions,
TPA is shown in Figure 13: Pump probe microscopy setup. as an example)is extracted
by a lock-in amplifier (SR844, Stanford Research) By tuning the length of the
translational stage, the difference of arrival time s between each pump pulse and probe
pulse (time delay, t) to the sample can be controlled and a timeresolved trace of pump -
probe signal can be obtained Figure 14 shows typical time-resolved pump -probe signal
in MAPDI3 thin films and a spatial image of pump -probe signal at a specific time delay.

Our PPM setup has two detection modes: trans-mode and epi-mode. The trans-
mode measures the intensity changes @ the transmitted probe beam, and the epi-mode
detects the changes of the depolarized backscattered probe beam reflected by a beam
splitter. Depending on the transmittance of the sample, one of the detection modes will

be used. Our setup also utilizes two scanning modes: time delay scan and depth scan.
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For the time delay scan,g wb U wY E U b tinte ueSaived P irp R tmaces across the
certain value and the focal position is scanned through different depth s. A depth -
resolved pump -probe trace across the samplet a fixed time delay can be obtained with
this scanning mode. In this chapter, all the pump -probe measurements of perovskite

thin films are acquired with time delay scan in trans-mode.

1.0

— Reference 1
Reference 2|

Pump-probe signal (Arb. U.)
o
o

40 1 2 3 a1 s
Pump-probe time delay (ps)

Figure 14: Time -resolved Pump-probe traces and pump -probe image at fixed
time. (a) Two typical pump -probe traces in MAPbI s thin films. They show the
averaged pump -probe trace of region s reference 1 and 2in (b) respectively. The dash
line and arrow show the pump -probe signal of two regions at « 0.4ps time delay. (b)
The pump -probe image at € 0.4pstime delay. The color bar shows the intensity of
pump -probe signal with arbitrary unitr anging from -1 to 1.Reference 1 and 2 show
regions having different sign s of pump -probe signal at <« 0.4ps.lIt indicates the
spatial heterogeneity of pump -probe signal across the sample.

2.1.2 Noise analysis of the pump probe microscopy

The amplitude of the detected pump-probe signal, which relies on the nonlinear
optical interactions, usually is very small compared to the unmodulated probe signal
when the pump beam is absent. The amplitude of the pump -probe signal, which is the
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amplitude of the modulation transferred to the probe beam,is approximately p 1 of the
unmodulated probe signal. To extract such small modulation from the detected signal,
the noise contributions need to be carefully considered. The major noise contributions
are the electronic noise, the relative intensity noise, and the shot noise. Since the relative
intensity noise is reported to be 0.15%of the laser intensity out of a Ti:sapphire
modelocked laser*, it is overwhelming for the transferred modulation . However, the
relative intensity noise is frequency -dependent, its contribution to the detected signal is
negligible above 1MHz. Therefore, a 2MHz modulation is chosen for the pump be am
modulation to eliminate the impact of the relative intensity noise . The electronic noise
can be minimized by amplifying the detected signal via an amplified photodiode since it
is irrelevant to the amplitude of the detected signal. Additionally, taking more average

of the detected signal can efficiently reduce the noise.

2.1.3 Fluorescence lifetime microscopy setup

Our FLIM setup is shown in figure 15, the pulse train generated by the
Chameleon laseris split into the excitation beam and the reference beam.The reference
beam sends the time reference of each pulse to a TCSPC module (SR&30, Becker &
Hickl). The excitation beam is focused on the sample by an objective lens and the
fluorescence signal is reflected by a dichroic mirror and detected by a PMT. Multiple
filters can be applied before the PMT to selectively collect fluorescence signal of certain

wavelength. The TCSPC module outputs time-resolved fluorescence traces by ounting
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the fluorescence signalat different arrival times compared to reference pul ses Again,

scanning is done by a pair of Galvo mirrors.

Ti:Sapphire
80 MHz

Reference
Galvanometer

Dichroic mirror

y
Sample
X |

Scanning pathway

Perovskite thin film

Figure 15: Fluorescence lifetime microscopy setup. The referenceand
excitation beams are shown in red, and the fluorescence signal is shown in blue.
Spectral filters are used to filter out the excitation beam. A PMT is used to detect the
fluorescence signal. A time -resolved fluorescence trace is obtained by comparing the
arrival time between fluorescence signal and the laser pulses of the reference beam.

2.1.4 Phasor analysis

Phasor analysis is commonly used in FLIM for fast differentiation of various
fluorophores 47. 48 It is a single frequency Fourier transformation (1 as a free parameter)
that can project a decay trace having multiple exponential decays ‘00 into a phasor
point (figure 16a) with the real part (g) as x coordinate and the imaginary part (s) as 'y
coordinate:

. . AT 00Q0
Q p— (22)
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Any unipolar signal is bounded by semicircles on the first quadrant (positive
signal) and the third quadrant (negative signal). The former is known as the universal
semicircle. All phasor points of single exponential decay traces will sit on the semicircles
and the linear combination of two exponential decay traces will lead to a phasor point

on the line connecting two end points on the semicircle (figure 16a).

200

(@) 1 (b)

0.5

0.8-

1150

@ 0 I |
| % 1100

-0.5

Figure 16: Phasor plots. (a) Phasor plot of exponential decay traces. Two end
points on the semicircle correspond to two single exponential decay traces:
E =Ho'l 4WhE |"Ho I 4W . The mix point indicates a decay trace with
mixture of two single exponenti al components: k.., ="H6'I 4W | 4w .(b)
Phasor plot of a pump probe microscopy image. The color bar shows the density of
phasor points.

In pump probe microscopy, a bipolar signal is not unusual (mixture of TPA and
GSD for example). In order to avoid singularities and an unbound result 49, the phasor

analysis is adjusted:
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Now, the phasor point can span the between two semicircles when projecting
pump probe signals into the phasor plot. When applying phasor analysis to each pixel of
pump probe microscopy images, their phasor distribution will be shown with a color

scale reflecting the phasor histogram (figure 16b).

2.2 Charge carrier density calculation

Due to the dependenceof different recombination processes on the charge carrier
density, a calculation for pump induced charge carrier density canindicate the
dominant recombin ation process. In our PPM experiment, the wavelengths of the pump
and probe beams arechosen to be & 7nm (1.52eV photon energy) and 745nm (1.66eV
photon energy) respectively due to the limited wavelength combination available in our
system. Since the band gap energy of MAPbIs thin films is 1.63eV, a single photon from
the 817nm pump beam does not provide enough energy to excite electrons to the
conduction band from the valence band. Therefore, two-photon excitation process is
utilized to excite electrons: two pump photons together provide energy for a single
electronic excitation. Snce the majority of excited electrons will thermalize to the energy
states near the band edgethe probe beam is selected to have photon energyslightly

higher th an the band gap energyto measure the charge carrier population.
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To calculate the initial charge carrier density excited by the pump beam, the

OOOOPOI EUWEEUOUxUDPOOWEOI I i PEPI OUwmpd AwbUWEOOUDE
tobe**v p 1 A i¥7 . The power (P) of the pump beam used in our experiment is

0.3mW and the excitation area (A) isapproximately ¢ p T @ &. The peak intensity is:

. Y ¥
(@) 5 v & priwfwa (26)

where 'Y p @ 1 i®the time of a single pulse period and "Y p v TigHE time of a
single pulse duration. The penetration depth (& ) can be calculated as:

P

©o9ro

g o (27)
where Qis the Euler's number. The thickness of MAPDbI3 thin films ( & ) is usually

around 300nm which is much smaller than the penetration depth. Therefore, the

nonlinear absorption of the pump beam can be simplified as:
YO &0 pd @ ptm God (28)

The initial charge carrier density can be calculated as:

YO

R p IO G (29)

the coefficient 1/2 in the equation indicates the two -photon excitation . According to
previou s studies’!: 52 the trap-assistedrecombination processesis the dominant
contribution to the change of charge carrier population with the initial charge carrier

density calculated above.
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2.3 Experimental results
2.3.1 Pump probe microscopy images of MAPbIs thin films

Figure 17 shows the PPM image ofa MAPDI s thin film. Traditional pump probe
spectroscopy averages the pumpprobe signal across the whole region (average signal in
figure 17). It fails to reveal the different pu mp-probe signals shown at reference 1 and 2
and the spatial heterogeneity of the signals is overlooked. PPM, in another hand,

demonstrates its ability to study the spatial heterogeneity of charge carrier behaviors.

—Average Signal

t = O 3ps —Reference 1
R 15 —Reference 2 |

Reference 2

Reference 1

Time Delay (ps)

Figure 17: Pump probe microscopy image of MAPDbI sthin films . The left image
shows the pump -probe image att =0.18ps time delay and the color bar shows the
intensity of local pump -probe signal. Complete time -resolved pump -probe traces of
reference 1and 2 are shown on the right. The average trace across the whole region is
also plotted. Black dashed line indicates the time delay that corresponds to the left
image.

In figure 17, all time -resolved pump -probe tracesof MAPDI s thin films share the
same instantaneous absorion peak that centers at t= Ops and a longlived negative
signal. However, the sub-picosecond behavior of the pump -probe tracesvaries in

different investigated regions . The trace of reference 1 shows a rapidly decaying
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negative signal within the first pi cosecond, which is absent in the trace of reference 2.
This rapidly decaying negative signal competes with the instantaneous positive peak
and leads to a steeper trace within the first picosecond. Therefore, the spatial
heterogeneity of charge carrier behaviors can be identified by investigating the spatial
image of pump -probe signal at early time delays. When the time delay between pump
and probe pulses arelarge, the dominant pump -probe signal is a long-lived negative
signal. Such long-lived negative sign al might consist of several contributions. The
fluorescence signalwith lifetime of nanosecond scales which is observed by FLIM in the
same sample,can contribute to the detected probe signal since thewavelength of the
emission photons is close to the probing wavelengt h (both have photon energy close to
the band gap energy). Therefore, it counts as a longlive d negative signal. The state
filling effect near the band edge and the ground state bleaching can reduce the
absorption of the probe beam and lead to a long-live d negative signal if the lifetime of
the charge carrierrecombination is long enough. Sincethe amplitude of such long-lived
negative signal reduces rapidly if probing with shorter wavelength s (details will be
shown in the chapter 4), the contribution from the ground state bleaching is not
significant. Additionally, since most of the trap-assistedrecombination, which is the
dominant recombination process with current power combination of the pump and
probe beams is a non-radiative recombination process The contribution of the radiative

recombination to the change of the detected probe signal is less pronouncedTherefore,
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the dominant contribution of this long -lived signal is likely to be the bleaching signal
raised by the state-filling effect near the band edge Sincemost of the pump excited
electrons will thermally relax to the band edge for long time delays, the long-lived
bleaching signal represents the pump induced charge carrier population.

To better understand the charge carier dynam ics behind the pump-probe trace,
the intensity dependence of different nonlinear optical interactions can be utilized . Such
intensity dependence can beanalyzed by carrying out a power study of the pump -probe

signal.

2.3.2 Power study of the pump-probe signal

A series of PPM measurements with different pump and probe powers are
recorded. Figure 18 shows the intensity dependence of pump -probe signal at two
different regi ons. Each region corresponds toa type of pump -probe trace discussed in
the previous section. The left figure shows the trace with no rapidly decaying negative
signal and the right figure shows the trace with such signal. For the instantaneous peak,
only the trace without the rapidly decaying negative signal is chosen to study the
intensity dependence. It is because the competition between the peak signal and the
rapidly decaying negative signal will influence overall signal and make it hard to solely
investigate the intensity dependence of the peak signal.For the long-lived bleaching

signal, the trace with the rapidly decaying negative signal is chosen since traces without
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the rapidly decaying negative signal tend to have a small long-live bleaching signal,

which influence the accuracy of the analysis of the intensity dependence.

0.8
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Figure 18 Power study of two types of pump -probe traces. The left figure
shows the power study of an investigated region that do not have arapidly decaying
negative component and the right figure shows a region that has arapidly decaying
negative component. The pump and probe power s are selected to be either 0.15mW or
0.3mW.

To examine the intensity dependence of these two signals,we assumethat
instantaneous peakis dominant at Ops, and the long-lived bleaching signal is dominant
at longer time delays (t >1.5ps). In the next chapter, the reasoning of this assumption
will be given. The ratio between the peak value of the pump -probe signal at Opsfrom
traces without the rapidly decaying negative signal is listed in table 1. The ratio between
the mean value of the pump-probe signal ranging from 1.5ps to 5ps from traces with the

rapidly decaying negative signal is also shown.
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Table 1: Intensity dependence of two charge carrier dynamics

Pump power/Probe power (mW) 0.150.15 0.30/0.15 0.15/0.30 | 0.30/0.D

Instantaneous peaksignal ratio 1 1.63 4.1 8.7

Long-lived bleaching signal ratio 1 3.6 1.6 6.3

From table 1, we can estimateroughly a linear intensity dependence ofthe pump
beam and a quadratic intensity dependence of the probe beamfor the instantaneous
peak signal. For the long-lived bleaching signal, the intensity dependenceis quadratic
for the pump beam and linear for the probe beam.(More power combinations are used
to verify this intensity dependence in Appendix A ).

Figure 19 shows a possible model to explain the charge carrier dynamics behind
theseintensity dependences.For small time delays (t < 0.5p9, the arrival time of pump
and probe beams are very close so thathe excitation processesinvolving multiple pump
and probe photons becomepossible. Although the two-photon absorption involving one
pump photon and one probe photon is expected, the intensity dependence for the
instantaneous peak of the pump -probe suggests the dominant contribution is from a
three-photon absorption process (figure 19a). The three-photon absorption might be
explained as an electron in the conduction band excited by absorbing one pump photon
and one probe photon is further excited to a higher energy band by absorbing an

additional probe photon. Sincea single photon from the pump be am is not able to excite
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an electron to an electronic state, a virtual state is involved in the three-photon
absorption. It also supports the observation that the instantaneous peak is dominant
only during the overlapping time between pump and probe beams . The long-lived
bleaching signal is associated with the state-filling effect (figure 19b), the observed linear
intensity dependence of the probe beam agrees with equation 21 for SFE.As discussed
in the previo us section, two -photon excitation is utilized for the creation of pump
excited electronsin our experiment. Therefore, the population of the pump excited
electrons isquadraticly dependent on the pump intensity . The intensity dependence of
the pump beam for the SFE isalso quadratic under this condition. It matches the
observed quadratic intensity dependence of the pump beam for the long-lived bleaching

signal.
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Figure 19: Energy diagram of MAPDI sthin films. Red solid and hollow circles
represent electrons and holes. Electrons are excited from ground state s in the valence
band to excited states in the conduction band. The red and yellow arrows represent
pump and probe beams respectively. Gray dashed lines show the thermalization
process of excited electrons. The black dashed lines show the virtual energy states. (a)
Three-photon absorption, one pump photon and two probe photons are absorbed at
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the same time via some virtual energy states. (b) State -filling effect , the thermalized
electrons occupy energy states near the band edge and reduce the absorption of probe
photons. (c) Electron injection from the energy states of the band edge to the trapping
states in the band gap. The electron population near the band edge is reduced.

Addi tionally, one possible explanation for the small long -lived bleaching signal
in trace without the rapidly decaying negative signal is illustrated in figure 19c. The
existence of trapping statesin the band gap, which are created by defects andstructural
disorder, leads to an electron injection from the energy states near the band edgedo
these states Therefore, the pump excited electron population above the band edge is
reduced. This reduction results in a smaller long -lived bleaching signal.

For the rapidly decaying negative signal, it is associated with temporal state-
filling effect (details will be discussed in chapter 4), which also depends on the charge
carrier population as shown in figure 18. Therefore, the reduction of the pump excited
electron population also leads to a smaller rapidly decaying negative signal. Since the
rapidly decaying negative signal competes with the instantaneous absorption peak, the
rapidly decaying negative signal will be overlooked when it has a small amplitude . It

explains the difference between the two types of pump -probe traces.

2.3.3 Phasor analysis of pump probe microscopy data

To qualitatively identif y the two types of pump -probe traces, the phasor analysis
is employed. The phasor distribution o f the pump -probe tracesof the MAPDI s thin film

is shown in figure 20.
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Figure 20: Phasor plot of PPM data. (a) Shows the phasor location of the pump -
probe trace of each pixel. The color bar shows the density of pixels that have the same
phasor location . Dashed circles show the two end s of the phasor location . The average
traces inside the circles are shown in (b).

Since everypixel in the PPM image corresponds to a complete pump-probe trace,
a pair of phasor values, s and g shown in equation 24 and 25, can be calculated for each
pixel. Figure 20a shows the distribution of phasor values of all pixels . The two ends of
the phasor distribution represent two types of pump -probe traces that is shownin figure
20h. They agree with the two types of tracesthat correspond to spatial heterogeneities
shown in figure 17. The distribution of pixels that connect these two endpoints stands
for regions have mixture of these two traces. Pixels within this distribution correspond
to the regions, whose rapidly decaying negative signalis not completely vanished due to

the electron injection to trapping states and the competition with the peak signal.
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Figure 21: Phasor image and PPM image of the same region. (a) A false color
image shows the phasor information of each pixel. Red and green regions correspond
to reference 2and 1in figure 20respectively. Other regions are colored with the
interpolate d path with red and green color as two ends. An intensity filter is used to
filter out regions with  small signal. These regions, therefore, show black color in the
phasor image. (b) PPM images of the same region as the phasor image. They show the
pump -probe signal at different time delays (t =0.18ps andt = 5ps).

A phasor image can be obtained by assigning red and green color to each pixel
located in the red and green circles respectively. All the pixels between the two circles
are colored with the interpolate d path using red and green asthe two endpoints. As
shown in figure 21, images of PPM can only shov the pump -probe signal at a certain
time delay. The phasor image, in the other hand, canrepresent the character ofthe
pump -probe trace by colors.

In both PPM and phasor images, some regions show the color close to black.
However, they have different me anings. For the phasor image, an intensity filter is used
to filter out regions with small signal before the phasor calculation is done. Therefore,
they are not included in the phasor plot and assigned black color in the phasor image.
For PPM images,regions with black color just indicate that the amplitude of their pump -

probe signal is small at that specific time delay. The mark seenin the lowest third of all
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imagesis artificial ly created by burning the sample with the probe beamwith an
excessvely high power. It serves as a landmark for future image registration between

phasor images and SEM images.

2.3.4 Correlation between phasor and SEM images

Now, the spatial heterogeneity of charge carrier dynamics can be qualitatively
located with the phasor image . To investigate the correlation between this heterogeneity
and the morphology of the MAPbDI 3 thin film, mapping between SEM and phasor images
of the same region needs to be achieved. As mentioned in the previous section, artificial
landmarks are made to co-register SEM and phasor images The mapping between SEM

and FLIM images will be discussed in the next chapter.

Figure 22 Overlapped image s of phasor and SEM. (a) Combined image with a
phasor image (50% transparency) on top of a SEM image of the same region.
Reference 1 and 2show the same regions investigated in figure 14. (b) The phasor
image with 0% transparency. (c) The SEM image . Bright w hite lines stand for the edge
of pinholes that are generated during the sample preparation. Granular structure can

48



be seen in the image. Dim white lines stand for the grain boundaries. The grain size is
roughly 2 to 3 um.

The SEM image shown in figure 22c reveals the surface structure of the MAPDI s
thin film. The artificial landmark can be clearly seen There are also pinholeswith bright
white edge observed in the SEM image. They areintroduced during the sample
preparation and considered asspatial defects. A granular structure with grain size
around 2um can also be found in the most part of the film.

For the phasor image shown in figure 22b, the reference 1 and 2correspond to
the same regionsthat we investigate in figure 17. The green and red color in the dash
circles again agree with the different charge carrier dynamics discussed in the previous
section. In figure 22a, a phasor image with 50% transparency is registered with a SEM
image via the artificial landmark. Regions with black color in the phasor image match
with pinho lesin the SEM image. The fact that little MAPDI s exists in pinholes agrees
with the observation since the black regionsindicate low pump -probe signal. The red
regions are mostly distribute d around pinholes and the green regionsspread among
grains. It suggests that the pump -probe signal near pinholes have lessrapidly dec aying
negative signal and long-lived bleaching signal compared to the pump -probe signal in
grains away from pinholes . Sincethe reduction of both signals could be associatedwith
the existence of additional trapping states, it is likely that trapping states are more
abundant near pinh oles. It agrees with the previous report about the association of

trapping states with spatial defectss:.
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2.3.5 Phasor analysis of fluorescence lifetime microscopy data

Sincethe spatial heterogeneity of charge carrier dynamics in picosecond time
scalehas beendiscovered, heterogeneity is likely to be observed in FLIM images which
monit or the charge carrier dynamics in alonger timescale (nanosecond) Figure 23a
shows the fluorescence intensity of diff erent regions in the MAPbI s thin film at a 3ns
time delay. The reflectance imagein figure 23b shows the morphology of the samearea

by collecting backscattered light from the sample.

Figure 23 FLIM and reflectance images of MAPDI3 thin films. (a) FLIM image
at a 3ns time delay. The lower right corner shows an intrinsic spatial defect serving as
the landmark for image registration. The color bar shows the intensity of fluorescence
signal. (b) Refle ctance image of the same region. Darker regions represent spatial
defects. (c) Combined image s of a FLIM image (27% transparency) on top of a
reflectance image. Dashed boxeswith green and yellow color highlight the correlation
between fluorescence signal and morphology of the same region.

50



A clear correlation between the fluorescence intensity at 3ns and the morphology
of the same regioncan be found in figure 23c. High fluorescence intensity is associatd
with regions with flat surfacein the green dash box Low fluorescenceintensity is
associated with regions related to spatial defects.

To better understand the spatial heterogeneity in FLIM, t he same phasor
approach is used for analyzing FLIM data. Figure 24a and b show the phasor
distribution and corresponding time -resolved traces offluorescencesignal. Due to the
high repetition rate of our laser beam, the maximum time delay of the fluorescence
signal that can be detected is limited by the time difference between two reference
pulses (12.5n9. In our experiment, a time scaleof 7nsisused.3 T | ws U1 shdwd®ig | Uz
fluorescence tracesat 0.7nsis likely due to a reflected fluorescence signalbetween the
PMT and the spectral filter. Unlike the time -correlated pump -probe trace, which has
multiple charge carrier dynamics involved, the time -correlated fluorescence trace only
monitors the radiative recombination of charge carriers. Since most trap-assisted
recombination proc esses are nonradiative 54 55 the major contribution to the fluorescence
signal is the band-to-band recombination process. With the initial charge carrier density
calculated in the previous section, the dominant recombination process will be the trap-
assisted recombination. Therefore, the time-dependent charge carrier population € 0
can be estimate by equation 10 Snce the amplitude of the band -to-band recombination

is proportional to Q& 0 as shownin equation 9, a single exponential decay is adapted
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to describe such radiative recombination process However, due to the limited time
resolution of FLIM, an instr umental response function (ISF) needs to be included. The
fluorescence trace is the convoluion between a single exponential decay and the ISF.

Details of the ISF and fitting model will be discussed in the next chapter.
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Figure 24: Phasor plot of FLIM data. (a) Phasor distribution of different
fluorescence traces. (b) Red and green circles show the fluorescence traces of reference
1 and 2 in (a). The solid line s are fitting curves of two measured traces. (c) Phasor
image of FLIM data . (d) Phasor image of PPM data. Insert is pump -probe traces whose
phasor locations correspond to yellow and blue color respectively.
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By fitting the fluorescence traces of reference 1 and 2solid lines in figure 24b),
we can extract fluorescence lifetime (1 ) and relate to their phasor location. The
fluorescence lifetime 0.56nsand 0.69ns in reference 1 and Zegions. So, the color in the
phasor image (figure 24c) can qualitatively represent the fluorescence lifetime: from
green to red, the correspondin g fluorescence lifetime is reduced. This method provides a
fast way to study the character of fluo rescencetrace of different regions without fitting
each pixel.

The correlation between charge carrier dynamics in different ti mescales isfound
in figure 24c and d which show the phasor images of FLIM and PPM of the same region
respectively. Greenregions, whose FLIM phasor location representsin reference 2, in the
blue dashed circle of figure 24c match yellow regions, whose pump -probe trace shows
rapidly de caying negative signal in picosecond scale, in the white dashed circle of
figure 24d.

A statistical analysis is adapted to study such correlation. For every pixel, the
fluorescence and pump-probe traces are recorded.Fluorescence lifetime is obtained
from eachpixel by fitting the fluorescence trace. Pixels are sorted bythe phasor location
of their pump -probe traces.In figure 25a, pixels locate intwo endsof UT I w/ / , z Uwxi EUO
distribution (blue and yellow circles) are investigated. The fluorescence lifeime
associated with these pixels are counted separately.The counting number is normalized

respectively to show the lifetime distribution (figure 25c). Clearly, pixels whose PPM
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phasor values correspond to the reference a location tend to have shorter fluarescence
lifetime. As discussed in the previous section, reference amight be associated with
abundant trapping states. Therefore, the shorter fluorescence lifetime supports this
correlation since abundant trappin g statescorrespond to a fastertrap-assisted

recombination .
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Figure 25: Fluorescencelifetime histogram of regions with different PPM
phasor location s. (a) Phasor distribution of pump -probe signal . The fluorescence
lifetime histogram of pixels located in reference a and b are plotted with
corresponding color, blue and yellow, respectively in (c). (b) The averaged pump-
probe traces of two investigated region s. (c) Fluorescence lifetime histogram.

2.4 Conclusion

In this chapter, the spatial heterogeneity of charge carrier dynamics is
demonstrated by PPM and FLIM. Phasor analysis is adapted to qualitatively distinguish
the different dynamics. By co-registering PPM and FLIM with the morphology of

MAPDbI s thin films , regions having little rapidly decaying negative and long-lived
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bleaching pump -probe signal are found to have shorter fluorescence lifetime and be
around spatial defects. The presence of dundant trapping states in these regions could
be a possibleexplanation for the quench of negative signals and the reduction of the

fluorescence lifetime.
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3 Separating and bridging charge carrier dynamics of
MAPDIz thin films on different timescales

In chapter 2, the spatial heterogeneity of charge carrier dynamics has been
gualitatively investigated by the phasor image of PPM and FLIM. A more quantitative
analysis requires better understanding of the pump -probe trace which has multiple
charge carrier dynamics involved on picosecondtimescales. In this chapter, a model is
introduced to separate charge carrier dynamics on the same timescale.The time window
of pump -probe signal is also exterded to nanosecond scale. Therefore, the charge carrier

dynamics shown by PPM and FLIM can be directly compared.

3.1 Experimental adjustment

The upper limit of the pump -probe time delay is set by thelength of the
translational stage. A longer translational stage is adapted to extend the maximum time
delay of the pump -probe trace to reacht = 3ns. A power adjustment of pump and probe
beams isalso made to reduce the multiphoton interaction , which is quadrati cally
dependent on the intensity of the probe beam. In this chapter, the power of the pump
beam isincreased t00.6mW (T p Tt ¥® & initial charge carrier density ) and the probe
beam power is reduced to 0.03mW. With this power combination , the three-photon
absorption process observed during the temporal overlap of the pump and probe beams
is less pronounced and the long-lived bleaching signal is elevated due to its quadratic

intensity dependence on the pump beam. To compare the fluorescence signal and
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pump -probe signal, the excitation beam for the FLIM experiment is chosen tohave the

same wavelength and power as the pump beam used in the PPM experiment.

3.2 Model for charge carrier dynamics
3.2.1 Model for charge carrier dynamics in pump-probe traces

In chapter 2,the ability of the pump -probe signal to reveal the charge carrier
dynamics with spatial resolution in MAPDI s thin films is demonstrated. However , the
involvement of multiple charge carrier dynamics at the same time delays certainly
impedes the analysis of each dynamic. With the help of the intensity dependence
analysis in the previous chapter, a time-correlated model is proposed to describe the
observed pump-probe signal.

The observed pump -probe signal mainly consists of three charge carrier
dynamics, which are the three-photon absorption signal, the rapidly decaying negative
signal, and the long-lived bleaching signal. For the three-photon absorption signal, it
requires the presence ofthe pump and probe beams at the same time Therefore, the
amplitude of the three -photon absorption 0 is proportiona | to the intensity of the
temporally overlapped part of the two beams (figure 26a). Since the threephoton
absorption linearly depend s on the pump intensity and quadratically depends on the

probe intensity, 0 can be expressed as

6 6 . Ao A o8 A T S N Y (30)
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where the intensity of the pump and probe beamsare™© 0 0 A@bPoTc, and
O 6 6 A@DPoTg, respectively,, isthe standard deviation of the Gaussian
pulse and| is anumerical coefficient. The assumption that pump and probe pulses are
Gaussian pulses and have the same pulse width is made.

For the long-lived bleaching signal, its amplitude 0 is associated with the charge
carrier population as discussed in the previous chapters. Therefore, the reduction of the
charge carrier population needs to be included. The charge carrier recombination with
the initial charge carrier density mentioned in the previous section is dominant by the
trap-assisied recombination, the population change follows equation 10 . A time delay
time delay O must be included for the actual population change since the pump excited
electrons taketime (usually several hundred femtosecondss®) to reach the quasi-
equilibrium distribution to start recombination processes.lt is supported by the fitting
result shown in the next section. Additionally, sincethe pump excitation re lies on the
two -photon excitation, a quadratic intensity dependence should be included when
calculate the charge carrier population. Therefore, the charge carrier population 0 can be

written as:

60 . A b A A rPA s A AOomA — ()
where z is the recombination lifetime, 1 is a numerical coefficient and erfc is the

complementary error function :
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Due to the finite temporal profile of the probe beam, the amplitude of the long-

lived bleaching signal 6 is obtained by considering the contribution of the state-filling

effect within the probe pulse as shown in figure 26b:

6 0 | .o A ™ (33
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where | is a numerical coefficient. If the recombination lifetime zis much longer than
the time scale of the pump -probe signal, equation 34 can be simplified with the

approximation that z| oh:

6 6 110 !Aéc AOAEAE zl o (35)
nq ok

The long-lived bleaching signal in the observed pump -probe signal satisfies this
approximation when the time scale of the pump-probe signal is within 20ps. It is
supported by the extended pump -probe signal, which shows that the long-lived
bleaching signal has alifetime in nanosecond scales

As for the rapidly decaying negative signal , equation 34 is adapted asan
empirical model based onits dependence ofthe charge carrier population . Since the

intensities of the pump and probe beamsare fixed, the complete expression of pump-

probe trace, after absorbing all constant values to the coefficients,can be written as:
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where 0 is the amplitude of the pump -probe trace, z is the lifetime of the rapid
decaying negative signal,| is the coefficient for the three-photon absorption, | is for
the rapid decaying negative signal, and | is for the long-lived bleachin g signal. This
expression is valid for the pump -probe signal with picosecond time scales.

Using a longer translational stage, the lifetime z of the long-lived bleaching
signal can be obtained separately.Since the shat-lived signals have no contributio n to
the pump -probe signal at nanosecond scale With the approximation that z ) £ and
A O, the pump-probe trace at long time delay can be simply written as:

o 6 g A | zMA AATA O (37

where| is an offset signal that have lifetime beyond our detection range.
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Figure 26: Pump-probe signal of two charge carrier dynamics . The dashed line
indicates t he time delay. (a) The three-photon absorption o nly happens in the shadow
part where pump (blue) and probe (red) beams temporally overlap . (b) The long-lived
bleaching signal counts the state-filling effect within the probe beam profile (red) due
to the presence ofcharge carrier population ( black).
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3.2.2 Model for charge carrier dynamics in fluorescence traces

A time-correlated model is also introduced to describe the fluorescencesignal.
Sincethe trap-assisted recombination is still dominant in with the adjust power
combination of the pump and probe beams®, the time-dependent charge carrier
population ¢ 0 can be approximated by a single exponential decay according to
equation 10. The contribution of the band-to-band recombination to the fluorescence
signal can be described as:

1 00 QE o AT (38)
where z is the lifetime of the fluorescence signal from the band-to-band recombination,
[ is anumerical coefficient. Additionally , a fast recombination is also observed in the
fluorescencetrace. Due to the limited time resolution, the lifetime of this recombination
cannot berevealed by our experimental setup. To include this recombination in the
model, a delta function is assigned to represent it. The total fluorescence signal can be

written as:

10 AT 110 g (39
wherer is the numerical coefficient associated with the fast recombination, 1 is the
numerical coefficient for the offset signal that have lifetime beyond our detection range.
The instrumental resp onse function (ISF)should be also considered when reconstructing
the fluorescence trace.The actual fluorescencetrace can beexpressedby the convolution

between the ISFand the fluorescence signat
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6 6 o z! O 6 0! 0 0 W (40)
where 6 is the amplitude of the ISFand 0 is the amplitude of the observed
fluorescence signal The ISF is obtained by measuring the fluorescence trace of
potassium dihydrogenphosphate (KDP) sample excited by the samepump beam. Since
the observed signal of KDP is mainly from the scatteredsecond harmonic generation
(SHG) signal generated by the pump excitation, which only exists within the pulse
during of the excitation beam, such signal can be treatedas a delta function. Therefore,

the convolution between the KDP signal and the ISF should return the ISF itself.

3.3 Fitting result of PPM and FLIM traces

Now, the PPM and FLIM traces can be decomposed into severaldynamics with
the model proposed in the last section. Figure 27 illustrates the typical pump -probe
tracesunder the adjusted power combination of the pump and probe beams.
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Figure 27: Pump-probe traces under adjusted beam power. (a) Pump-probe
traces of two reference regions ranging from t =-3pstot=10ps. o) Pump-probe traces
at the same regions ranging from t =100ps to t =3000ps.Insert shows the PPM image
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att =0.04ps.The red and blue boxes correspond to the two reference regions
respectively .

Due to the power reduction of the probe beam, now the rapidly decaying
negative signal becomes dominant, and the instantaneous absorption peak is less
pronounced. A nanosecond time-delay is also achieved for the pump-probe signal. Both
regions show a monotonically decreasinglong-lived bleaching signal.

Two timescalesof the pump -probe trace are fitted separatelyto optimize the
fitting result. For the picosecond scale, equation 36 isadapted for the fitting . For the
nanosecond scale equation 37 is used tofit the data ranging from 100ps to 3000ps The

fitting result of both timescales are shown in figure 28.
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Figure 28: Fitting traces of PPM data. The solid lines show the fitting traces of
the measured data. (a) Fitting result of the data ranging from t=-3pstot=10ps. (b)
Fitting result of the data ranging from t =100ps to t = 3000ps.

Our model successfully reconstructs the two types of pump-probe traces under
adjusted power. To better understand the contribution of differe nt charge carrier

dynamics in pump -probe traces.The amplitude of each fitting parameter from the two
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types of the pump -probe tracesranging from t =-3ps to t = 10psis listed in table 2.
Additionally, charge carrier dynamic s are separatedwith the help o f the fitting result,
and their corresponding pump -probe tracesare plotted in figure 29.

Table 2: Atting parameters of pump -probe traces in the first 10ps

| (AU) | (AU | (AU) z(ps) O(ps)

Reference 1| 0.33 2.19 -1567 0.88 | -2583 0.31 | 0.79 0.10 | 0.15 0.01

Reference 2| 16.32 p.96 | -13.83 0.89 | -21.78 0.26 | 0.67 0.09 | 0.15 1@t p
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Figure 29: Pump -probe traces of ind ividual charge carrier dynamics. Eachsolid
line stand s for the pump -probe trace of a single charge carrier dynamic. The dashed
line s show the complete pump -probe trace, which combines these three dynamics. (a)
and (b) correspond to the two reference regi ons shown in figure 2 7.

The different amplitude | of the long-lived bleaching signal in the two traces
might be explained by the population difference of trapping states. As mentioned in th e
previous chapter, the existence of abundant trapping statescan lead to larger electron

injection to these gatesfrom the band edge. The reduction of the excited electron
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population near the band edge will resultin a weaker statefilling effect for the probe
beam. Therefore,a smaller amplitude of the long -lived bleaching signal in the pump -
probe trace could be associatel with regions having abundant trapping states.

For the three-photon absorption, in regions that have strong long -lived bleaching
signal, which is considered to have fewer trapping s tates, the amplitude of the three-
photon absorption is greatly reduced. The significant difference between the amplitude
| of the three-photon absorption in two traces suggests that such multiphoton
interaction is likely to be more pronounced in regions wit h abundant trapping states.

Additionally, the sametime delay constant O is found in both traces. It stands for
the thermali zation time for excited electrons to reach the quasiequilibrium distribution.
This thermalization processhappens beforethe major recombination and injection
processes. Thereforethe value of the time delay should be consistent for all regions,
which is consistent with our fitting result .

To brid ge the chame carrier dynamics shown in PPM and FLIM , the fitting result
of pump -probe tracesin the large time delays (ranging from t = 100ps to t = 3000ps)s
discussedtogether with the fitting result o f the FLIM data. Figure 30 shows a fitted

fluorescencetrace and the decomposed recombination processes.
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Figure 30: Fitting result of the fluorescence trace. (a) The solid line shows the
fitt ed traceincluding fast and band-to-band recombination processes. (b) The solid
lines show the fluorescence trace of each recombination process, and the dashed line
shows the complete fitted trace.

Heterogeneity is also found in the FLIM data (figure 31a). To compare the
fluorescence signal and the pump-probe signal in nanosecond time scales, the
fluorescence and pump-probe signals of the same region are investigated. The reference
1 and 2 shown in the insert of figur e 27 matches the region 1 and 2 shown irfigure 31a.
Equation 37 is used to obtain the fitting parameters of the pump -probe traces in long
time delays. Table 3 compares the fitting result of the two types of fluorescence traces
shown in figure 31 and the two pump -probe traces in long time delays shown in figure

29b.
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Figure 31: Heterogeneous fluorescence signal observed in MAPDI s thin films.
(a) FLIM image at time delay t = 1ns. Two regions within the boxes are investigated .
They are the same region shown in the insert of figure 27. (b) fluorescence signal of
the two regions shownin (a) .

Table 3: Fitting parameters of fluorescence and pump -probe signal

Fluorescence signal r (A.U) I (AU.) Z (ns) r (A.U)
Measured Data 1 789.0 24.5 156.0 2.7 1.46 0.05 9.00 0.94
Measured Data 2 885.5 21.3 131.6 2.7 1.23 0.04 4.21 0.66

Pump-probe signal | (A.U.) Z (ns) | (A.U.)

Reference 1 -0.62 0.04 1.84 0.09 -0.27 0.05
Reference 2 -0.59 0.01 1.18 0.30 -0.16 0.02

As shown in table 3, ashorter lifetime and a reduced amplitude of the band-to-

band fluorescence signal is shown in measured data 2, which agrees with the shorter

lifetime and reduced amplitude of the pump -probe signal observed in reference 2.
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The similar lifetime s observed in the fluorescence and pump-probe signals
indicate that in the fluorescence signal and the pump-probe signal are monitoring the
similar charge carrier dynamics in nanosecond scales Since thefluorescencesignal only
reflects the radiative recombination pro cessesand the pump -probe signal monitor s the
whole charge carrier population changes including radiative and non -radiative
recombination processes combining these two signals can provide a complete picture of
charge carrier dynamics in hanosecond scales.

With the help of the two models, different charge carrier dynamics can be identified
from the first picosecond to several nanoseconds, a more quantitative investigation on

the impact of spatial heterogeneity on charge carrier dynamics can be achieved.

3.4 Correlation between charge carrier dynamics and the
sampled snorphology

The models introduced in the previous sections enable a pixelby-pixel fitting on
PPM and FLIM data. Fitting result of single pixel is included in Appendix B. Instead of
using combined SEM and phasor images to qualitatively show the spatial heterogeneity
of charge carrier dynamics, images of fitting parameters are combined with the SEM
image of the same areato quantitatively represent the spatial distribution o f different
dynamics. Figure 32 illustrates the spatial distribution of two radiative recombination
processes The amplitude of both recombination processes is normalized by the mean
value of the whole region. ) and) are used to represent thenormalized amplitude of

the fast and band-to-band recombination respectively. Additionally, the total
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fluorescence fluence of each pixel, which is obtained by integrating the whole
fluorescence trace, is &0 shown (figure 32b). The amplitude of the fluor escence fluence

) is also normalized by the mean value of the whole region.

0.5

0

Figure 32 Combined i magesof SEM and different radiative recombination
processes.The amplitude of each recombination processis normalized by its mean
value of the whole area . The color bar represents the amplitude of each process. &, &
and &ycorrespond to the amplitude of total fluorescence fluence , fast recombination ,
and band-to-band recombination respectively. (a) SEM image. (b) Combined image
with the image of the total fluorescence fluence (50% transparency) on top of the
SEM. (c) Combined image of the fast recombination and SEM. (d) Combined image of
the band-to-band recombination and SEM.

The artificial mark on the top left side in figure 32 is created by burning the
sample with excess laser power.It shows little signal from the band-to-band

recombination in figure 32d and small total fluorescence fluence in figure 32b. However,
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a significant fast recombination signal is observed within the mark (figure 32c). Pinholes
with bright edges also show similar result asthe artificial mark . The anti-correlation
between the amplitude of the fast recombination and the other two signals (band-to-
band recombination and total fluorescence fluence) suggeststhat spatial defects such as
damage spots and pinholes might provide ext ra radiative recombination pathways that
speed up the charge carrier recombination processes.

The same analysis method can be applied to thePPM data. Figure 33 shows the
correlation between the different charge carrier dynamics in picosecond scalesand the
UEOx Ol z UwO Adain,ith® éniplituad of each dynamic is normalized by the mean
value of the whole region. , ,, and, are the normalized amplitude of the three-
photon absorption, rapidly decaying negative signal, and long-lived bleaching signal
respectively.

Unlike the fast radiative recombination signal shown in the FLIM data, which
shows a strong correlation within the pinholes, the three-photon absorption shows little
signal at pinholes. Instead, its amplitude is only significant in regions near the
boundaries of pinholes. The small amplitude of the three -photon absorption inside the
pinhole sis due to the reduction of the MAPbI s material in these regions, which reduces
the overall amplitude of the pump -probe signal. It is consistentwith the amplitude
reduction of the total fluorescence fluenceinside the pinholes shown in figure 32b. The

large three-photon absorption signal , together with the reduced rapidly decaying
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negative signal and the long-live bleaching signal suggests the exisence of abundant
trapping states near the pinholes. It is consistent with the spatial distribution analysis of
the pump -probe signal discussed in chapter 2 which utilize phasor to qualitatively sort
different types of charge carrier dynamics.

Additionall y, the amplitude of the long-live bleaching signal show strong
correlation with the granular structure. This signal is more significant within the grain
interiors compared with at the grain boundaries . The reduction of amplitudes across the

grain boundarie s might also suggest more trapping states exist at the grain boundaries.

Figure 33 Combined i magesof SEM and different charge carrier dynamics in
nanosecond scales.The amplitude of each dynamic is normalized by its mean value of
the whole ar ea. The color bar represents the amplitude of each process E{'E,and E
correspond to the amplitude of three-photon absorption , rapidly decaying negative
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signal, and long -lived bleaching signal respectively. (a) SEM image. (b) Combined
image with the image of the three -photon absorption (50% transpa rency) on top of the
SEM. (c) Combined image of the rapidly decaying negative signal and SEM. (d)
Combined image of the long -lived bleaching signal and SEM.

An amplitude comparison of the long-lived bleaching signal acrossa selected
grain is plotted in figure 3 4 to support this observation. From figure 34a, a clear grain
structure is observed. The white dashed line highlights the grain boundary between the
two grains. The signalamplitude of 15 pixels along the red arrow is recorded in figure
34b. Clear amplitude reduction at the two ends and the middle of the pixel position s
matches the grain boundaries position. Since the longlive bleaching signal represent the
charge carrier population, the assumption that the grain boundaries have more trapping
statesagrees with the reduced amplitude of such signal w( UwET Ul T UwpkpBDUT wEIT wo

study on the impact of microstructure on local carrier intensity and lifetime 1°,

Normalized long-lived bleaching signal (A.U.)
« b & B B s B

o
@
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Figure 34: Long-live d bleaching signal comparison across grains . (a) Combined
image between long -lived bleaching signal and SEM . The red arrow shows the grain
boundaries of two grains. The signal amplitude of pixels along the red arrow is
recorded with error bar in (b).
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3.5 Combining FLIM and PPM for the quality evaluation of
MAPDI3 perovskite thin films

In perovskite solar cells, the ability of creating and transporting excited electronsin
perovskite thin films is directly related to the P CE of the whole device. Traditionally,
fluorescence signal is widely used to evaluate the quality of perovskite thin films>57.58
However, the fluorescence signal only represents population of electrons that recombine
radiatively. Instead, the long-lived bleaching signal in pump -probe signal stands for the
whole electron population. Therefore, combining the two signals might offer a more
justified way to evaluate the quality of perovskite thin films.

As mentioned in the previous sections, the trap-assistedrecombination is the
dominant recombination process with current power of the pump beam . Both the
fluorescence signal and the pump-probe signal are related to the charge carrier
population change raised by the trap-assisted recombinationin nanosecond scaks
according to equation 37 and 38.Therefore, the correlation between the band-to-band
recombination contribution in the fluorescence signaland the long-lived bleaching
signal in the pump -probe signal is used to investigate their ability on representing the
local charge carrier population. Figure 35shows the correlation between the two signals.
Each signal is normalized to their mean value. The Pearson correlation coefficient
between them is 0490, which indicat es a positive correlation between these two signals.

Sincethe amplitude of both signals has a positive correlation with the whole electron
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population, the positive correlation between t hesesignals is expected. However, regions

with abnormal ratio between these two signals are also obsenred.
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Figure 35: Correlation plot between the long -live bleaching signal and the
band-to-band recombination signal. Both signals are normalized to their mean value.

Two dash lines are plotted to separate the region s that have abnormal ratio between
the two signals.

To investigate the spatial distribution of the regions with abnormal ratio between
the two signals discussed above pixels with high and low signal ratio R (the amplitude
of the normalized trap-assisted recombination sgnal divides by the amplitude of the
normalized long -lived bleaching signal) are separately overlapped with the SEM image.
Figure 36 shows regions having high ratio between the two signals (R >1.54). These
regions correspond to a strong fluorescence signal via the band-to-band recombination
but have small charge carrier population indicated by the small amplitude of the long -

lived bleaching signal. They mainly distribute around spatial defects.
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Figure 36: Spatial distribution of pixels with high ratio (R > 1.54)between the
band-to-band recombination signal and the long -lived blea ching signal. The high
ratio pixels are overlapped with the SEM image and colored inred. Inserts are the
corresponding pixel locations in the correlation plot.

Figure 37 shows low ratio regions (R < 0.65), which have large total electron
population whereas show little fluorescence signal. They mainly distribute across grains,
no strong correlation between grain structure and the distribution of low ratio regions is
observed. It might suggest that there are heterogeneities, which cannot be revealed by
U1 wUEOXxOI ZzUwOOUxT OO0O0T aowuUl EVUEDOT wOT T wiiipPEDIO
processes.
These observationsindicate that both visible and invisible spatial heterogeneities

can hinder the fluorescence signal from accurately representing the population of total

electrons. Therefore,solely using fluorescence signal to evaluate the quality of the
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perovskite thin films migh t be inaccurate. However, by combining the pump -probe
signal and the fluorescence signal, we can not only accurately monitor the local charge
carrier population but also obtain the local efficiency of the radiative recombination

processes.

Figure 37: Spatial distribution of pixels with low ratio (R < 0.65) between the
band-to-band recombination signal and the long -lived bleaching signal. The low ratio
pixels are overlapped with the SEM image and colored in red. Inserts  are the
corresponding pixel locations in the correlation plot.

3.6 Conclusion

In this chapter, models for PPM and FLIM data are established. Two radiative
recombination processes which are fast recombination and band-to-band recombination,
are separatedfrom the fluor escence signal.The pump-probe signal is decomposed into

three charge carrier behaviors: three-photon absorption, rapidly decaying negative
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signal, and long-lived bleaching signal. The spatial distribution of each processis
EOOxEUI Ewb b UT wU hdlogy)Ebetativh etwaed pbkial defects and
heterogeneities of charge carrier dynamics arerevealed. In the end, theinaccuracy of
evaluating the quality of perovskite thin films solely by the fluorescence signal is

point ed out. The analysis, which combinesthe spatial distribution of the fluorescence
signal and the pump -probe signal, can offer a more justified way to estimate the quality
of the MAPDbI s thin films. Additional information of local efficiency of radiative

recombination processescan also ke obtained by such analysis.
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4 Analyzing the hot carrier cooling process in MAPDI3
thin films by multi-wavelength pump probe
microscopy

4.1 Introduction to hot carrier harvesting in solar cells

Hot carriers are originally introduced to represent electrons or holes that gain
high kinetic energy by an intense electric field in semiconductor devices. In the field of
solar cells, hot carriersstand for the excited electrons and holeswhich have not
thermally rela xed to the band edge.For a solar cell, i hot carriers are transported to
carrier accept layersbefore the thermal relaxation, the excessenergy above the band
edge can beharvested. Figure 38 shows the basic mechanism ofthe hot carrier
harvesting in solar cells. Hot carriers are transported to electrodes through energy
selective contact materials which selectively transport electronsin a small energy range.
The energetically narrow contacts greatly reduce the cooling effect inside contacts due to
the scattering between electrons with different energy. Charge carriers whose energy is
below the selected energy can also be transported by eitherobtaining more energy via
electron-electron scattering in the conduction band or external electric field accelerations®.
A larger open circuit voltage is achieved by this mechanism compared to the traditional
single junction solar cells. Therefore, the PCE of such devicecan begreatly improved.
Theoretically, the optimal efficiency a single junction solar cell can achieve by employing
hot carrier harvesting is 66%, which substantially e xceeds the 33% ShockleyQueisser
limit 60. 62,
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Figure 38 Mechanism for hot carrier harvesting . S stands for energy selective
contacts. C and V are conduction band and valence band , respectively. >"’|-r| is the
band gap energy. . Jis the open circuit voltage. Solid and hollow circles represent
electrons and holes respectively.

37T 1T wOT T UOEOQwWUI OEREUDOOwWps EOOOPOT z AwxUOET UUU
carrier harvesting. Fast hot carrier cooling process might lead to the failure of hot carrier
transport. Therefore, understanding the hot carrier cooling process is necessary for the
design of solar cells employing hot carrier harvesting.
In this chapter, multiple wavelengths are employed as probe beans to
investigate the hot carrier cooling process by monitor ing charge carrier dynamics of
electrons with different energy . Before analyzing the experimental results, the hot carrier

cooling model needs to be discussed
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4.2 Hot carrier cooling model

In our experiment, h ot carriers are created byabsorbing photons from the pump
beam at 817nm.As discussed in the previous chapters, two-photon excitation is the
primary process to excite electrons from the valence band to the condudbn band. The
photon energy (3.04e\) that single electron absorbsis much larger than the band gap
energy (1.63eV). It enables the hot carrier cooling process since the energetic electrons
will interact with the environment and relax to the energy states near the band edg.

Figure 39illustrates the hot carrier cooling process. Initially, electrons are excited
to reach high energy statesin the conduction band. After a fast thermalization among
electrons (typically several hundreds of femtoseconds36), a quasi-equilibrium
distribution is achieved, and the excited electron population follows the Boltzmann
distribution . The temperature of electrons (4 ) are the same among electrons but higher
than the lattice temperature of the sample (4 ). Then, the erergetic electronsstart to
interact with phonons in the lattice. The electron -phonon interaction consumes the
energy of the excited electrons and dissipates as heat via lattice vibration. As a result, the
electron temperature gradually decreases.When the electron temperature is equal to the
lattice temperature, the electron-phonon interaction reaches a balance In this situation,

electrons mainly distribute around the band edge and hOUWEEUUDI UUwOOP WET EOQ]
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Figure 39: Hot carrier cooling mo del. Blue areaindicates the initial electron
distribution, green and red areas stand for electron distribution during the hot carrier
cooling process. V and C represent the valence band and the conduction band
respectively.

To monitor th e hot carrier cooling process described above,one straightforward
way is to determine the electron population distribution at different time delay after the
photon excitation. Since the pump-probe signal canrepresentthe charge carrier
population, it is well suited to study the hot carrier cooling process. Broadband pump
probe spectroscopy has been widely usedto interrogate such procesg®. It provides the
average pump-probe signal of the investigated region with a wide range of probe
wavelengths. With this method, t he spectral analysis of pump-probe signal at different

time delays can be realized However, multiple photoinduced effects can distort the
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shape of the spectra of pump -probe signals. The impact of these effects needs to be
considered to correctly monitor the hot carrier cooling process .

Figure 40 shows the spectra of pump -probe signals at a series of time delays
takenby + DPEED w' UE &IThedPbLs i) film is excited by the pump beam
(400nmm) with 3.1 eV photon energy, and a broadband probe beam provides pump -probe
signal with photon energy ranging from 1.5 eV to 1.9 eV The earliest time delay
recorded is chosento be 400 fsto make sure the initial thermalization is finished and
electrons distribute with a defined temperature. The positive sign in the figure is
assigned to representreduced absorption and the negative sign stands for the enhanced
absorption. The broad bleaching signal at early time reflects the hot carrier distribution .

It becomesnarrower as the timeincreases.3 1 1 WET EOT 1 wOIl wOT feflettsc ] EOCUU Oz

the hot carrier cooling process.
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Figure 40: Spectra of pump -probe signal at different time delays. Adapted with
permission from J. W. M. Lim, D. Giovanni, M. Righetto, M. Feng, S. G. Mhaisalkar,
N. Mathews and T. C. Sum, The Journal of Physical Chemistry Letters 11 (7), 2743 -
2750 (2020) Copyright 2020 American Chemic al Society.
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Other photoinduced effects are also observed in the spectra. The main bleaching
peak shown in figure 40 at the large time delay (20ps) is at 1.65 eYwhich is close to the
band gap energy (1.63 eV) It is associated with the state-filling eff ect at the band edge
due to the thermally relaxed electrons®z64, The absorption signal below the band edge at
early time is due to the bandgap renormalization : excited electrons and holes have a
screening effect m the energy of bound charge carriers,the average charge density felt
by single particles are reduced due to the presence ofexcited electronsand band gap
energy is reduced. Therefore, photons with energy less than the original band gap
energy are possible to be absorbed due to he existence ¢ excited charge carriers The
absorption signal appears atthe high energy end is mainly a result of photoinduced
reflectivity changes4o 5¢

To accurately extract time-dependent temperature of electrons from the pump -
probe spectra, all the photoinduced effects need to be considered®. However, an
approxi mation can be made at the high energy endof the spectrafor temperature

estimation 40. 64, €5

Y'Y
2y

0o A gBW'O YO (41)
where the Y'Y"Y'O stands for normalized pump -probe signal with different probe
energy O, O is the quasi-Fermi energy, Q is the Boltzmann constant, "Y is the electron
temperature and Y ‘O is the contribution of the photoinduced reflectivity changes to the

pump -probe signal. It assumes that the high energy end of the spectrais less affected by
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the band renormalization . Therefore, electrondistrib ution in high energy states can be
estimated with the Boltzmann distribution.

Utilizing this assumption, the spatially resolved electron temperature can be
obtained by our PPM setup. First, a series ofPPM data with different wavelengths of the
probe beam are measured. Second,the pump -probe traces of theinvestigated region are
selected.Then, the pump -probe signals from different traces, which are at the sametime
delay are plotted to form the time-resolved spectra. Finally, the spectrum at different
time delaysis fitted to the Boltzmann distribution and the time-dependent electron

temperatures are obtained.

4.3 Spectra of pump-probe signals

As discussed in the previous section, we obtain a series of PPM data by varying
the wavelength of the probe beam from 720nm (1.72 eV) to 690nm (1.80 eV) while
keeping the pump beam fixed at 817nm (1.52 e\j. The high initial charge carrier density
(t p 1) created by the pump beam via two-photon excitation ensuresthe hot
carrier cooling process can be observed byPPM. In this section, the samesign
convention used in chapter 3for the pump -probe signal is adapted. The positive pump -
probe signal stands for enhanced absorption. Before plotting the spectra, an amplitude
calibration for each pump-probe signal is made. It is becausethe spectral filter used to
selectively pass the probe beam has different transmittance for different probe beam

wavelengths.
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Figure 41 illustrates four pump -probe traces of a selected regionSimilar charge
carrier behaviors are observed as the trace with 745nm probe beam shown in the
previous chapter: three-photon absorption, rapidly decaying negative signal, and long-
lived bleaching signal. Since high energy states are available in a wide rangés, three-
photon absorption can happen with a wide range of the probe beam wavelengths.
Therefore, it is observed in all four pump -probe traces. The rapidly decaying negative
signal shown in the pump -probe signal with different probe wavelengths can be
understood asthe result of the state-filling effect at different energy states due to the hot
carrier distribution . As electrons gradually relax to the band edge, the occupation of
high energy statesis reduced and the bleaching signal due to the statefilling effect will
decrease. For the longlived bleaching signal, it is the result of state-filling effect near the
band edge due to the thermally relaxed electrons. It is dominant when probing the
energy states clos to the band edge. As the probe energy further increases, this signal
becomes less significant. Therefore, only the pump-probe traces with 720nm and 710nm
probe beams show the long-lived bleaching signal. When the phonon energy of the
probe beamrises to 1.76 eV (705nm), little long -lived bleaching signal is observed. When
the phonon energy further increases, a long-lived positive signal is observed. It is the
result of photoinduced reflectivity changes. This positive signal agrees with the feature
at the high energy end of the pump -probe spectrashown in the previous section (figure

40).
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Figure 41: Pump-probe traces with different probe beam wavelengths. Inset
shows the selected region.

In figure 42, pump-probe signals from different probe beam wavelengths are
plotted together at the same time delay to obtain the spectra. To better compare the
pump -probe spectrawith the spectroscopy data shown in figure 40, the sign of the
pump -probe spectrais flipped to be consistent with the c onvention adapted in figure 40.
Since the eledron tem perature is equal to the lattice temperature after thermalization,
the samepump -probe spectraare expectedfor time delays after thermalization.
Therefore, the overlapped spectra in figure 42b after 2psindicates the hot carrier cooling

process has finishedwithin the first 2ps .
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Figure 42: Spectra of the pump -probe signal. (a) Pump-probe traces with
different probe beam wavelen gths. Dash lines show the time delays selected to plot
the spectra. (b) Spectra of pump -probe signal at four different time delays. The sign of
the pump -probe signal in (b) is flipped to be consistent with the convention adapted
in figure 40.

4.4 Local temperature analysis

To obtain the electron temperature locally, the pump -probe traces of selected
regions will be analyzed. However, the signal to noise ratio (SNR) of the pump -probe
traces of a single pixel is too low to accurately extract the electron temperature.
Typically, pump -probe traces averaging over an area™yY pAdv ¢ have enough SNR to
form the accurate spectra andreveal the time-resolved electron temperatures. Therefore,
a micrometer scaleelectron temperature distribution can be obtained.

As discussed in the previous section, the overlapped spectra after 2ps shows the
electron distribution with electron temperature equal to the lattice temperature of the
sample, which is close to theroom temperature (300K). Additionally, according to the

previous study“, the contribution of photoinduced reflectivity ch anges to the pump-
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probe signal in the photon energy range from 1.72eV to 1.80eV is close to a constant.
Therefore,Y ‘O in equation 41 can beapproximated by a fixed value ‘Y. By fitting the
spectra after 2ps with room temperature using equation 41,"Y can be obtained. Now,
instead of treating Y as a fitting parameter, it can be included as a fixed constant.
Figure 43 shows the fitting result of t he spectra and theextracted time-resolved
electron temperatures. At early time delay, the electron temperature is high due to the
high excitation energy. It gradually drops back to the lattice temperature of the sample
in the first 2ps. After 2ps, electrons have cooled down to energy states near the band

edge and the electron temperature remains unchanged. The time-resolved temperature

shown in figure 43agrees with the temperature measurement fromanOUT 1 Uwl UOUx z Uuw
wor ko4,
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Figure 43: Spectra of pump -probe signal with fitting result and time  -resolved
electron temperature s. (a) Spectra from 0.5ps to 2.0ps are plotted as dots. The solid
lines show the fitting result. Afte r 2ps, the spectra have similar shape. (b)
Temperatures with the error bar at different time delays (from 0.5ps to 5ps) are
obtained from the fitting result .
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Applying this method across thesample, an electron temperature map with
micrometer spatial resolution can be obtained.Figure 44a shows theamplitude of the
pump -probe signal at its negative maximum across the sample .Regions with little
signal, which are likely to be spatial defects, are filtered out when extracting
temperature. Figure 44b shows the electron temperature map at 0.5ps time delay.
Regions with large negative maximum signal shows quite uniform electron temperature
at 0.5ps time delay. The unexpected high temperature at 0.5ps observed in regions close
to areaswhich are filtered out might be explained by the poor SNR of the pump -probe
signal. Additionally, the hot carrier cooling time (T ) can beobtained by fitting the time-
resolved temperature trace with an exponential decay. Figure 44c and d show the fitting
of one temperature trace and the map of the cooling time across the sample Regions
with large negative maximum signal show similar cooling time s.

In this section, | demonstrate that multi -wavelength pump -probe microscopy can
be used to obtain electron temperature and hot carrier cooling time with micrometer
spatial resolution. However, there are still s everal limitations of this method, which
prevent us from accurately correlating U1 1 wU E O x @dlogyvithQr® bot carrier
cooling process. First, the noisy pump-probe signal of regions close to spatial defects
leads to an inaccurate temperature measuremnent. Second, some regions show an
additional increasing negative pump -probe signal after 5ps, which is not considered in

our model. The explanation of this additional pump -probe signal is still unrevealed. It
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limits us to understand the electron temperatur e behavior in a larger time scale. Third,
the spatial resolution of the temperature map is closeto the size of a single grain in the
sample. It prevents us from investigating the impact of the grain boundaries to the local
temperature. In order to improve these problems, more probe wavelengths and a longer
averaging time for data acquisition should b e considered in future experiments for

better fitting result and spatial resolution.

o
o
o

T= Ae Tc+B

7. = 0.27 £ 0.03ps

Electron temperature (K)

Time delay (ps)

Figure 44: Electron temperature map at 0.5ps and hot carrier cooling time map.

Grey regions indicate areas that are filtered out and no temperature is obtained from
these regions. (a) Amplitude of the negative maximum  value of the pump -probe
signal across the sample. Upper right shows the artificial mark created for image
registrati on. (b) Electron temperature map at 0.5ps time delay. (c) Fitting of the
electron temperature trace. Hot carrier cooling time ,V¥r]:is obtained . (d) Hot carrier
cooling time map.
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4.5 Conclusion

In this chapter, the basic conceps of hot carriers and the hot carrier cooling
processare discussed. The rapidly decaying negative signal observed in the pump -probe
signal is related to the hot cooling process. The multi -wavelength pump probe
microscopy is introduced to obtain the spectra of pump-probe signals. By adapting the
electron distribution assumption in high energy states, time-resolved electron
temperatures and hot carrier cooling time are obtained with micrometer spatial

resolution.
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5 Future research directions and conclusion

In the previous chapters, the ability of PPM to reveal the charge carrier dynamics
in the MAPDI s thin films is discussed in depth. In this chapter, two potential applications
of PPM are discussd to improve the understanding on photovoltaic properties of the

perovskite thin films.

5.1 Revealing degradation on MAPDbIs perovskite thin films by
pump probe microscopy

One major drawback of perovskite thin films is their poor long-term stability .
They are prone to degrade when exposed to light illumination, humidity and so ones. %2
PPM provides a direct way to observethe degradation in perovskite thin films and
reveal its impact on the charge carrier dynamics.

To compare the change of carrier dynamics in MAPDI s perovskite thin films due
to the degradation, the pump -probe signals of two samples are compared. One sample is
sealedwith epoxy glue to prevent the degradation from oxidation and humidity and
another one is unsealed. Both samples areprepared at the same time with the same
method. Two samples are placed together for two weeks before acquiring PPM data.
The power combination of the pump and probe beams adapted here is the sameasthe
one used in chapter 2.The phasor distribution s of their pump -probe signal are shown in
figure 45. Both samples show the typical pump -probe features discussed inchapter 2,
however, a new type of pump -probe signal is observed in the unsealed sample, which

corresponds to an additional phasor location.
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Figur e 45: Phasor plots of pump -probe signal from the sealed and unsealed
samples. (a) Phasor plot of the sealed sample, two phasor location s are selected to
show their corresponding pump -probe signal s. Color bar shows the density of p ixels
that have the same phasor location. (b) Average pump -probe signal s of pixels located
in the two phasor locations shown in (a). (c) Phasor plot of the unsealed sample, an
additional phasor location is observed . The two selected phasor locations (refer ence 1
and 2) are the samelocations as(a). (d) Average pump -probe signals of pixels located
in the three phasor locations shown in ( ¢).

As shown in figure 45, the pump -probe signals of the sealed sample showthe
similar phasor distribution to the pump -probe signals of fresh samples shown in chapter
2.1t suggests little degradation has happened to the sealed sample after two weeks.

However, the unsealed sample clearly shows an additional phasor location (reference 3
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in figure 4 5c¢), which corresponds to anew type of pump -probe signal. The long-lived
bleaching signal of this type of signal is smaller compared to both types of pump -probe
signal discussed in the previous chapter. Although t he charge carrier dynamics
associated with such signal is unclear, its small long-lived bleaching signal suggests the
poor capability to maintain charge carrier population for a long time. Therefore, the new
appeared pump-probe signal is likely to associate with the degradation raised in the
unsealed sample. Tobetter understand the correlation between the degradation of the
sample and the change of UT 1 wU Ecdbarg@ kagrier wynamics, amore careful
comparison experiment is required. For example, the sealed and unsealed samples
should be imaged at sequential dates after the preparation to track the change of their
pump -probe signal. Additionally, mapping the phasor images of the degraded sample
PPDUI wUOT | WUEOXx OVEUEOOU £w6 @ Ui g U)Eddeingne w2 $, wbOE
whether the degradation leads to the structural change of the sample.

5.2 Investigating the charge carrier dynamics of MAPDbIs thin
films with different microstructures

Depending on the fabrication methods, multiple types of MAPDI s thin films with
different microstructures can be prepareds32 7© The combination of PPM and SEM offers a
direct way to investigate the impact of different microstructures on the charge carrier
dynamics of MAPDbI s thin films .

As discussed in chapter 2 and 3, theU E O x @brghtlogy can b e assodated with

local charge carrier dynamics by mapping the signatures of pump -probe signal (phasor
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images or fitting parameters) with the SEM images.This method also works for MAPDI 3
thin films with different microstructures. Figure 46 illustrates the correlation between
local charge carrier dynamics, which are sorted by phasor images oftheir corresponding
pump -probe signal, and U E O x O1 Uz w O dwbsamplésivithagranular and fibrous
microstructures are shown. The sorted charge carrier dynamics exhibit granular
distributi on (figure 46a, c) in the sample with granular microstructure . For the sample
with fibrous microstructure , the sorted charge carrier dynamics seems to distribute in

different fibers shown in figure 46e.

Figure 46: Phasor, SEM, and combined images of MAPbI3 samples. Insets are
the phasor distribution of the pump -probe signal of each sample. (a-c) Phasor, SEM,
and combined images of the sample with a granular microstructure. (d -f) Phasor,
SEM, and combined images of the sample with a fibrous microstructure.
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To further investigate the impactof UE Ox O1 Uz wOPEUOUUUUEUUUI UwobC
distribution of different charge carrier dynamics , a careful analysis of charge carrier
dynamics on different parts of the mic rostructures, such as grain boundaries in the
granular structure , the tips and the middle parts of the fibrous structure, is required. The
model introduced in chapter 3 can also offer a more detailed analysis on each charge

carrier dynamic.

5.3 Conclusion

In this dissertaion, | demonstrate the use of optical microscopy methods to better
understand the different charge carrier dynamics of MAPbDI s thin films.

In chapter 2, | show the observation of spatial heterogeneity of charge carrier
dynamics in picosecond tim e scales of MAPDbI s thin films. The adjusted phasor analysis
is introduced to qualitatively identify the different types of charge carrier dynamics. A
false colorimage is generated torepresent the spatial distribution of each type of the
charge carrier dynamics. With the help of SEM, the spatial distribution of charge carrier
dynamicsisUl OEUIT EwbPDUT wOT 1T w spafiekdefects dreifouddie beO O OT a 6
responsible for the heterogeneity of charge carrier dynamics and related with abundant
trapping states. The observation of the fluorescence signal obtained by FLIM supports
this conclusion.

In chapter 3, models are introduced to decompose the fluorescence signal and the

pump -probe signal. Each decomposed signal corresponds to a charge carrier dynamic.
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The fluorescence signakonsists of contribution s from the fast recombination and the
band-to-band recombination. The pump-probe signal is separated into three charge
carrier dy namics: three-photon absorption, rapidly decaying negative signal due to the
hot carrier cooling process andlong-lived bleaching signal representing the state-filling
effect near the band edge. The longlived bleaching signal is used to representthe charge
carrier population . The pixel-by-pixel fitting s of the pump -probe signal and fluorescence
signal are achieved. The spatial distribution of each charge carrier dynamic is compared
PPUT wUT T wUE Ox O The pati@l Qistriblitiéh@f3He fodgwlived b leaching
signal and the band-to-band recombination signal shows an anti-correlation with the
spatial defects such as pinholes. Thereduction of these two signals can beexplained by
the large charge carrier injection from the band edge to the trapping states. Therefore, it
suggests that the spatial defects are likely to obtain abundanttrappi ng states, which
reduce the charge carrier population in the conduction band and is detrimental to the
PCE of the thin films. Additionally, the grain boundaries in the thin films are also
associated with abundant trapping states. In the end, | show that the combination of the
fluorescence signal and the pump-probe signal can offer a more justified way to evaluate
the quality of the MAPDbI s thin films.

In chapter 4, the hot carrier cooling process is introduced. | demonstrate that the
rapidly decaying negative signal, which is decomposed from the pump -probe signal,

can monitor the hot carrier cooling process. By varying the probing wavelength, the
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time-resolved pump -probe spectra can be obtained.l show that the time -dependent
electron temperature can be obtained by fitting the pump -probe spectra with the
Boltzmann dist ribution. With the s patial resolution offered by the PPM, the local
electron temperature change during the hot carrier cooling process can beresolved.
In chapter 5, | discuss two potential research directions of applying PPM to
investigate the perovskite thin films. With the help of PPM, Ul | wPOx EEUwWOI wUT | wUE
degradation and microstructure OO wUT T WUEOx Ol z UWET Eould HewEEUUDI Uwk

unrevealed.
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Appendix A: Power study of the pump-probe signal

The pump intensity dependence of the instantaneous peak is plotted in figure
47a.Since theabsorption signal is dominant at Ops at regions due to the time delay
constant 0 associated with the rapidly decaying negative signal and the long-lived
negative signal, the peakvalue is used to representthe amplitude of the absorption
signal. The natural log arithm of the pump power P and the peak value T is plotted in
figure 47b and used to obtain a linear regressionline. The slope is0.84 0.25, which

agrees with the assumption of the linear dependence of the instantaneous peak on the

pump power.
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Figure 47: Pump power dependence of the instantaneous pe ak. (a) Pump-probe
signal with different pump power. The probe p  ower is fixed. (b) Linear regression of
the natural logarithm of the pump power P and the peak value T . The standard error
of the slope is 0.25.

The sameanalysis is applied to study the pro be intensity dependence of the

instantaneous peak. Figure 48 shows the data and the linear regressionof the data. The
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slope is 1.71 0.17, which agreeswith the assumption of the quadratic dependence of the

instantaneous peak on the probe power.
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Figure 48: Probe power dependence of the instant aneous peak. (a) Pump-probe
signal with different probe power. The pump power is fixe  d. (b) Linear regression of
the natural logarithm of the probe power P and the peak value T . The standard error
of the slope is 0.17.

For the long-live bleaching signal, its amplitude is represented by averaging the
pump -probe signal from 2ps to 10ps. Figure 49 shows the quadratic intensity
dependence of the long-lived bleaching signal on the pump power and figure 50 shows
the linear intensity dependence on the probe power. The slope of the linear regression is
1.76 0.36 for the power study of the pump beam and 0.98 0.32for the power study of
the probe beam. These resultsagreewith the fact that we are utilizing two -photon

absorption to excite electrons.
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Figure 49: Pump power dependence of the long -lived bleaching signal. (a)
Pump -probe signal with different pump power. The probe power is fixed. (b) Linear

regression of the natural logarithm of the pump power P and the peak value T . The
standard error of the slope is 0.36.

Figure 50: Probe power dependence of the long -lived bleaching signal. (a)
Pump -probe signal with different probe power. The pump power is fixed. (b) Linear

regression of the natural logarithm of th e probe power P and the peak value T . The
standard error of the slope is 0.32.
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