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 Insight into the nanoscale carrier transport in the rapidly developing class of solution-

processed semiconductors known as metal halide perovskites is the focal point for these studies.  

Further advancement in fundamentally understanding photophysical processes associated with 

charge carrier transport is needed to realize the true potential of perovskites for photovoltaic 

applications.  In this work, we study photogenerated carrier transport to understand the underlying 

transport behavior of the material on the 10s to 100s nanometer lengthscales. To study these 

processes, we employ a temporally-resolved and spatially-resolved technique, known as transient 

absorption microscopy, to elucidate the charge carrier dynamics and propagation associated with 

metal halide perovskites.  This technique provides a simultaneous high temporal resolution (200 

fs) and spatial resolution (50 nm) to allow for direct visualization of charge carrier migration on 

the nanometer length scale. There are many obstacles these carriers encounter between 

photogeneration and charge collection such as morphological effects (grain boundaries) and carrier 

interactions (scattering processes).  We investigate carrier transport on the nanoscale to understand 

how morphological effects influence the materials transport behavior.  Morphological defects such 

as voids and grain boundaries are inherently small and traditionally difficult to study directly. 

Further, because carrier cooling takes place on an ultrafast time scale (fs to ps), the combined 

spatial and temporal resolution is necessary for direct probing of hot (non-equilibrium) carrier 

transport.  Here we investigate a variety of ways to enhance carrier transport lengthscales by 

studying how non-equilibrium carriers propagate throughout the material, as well as, carrier 

cooling mechanisms to extend the non-equilibrium regime.   

For optoelectronic devices based on polycrystalline semiconducting thin films, grain 

boundaries are important to consider since solution-based processing results in the formation of 

well-defined grains.  In Chapter 3, we investigate equilibrium carrier transport in metal halide 
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perovskite thin films that are created via the highly desired solution processing method.  Carrier 

transport across grain boundaries is an important process in defining efficiency due to the literary 

discrepancies on whether the grains limit carrier transport or not.  In this work, we employ transient 

absorption microscopy to directly measure carrier transport within and across the boundaries.  By 

selectively imaging sub-bandgap states, our results show that lateral carrier transport is slowed 

down by these states at the grain boundaries.  However, the long carrier lifetimes allow for efficient 

transport across the grain boundaries.  The carrier diffusion constant is reduced by about a factor 

of 2 for micron-sized grain samples by the grain boundaries. For grain sizes on the order of ∼200 

nm, carrier transport over multiple grains has been observed within a time window of 5 ns.  These 

observations explain both the shortened photoluminescence lifetimes at the boundaries as well as 

the seemingly benign nature of the grain boundaries in carrier generation.  The results of this work 

provide insight into why this defect tolerant material performs so well.   

Photovoltaic performance (power conversion efficiency) is governed by the Shockley-

Queisser limit which can be overcame if hot carriers can be harvested before they thermalize.  To 

convert sunlight to usable electricity, the photogenerated charge carriers need to migrate long 

distances and or live long enough to be collected.  It is unclear whether these hot carriers can 

migrate a long enough distance for efficient collection.  In Chapter 4, we report direct visualization 

of hot-carrier migration in methylammonium lead iodide (CH3NH3PbI3) thin films by ultrafast 

transient absorption microscopy.  This work demonstrates three distinct transport regimes. (i) 

Quasiballistic transport, (ii) nonequilibrium transport, and (iii) diffusive transport.  Quasiballistic 

transport was observed to correlate with excess kinetic energy, resulting in up to 230 nanometers 

of transport distance that could overcome grain boundaries.  The nonequilibrium transport 

persisted over tens of picoseconds and ~600 nanometers before reaching the diffusive transport 

limit. These results suggest potential applications of hot-carrier devices based on hybrid 

perovskites to ultimately overcome the Shockley-Queisser limit. 

In the next work, we investigated a way to extend non-equilibrium carrier lifetime, which 

ultimately corresponds to an accelerated carrier transport.  From the knowledge of the hot carrier 

transport work, we showed a proof of concept that the excess kinetic energy corresponds to long 

range carrier transport.  To further develop the idea of harvesting hot carriers, one must investigate 

a way to make the carriers stay hot for a longer period (i.e. cool down slower). In Chapter 5, we 

slow down the cooling of hot carriers via a phonon bottleneck, which points toward the potential 
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to overcome the Shockley-Queisser limit.  Open questions remain on whether the high optical 

phonon density from the bottleneck impedes the transport of these hot carriers.  We show a direct 

visualization of hot carrier transport in the phonon bottleneck regime in both single crystalline and 

polycrystalline lead halide perovskites, more specifically, a relatively new class of alkali metal 

doped perovskites (RbCsMAFA), which has one of the highest power conversion efficiencies.  

Remarkably, hot carrier diffusion is enhanced by the presence of a phonon bottleneck, the exact 

opposite from what is observed in conventional semiconductors such as GaAs.  These results 

showcase the unique aspects of hot carrier transport in hybrid perovskites and suggest even larger 

potential for hot carrier devices than previously envisioned by the initial results presented in 

Chapter 4. 

The final chapter will be divided into two sections, as we summarize and highlight our 

collaborative efforts towards homogenization of carrier dynamics via doping perovskites with 

alkali metals and our work on two-dimensional hybrid quantum well perovskites.  Further studies 

on the champion solar cell (RbCsMAFA) were performed to elucidate the role inorganic cations 

play in this material.  By employing transient absorption microscopy, we show that alkali metals 

Rb+ and Cs+ are responsible for inducing a more homogenous halide (I- and Br-) distribution, 

despite the partial incorporation into the perovskite lattice.  This translates into improved electronic 

dynamics, including fluorescence lifetimes above 3 µs and homogenous carrier dynamics, which 

was visualized by ultrafast microscopy.  Additionally, there is an improvement in photovoltaic 

device performance.  We find that while Cs cations tend to distribute homogenously across the 

perovskite grain, Rb and K cations tend to phase segregate at precursor concentrations as low as 

1%.  These precipitates have a counter-productive effect on the solar cell, acting as recombination 

centers in the device, as argued from electron beam-induced current measurements.  Remarkably, 

the high concentration of Rb and Cs agglomerations do not affect the open-circuit voltage, average 

lifetimes, and photoluminescence distribution, further indicating the perovskite’s notorious defect 

tolerance.  

A new class of high-quality two dimensional organic-inorganic hybrid perovskite quantum 

wells with tunable structures and band alignments was studied.  By tuning the functionality of the 

material, the strong self-aggregation of the conjugated organic molecules can be suppressed, and 

2D organic-halide perovskite superlattice crystals and thin films can be easily obtained via one-

step solution-processing.  We observe energy transfer and charge transfer between adjacent 
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organic and inorganic layers, which is extremely fast and efficient (as revealed by ultrafast 

spectroscopy characterizations).  Remarkably, these 2D hybrid perovskite superlattices are stable, 

due to the protection of the bulky hydrophobic organic groups.  This is a huge step towards the 

practicality of using perovskites for optoelectronics, since stability is always a huge concern with 

water-sensitive materials.  The molecularly engineered 2D semiconductors are on par with III-V 

quantum wells and are promising for next-generation electronics, optoelectronics, and photonics. 
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 INTRODUCTION 

1.1 Solar Energy Demand 

In our current society, power consumption is growing rapidly to keep up with the further 

advancement of technology.  According to the IEA (International Energy Agency), the world 

primary energy consumption was about 18 TWh (terawatt-hour) in 2013 and growing each year.1 

The majority (~85%) of our tremendous power consumption is generated by fossil fuels, while 

solar energy isn’t being used to its full potential.2, 3  For example, the annual global energy potential 

from the sun is about 23,000 TW and society only generated about 4% of its energy from all 

renewable sources (wind, solar, tide, thermal, etc.).4 An attractive source of renewable energy is 

solar energy, which is a clean and abundant source.  The 23,000 TW of power generated annually 

is far greater than human consumption, thus it is a heavily desired form or renewable energy.  Aside 

from the promising benefits of solar energy, there still lacks fundamental research into the many 

challenges associated with the light to power conversion and utilization.  These challenges are 

heavily investigated by researchers all over the world, in efforts to utilize the full potential of the 

ever so promising solar energy. 

To successfully utilize the power of the sun as a renewable energy source, one must 

understand the solar energy conversion process on a fundamental physical level.  Light from the 

sun (photons) with an associated energy is absorbed by a semiconductor material.  At this instant, 

the energy of radiation is captured as excited electron-hole pairs, formally known as “excitons”.  

The excited electrons and holes are ultimately extracted for conversion to a useful form of energy 

(electrical power).  A more technical and in-depth description of the physical processes associated 

with solar energy conversion will be elaborated in later sections.   
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1.2 Photovoltaics  

There are many challenges to the tremendous potential of solar power as an alternative 

energy source remaining.  The “golden triangle” for solar cells is cost, efficiency, and stability.  

To efficiently harvest the abundance of free solar energy is quite difficult.  In the early 1960’s, 

William Shockley and Hans-Joachim Queisser determined the maximum theoretical efficiency of 

a single junction solar cell to be ~30% at bandgap energy of 1.1 eV.5  This theoretical cap on 

efficient is formally known as the Shockley-Queisser limit and it simply examines the amount of 

electrical energy that is extracted per photon of incident sunlight.  The low conversion efficiency 

takes into consideration possible pathways for power to be lost.  Such pathways for power loss 

include recombination, spectral losses, impedance matching, and limited mobility.6-8  

  The generalized structure of a photovoltaic (PV) cell is depicted by Figure 1.1.  The main 

components of the PV cell are the anode, cathode, hole transport layer (HTL), electron transport 

layer (ETL), and the active layer.  The ETL/anode is typically titanium dioxide (TiO2) on a 

conductive glass substrate, such as FTO (fluorine doped tin oxide) 

 

Figure 1.1 Generalized structure of a photovoltaic cell 

 

glass.9  The HTL/cathode is typically comprised of a material such as spiro-OMeTAD (2,2',7,7'-

Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene) with gold contacts on top.  The 
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primary focus of this work is on the active layer in a photovoltaic cell.  The active layer is there 

material were light is absorbed, excitons are created, charge is separated and diffused to the 

collection sites.  The collection of charges will complete the process and solar energy is now 

converted to a useful form of electricity.  To achieve a highly efficient solar cell, there must exist 

a fundamental understanding of the underlying photophysics in the active layer.  This work sets 

out to study how the carrier transport behavior of the active layer material.   

1.3 Carrier Transport 

A crucial factor in photovoltaic performance (power conversion efficiency) is the carrier 

diffusion length.  From the corresponding equation (Eq. 1.1), we can see that carrier diffusion 

length (LD) is dependent on the charge carrier’s lifetime, τ, and diffusion coefficient, D.10, 11  LD is 

a critical parameter for photovoltaic operation because it directly influences the power conversion 

efficiency of charge collection in a solar cell device.10 

 

𝐿𝐷 =  √𝐷𝜏                         (1.1) 

 

  It is particularly useful to gain insight into the carrier diffusion length by directly measuring 

the diffusion coefficient and the carrier lifetime.  The determination of how charge moves in 

photovoltaic materials and how altering device fabrication procedures (material processing)12-16 is 

critical for understanding what is limiting the power conversion efficiency.  Additionally, since 

diffusion of charge occurs in any semiconductor due to thermal energy and energy from absorption 

of photons, even with no external electric field applied, it is important to study carrier diffusion on 

this fundamental level.  There exist optical techniques to experimentally measure information 
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about how charges are propagating throughout a photovoltaic material, which will be expanded 

upon in the next section.      

1.3.1  Direct Measurement of Carrier Transport for PV Applications 

The measurement of carrier transport is crucial for PV applications to further advance and 

gain insight into fundamental material properties on the nanoscale.  Indirect methods of measuring 

carrier transport lengths have been previously studied.17-20  Such indirect measurements are 

typically based on a confocal photoluminescence (PL) for excitation and a wide field detection of 

the diffusion throughout the material.17  There are a few drawbacks to relying on PL to study carrier 

transport.  PL microscopy-based approaches are limited in that they only account for the emissive 

species present.  Time resolution is another challenge for PL based measurements, since the 

resolution is typically on the order of 50 – 100 ps.  This time scale is not sufficient enough to study 

fast processes such as efficient energy transfer, non-equilibrium carrier transport, and equilibrium 

carrier transport in the femtosecond time scale range.  Direct measurement of carrier transport 

throughout a material has many challenges such as the requirement for high spatial and temporal 

resolutions, which are necessary due to the inherently short length scales that are associated with 

material defects.   

To achieve such high temporal and spatial resolution, we utilize transient absorption 

microscopy (TAM) to study carrier transport on an ultrafast time scale and the nanometer length 

scale.21, 22  This ultrafast technique addresses the aforementioned challenges associated with PL 

imaging techniques, by probing/investigating both emissive and non-emissive species and 

improving the time resolution to sub-ps.  Ultrafast pump probe techniques such as TAM and 

transient absorption spectroscopy are particularly useful in gaining insight into the carrier diffusion 

length since we can directly measure the carrier diffusion coefficient and charge carrier lifetime 
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with high resolution temporally and spatially. An in-depth review of nonlinear ultrafast 

microscopy has been recently reported.23, 24  In this dissertation, we focus on applying TAM as a 

direct approach to investigate carrier transport on the nanoscale with high temporal and spatial 

precision.  The 200 fs temporal resolution and 50 nm spatial precision allows us to directly 

visualize carrier propagation in materials used for photovoltaic applications.  This approach 

promotes the investigation into factors that limit carrier mobility, such as material defects (grain 

boundaries) and allows for a fundamental understanding of the behavior of carriers on the 

nanoscale. 

1.4 Hybrid Lead Halide Perovskites 

1.4.1 Historical Background 

The term perovskite corresponds to a class of materials that fall under the same general 

crystallographic form.  The material stoichiometry in the general form is ABX3.  In 1839, the 

naturally occurring CaTiO3 (calcium titanate) was discovered which lead to a plethora of synthetic 

perovskite materials that exhibit unique properties.25  Synthetic titanate perovskites where initially 

investigated for the application of pigmentation in paints.26, 27  In the mid-1940’s, the crystal 

structure of BaTiO3 (barium titanate) was confirmed28 and the material was shown to have unique 

electronic properties, such as ferroelectricity, which sparked a broad interest in perovskite 

materials.29  C.K. Møller determined the structure of the synthetic cesium lead halide perovskites 

(CsPbX3) and observed its photoconductivity for the first time, in the 1950’s.30  A German scientist 

(D. Weber) developed the first organic-inorganic hybrid halide perovskite in 1978 by replacing 

the cesium cations with an organic molecule (methylammonium ion).31  At the time, the true 

capabilities of the methylammonium lead halide were unknown.  
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The 1990’s began the first experiments demonstrating the photophysical properties of 

perovskites, such as the luminescent properties of layer perovskite materials.32, 33  Once the unique 

optical and electronic properties of these perovskite became apparent, new findings emerged for 

applications such as organic-inorganic light emitting diodes and as thin film field effect 

transistors.32-39  Since the first solar cell applications in 2009, where the power conversion 

efficiency was a mere 3.8%,40 there has been tremendous growth to present day.  To date, there 

have been perovskite solar cells with power conversion efficiencies as high as 22.7%.41-43  The 

immense amount of research into the improvement of perovskite solar cells has rapidly increased 

power conversion efficiency and provides even more promise for the future of this material.43   

1.4.2 Material Structure 

The chemical and crystal structure of perovskites plays an important role in the unique 

properties that are exhibited.  While the material structure is not the focus of this dissertation, it 

seems important to give a concise, insightful introduction into the structure.  As previously 

mentioned, perovskites follow the general stoichiometry of ABX3.  Each letter refers to a distinct 

lattice position (A site, B site, and X site), which makes up the perovskite structure, shown in 

Figure 1.2.  These materials are crystallized from organic halide and metal halide salts to form 

perovskite crystals in which the A site is the monovalent organic cation, B site is the divalent metal 

cation, and X is the halide anion.  This is where the name “organic-inorganic hybrid perovskite” 

is coined from – the fact that there exists both organic cations and inorganic cations coordinating 

with halide anions.  The material structure is unique in that the B site cation has an octahedral 

coordination with the halide anion (X) to form a BX6 octahedral cage.  Within the cage sits the A 

site cation.  Interestingly, there has been studies to show how smaller organic cations, such as 

methylammonium, can freely rotate within the octahedral cage.44  This leads to some unique 
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properties that will be covered in later chapters.  These perovskites are in the tetragonal crystal 

structure (stretched cubic) at room temperature but undergo a phase transition at lower 

temperatures to a orthorhombic structure.45  

 

Figure 1.2 Generalized cubic crystal structure for ABX3 perovskites. 

 

The traditional standard for perovskite solar cells is methylammonium lead iodide 

(CH3NH3PbI3 or MAPbI3), which is easily prepared from a 3:1 molar ratio of methylammonium 

iodide and lead iodide.  Researchers have explored a wide variety of compositions and 

substitutions of anions or cations (e.g., CH3NH3
+, HC(NH2)2

+, C6H5C2H4NH3
+).16, 46-51  It has been 

shown that the bandgap of this material can easily be tuned by adjusting the ratio between halide 

anions (Br-, Cl-, or I-).  For example, Hoke et al. demonstrated that by increasing the ratio between 

Br and I anions, the bandgap of the material can shift to a higher energy; shorter wavelength.46  

This type of perovskite is referred to as a mixed-halide lead perovskite.  In additional to various 

combinations of compositions, there is also a wide variety of morphologies that this material can 
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exist in, such as thin films (wide range of grain sizes), single crystal nanoplates, and nanowires.37, 

52-56  The vast combinations of structure and material composition (i.e. tunability) lead to many 

interesting and exciting photophysical properties within the realm of semiconductor materials, 

which will be elaborated upon later in this dissertation. 

Photovoltaic efficiency is partly governed by how well the material absorbs the solar 

spectrum.  The solar spectrum extends from the ultraviolet to the mid-infrared (~250 – 2500 nm), 

with its most intense spectral irradiance in the visible wavelength range (~400 – 750 nm).  

Therefore, an ideal material for photovoltaic applications should be able to absorb in the visible 

wavelength range, with a bandgap near the most intense spectral irradiance.  Perovskites are quite 

remarkable in that they absorb the light spanning across the whole visible range, with a bandgap 

near 750 nm, which is suitable for solar spectrum absorption.  Another attractive feature of 

perovskites as the active layer in the photovoltaic device is the tunability of the bandgap.  This 

tunability is a highly desired attribute for these photovoltaic active layers as well as for light 

emitting diode (LED) applications, since the shift in bandgap will be shifting the emission peak 

from the material.  The emissive properties of metal halide perovskites have been widely studied 

for LED applications, lasing, and other optoelectronic devices.57-62  Photoluminescence for lasing 

in perovskites has been shown to be a result of bimolecular radiative recombination on the time 

scale of 10s – 100s of ns.63  Alternatively, the inorganic based perovskites such as CsPbX3, have 

been shown to be highly efficient LEDs.60  With tunable emission, high quantum efficiency, and 

ease of fabrication, perovskites are an ideal material to exploit its emissive properties.  Ultimately, 

we study the transport properties and carrier dynamics associated with these optoelectronic 

applications.   
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1.4.3 Photophysical Processes 

1.4.3.1 Existence of Free Carriers 

Photogenerated carriers such as the previously mentioned, Wannier-Mott and Frenkel 

excitons, are electron-hole pairs that are bound together by a Coulombic interaction.  The extent 

of the exciton binding energy is partly dependent upon the dielectric constant of the material, which 

results in having high exciton binding energies (0.1 – 0.4 eV) in low dielectric materials such as 

organic semiconductors (e.g. tetracene and pentacene).22  Excitons more weakly bound together 

(hundreds of meV) exist in inorganic 2-dimensional (2D) semiconductors such as MoS2 and 

WS2.64  Diffusion lengths of tightly bound electron-hole pairs, found in organic semiconductors, 

are typically on the order of 10s of nm.  Energy is required to separate the charges before charge 

collection can occur within a solar cell, therefore a material with a very low exciton binding energy 

would be desirable. 

Lead halide perovskites are notorious for having extremely low exciton binding energies.  

These values are difficult to measure directly but there have been a few techniques that have been 

used such as, optical absorption, temperature dependent photoluminescence, and magneto-

absorption.65-68  There is a range of exciton binding energies reported for MAPbI3, spanning from 

as low as 5 meV to 19 meV.67, 68  The higher exciton binding energies reported are from low 

temperature measurements, due to the previously mentioned crystal structure transition which 

causes the carriers to be more tightly bound in the orthorhombic phase.69  The extremely low 

exciton binding energy at room temperature is particularly useful for photovoltaic devices in which 

charge separation plays a crucial step before the charge collection.  When binding energies are this 

low, the photogenerated carriers exist as free carriers since thermal energy (kbT) at room 

temperature is higher than the binding energy (~ 25 meV), resulting in a fast, thermally activated 

exciton dissociation.70  Definitionally, free carriers represent the lowest electronic excited state 
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that can freely propagate throughout the lattice of the material without the transfer of electric 

charge.71, 72  After photoexcitation, excitons will already have dissociated and the free carriers may 

undergo different recombination pathways which is of particular interest due to its detrimental 

effects in a solar cell or beneficial effects in LEDs or lasers. 

1.4.3.2 Recombination Mechanisms 

Aside from ultrafast pump-probe microscopy, we are also interested in time-resolved 

spectroscopy.  Many important parameters can be elucidated from time-resolved spectroscopy as 

a kinetic description of the photogenerated process.  In a general scenario, rapid dephasing and 

cooling of photogenerated carriers occurs after initial excitation.  There is also an additional loss 

of energy from the nonequilibrium state over a longer timescale, which occurs radiatively 

(emission of light) or non-radiatively (e.g. vibrational, heat, carrier-carrier interactions).  By 

altering the excitation intensity and photon energy, one can appropriately model/fit the time-

resolved dynamics and monitor the steady-state PL intensity, which can provide physical insight 

into the photophysical processes associated with the return to the ground state.  Understanding the 

predominate pathways associated with energy loss at various carrier densities is crucial to 

optimizing optoelectronic devices (operating conditions and device configurations), specifically 

photovoltaics, LEDs, and lasers.70 

Defects and microscale inhomogeneities act as pathways for non-radiative loss, which is 

detrimental to photovoltaic devices and light emission devices.  Techniques such as steady state 

PL spectroscopy, time-resolved PL spectroscopy, transient absorption spectroscopy, and confocal 

PL imaging have been employed to elucidate the carrier dynamics in semiconductor materials.15, 

17, 18, 46, 64, 73-78  Typically there are three distinct classes of possible generation and recombination 

pathways – trap mediated, band edge, and excitonic.  For MAPbI3 we will focus on the trap 
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mediated and band edge energy loss pathways and will assume hole trapping mechanisms are 

negligible.  Figure 1.3 represents a schematic that illustrates the possible generation and 

recombination pathways for this material.  Pathway 1 (blue) is representative of direct population 

of a sub-bandgap state in the trap mediated regime.  This can exist via photoexcitation and have 

direct population into the semiconductor’s Urbach Tail.43, 79, 80  Pathway 2 (red) represents the 

trapped carriers recombining radiatively, whereas pathway 3b (green) is the nonradiative 

recombination, such as a phonon-assisted process.  The band edge carriers can become initially 

trapped through a common population pathway such as nonradiative localization (3a – green), 

before ultimately succumbing to nonradiative recombination (3b – green).  Aside from the trap 

mediated regime, there exists a band edge regime.  To populate the band edge, the material must 

be excited through a direct resonant excitation (i.e. pump at the energy of the bandgap), depicted 

by pathway 4 – purple.  Bimolecular recombination, shown by pathway 5 – orange, is a radiative 

recombination process (such as PL).  Alternatively, a three-carrier nonradiative Auger process can 

occur (pathway 6 – black).  The carrier generation and annihilation processes can be modeled 

together using the following equation (Eq. 1.2).  In this equation, n is the total carrier concentration 

as a function of time and G is the carrier generation term which relates to the excitation intensity 

by G = αI.  The generation term is usually negligible for this work since the ultrafast (fs) excitation 

pulses are used.  The single component term is associated with trap mediated (sub-band gap states) 

recombination or geminate recombination, while the bimolecular term is associated with 

nongeminate recombination (exciton-exciton annihilation).  The last term is representative of a 

nonradiative three-carrier interaction, such as Auger recombination (depicted by pathway 6 – 

black).  
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𝑑𝑛

𝑑𝑡
= 𝐺 − 𝑘1𝑛 − 𝑘2𝑛2 − 𝑘3𝑛3                        (1.2) 

 

In comparison to GaAs, MAPbI3 has a comparable bandgap and near-edge absorption 

coefficient, yet Auger rates are enhanced nearly two orders of magnitude.81, 82  Yang et al. state 

that this strange behavior could arise from carrier localization or enhanced Coulombic interactions 

between carriers.82  There lacks evidence for carrier localization to be the cause of such high Auger 

rates.  Alternatively, enhanced Coulombic interactions has been shown to increase the probability 

of spatial overlap between carriers and enhance Auger recombination in semiconductors.43, 82, 83  

Since bimolecular and trimolecular recombination rate constants are primarily intrinsic properties 

of a given semiconductor, it implies that these constants cannot be manipulated, without altering 

the material itself.   

Contrarily, monomolecular energy loss processes associated with trap assisted 

recombination are extrinsic properties, which means that materials processing can focus on 

improving this aspect of the material in the fabrication process.  The fundamental understanding 

of these extrinsic and intrinsic recombination processes leads to future improvement of the 

performance in optoelectronic devices.  The time-resolved PL dynamics and transient absorption 

dynamics in this work elucidate these recombination mechanisms in attempt to shed light on the 

underlying photo-physics associated with this material’s exceptional device performance.  



31 

 

 

Figure 1.3 Schematic representation of the energy generation and loss pathways in MAPbI3 

semiconductor material.                

 

1.5 Conclusion 

In conclusion, we have utilized ultrafast pump-probe microscopy and spectroscopy to 

investigate how photogenerated charges propagate throughout semiconductor materials for 

photovoltaic applications.  We have studied factors that impact carrier diffusion length such as 

grain boundaries, nonequilibrium carriers, and recombination mechanisms to gain a fundamental 

understanding on the photophysical properties of the material in efforts to potentially provide 



32 

 

insight into devices with higher power conversion efficiencies.  Ultimately, the nature of 

photogenerated carriers within the perovskite absorber material is heavily probed on a fundamental 

level in this dissertation.   

 This dissertation is divided into several chapters, each containing a detailed introduction to 

their respective projects.  The organization of our work is as follows: we will first discuss the 

background on experimental methods used in this work, in Chapter 2.  The remaining chapters 

display the main results from each of the projects.  In Chapter 3, we unravel a widely debated 

question on the role of grain boundaries in lead halide perovskite thin films.  We utilized TAM to 

directly clarify the dispute into whether grain boundaries are detrimental to carrier transport or not, 

which ultimately impacts solar cell performance.  Chapter 4 summarizes our study on the direct 

visualization of hot carrier transport in perovskites by implementing TAM.  In Chapter 5, we 

examine the acceleration of carrier transport via a hot phonon bottleneck in perovskite films.  Here, 

we see that extending the cooling time of nonequilibrium carriers leads to an acceleration in carrier 

transport.  Lastly, we summarize our collaborative efforts which explore the effects of 

incorporating alkali metals on the homogenization of carrier dynamics in alloyed perovskite 

materials and discusses the exciting new class of hybrid perovskite quantum wells.  These two-

dimensional materials exhibit efficient energy transfer between the organic and inorganic 

components of the material and shed light onto the exciting potential that these new materials have. 
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 MATERIAL CHARACTERIZATION METHODS 

2.1 Steady-State Absorption and Reflectance 

Ensemble absorption measurements were conducted on an Agilent Cary 6000i UV-Vis-

NIR spectrophotometer.  This instrument was used in the Purdue Chemistry Department Research 

Instrumentation Center.    

Differential reflection spectra were obtained by using a home-built micro-reflection setup 

(Figure 2.1).  In summary, the white light from a stabilized tungsten-halogen light source (Thorlabs) 

was spatially filtered by focused on a pinhole with 10 µm diameter, then collimating the light.  

After, the collimated white light is focused onto the sample with a 50× (NA = 0.95) objective.  The 

beam size of white light is about 3 µm.  The reflected light was collected with the same objective, 

then dispersed with a monochromator (Andor Technology – Shamrock) and ultimately detected 

by a TE cooled charge-coupled device (CCD) camera (Andor Technology – Newton).  The 

differential reflectance is defined as:  

𝛿𝑅(𝜆) =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
            (2.1)                                                                                               

where Rsample is the reflectance intensity of sample with substrate and Rsubstrate is the reflectance 

intensity of the bare substrate.  For thin films on a transparent substrate, the differential reflection 

is directly related to the absorption by the following equation84: 

𝛿𝑅(𝜆) =  
4

𝑛𝑠𝑢𝑏
2 −1

𝐴(𝜆)                                              (2.2) 

where nsub is the refractive index of substrate and A(λ) is the absorption coefficient. 
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2.2 Steady-State and Time-Resolved Photoluminescence 

Steady-state photoluminescence and time-resolved photoluminescence measurements 

were performed by employing a home-built confocal micro-photoluminescence setup, schematic 

shown in Figure 2.1.  A picosecond pulsed diode laser (Pico-Quant, LDH-P-C-450B) with an 

excitation wavelength of 447 nm (FWHM = 50 ps) and a repetition rate of 40 MHz was used to 

excite the sample for measurements, which was focused by a 50× (NA = 0.95) objective.  The 

beam size in PL measurements is <1 μm.  The PL emission was collected with the same objective, 

dispersed with a monochromator (Andor Technology – Shamrock) and detected by a TE cooled 

charge coupled device (CCD) camera (Andor Technology – Newton). For time resolved PL 

measurements, the repetition rate of the laser was 2.5 MHz.  The dynamics of PL were measured 

using a single photon avalanche diode (Pico-Quant, PDM series) and a single photon counting 

module (Pico-Quant). The time resolution of this setup is ~100 ps. 

Steady-state PL images were taken one of two ways: On the same home-built confocal PL 

microscope, with the addition of 2D galvanometer scanning mirrors or on a commercial 

fluorescence microscope (Olympus BX-51 Optical Microscope) in the Purdue Chemistry 

Department Research Instrumentation Center. 
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 Figure 2.1 Schematic of home-built confocal PL microscope. 

 

2.3 Surface Characterization 

To characterize the surfaces of any materials needed for study, scanning electron microscopy 

(SEM) and atomic force microscopy (AFM) may be used.  The SEM we used was from Purdue 

University Birck Nanotechnology Center.  The instrument is the FEI Nova 200 NanoLab dual 

beam SEM/FIB (focused ion beam).  SEM provided insight into high definition surface structure 

with high resolution (<100 nm).  For AFM measurements, we used the Purdue Chemistry 

Department Research Instrumentation Center’s Veeco Dimension 3100 AFM.   
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2.4 Transient Absorption Spectroscopy 

Transient absorption spectra were measured by a femtosecond pump–probe system with a 

home-built transient absorption spectrometer.  The schematic representation is shown in Figure 

2.2.  Laser pulses at 1030 nm with 250 fs duration were generated by a 400 kHz amplified 

Yb:KGW laser system (PHAROS, Light Conversion Ltd.).   

Figure 2.2 Schematic representation of transient absorption spectroscopy setup. OPA: optical 

parametric amplifier; YAG: Yttrium aluminum garnet; CCD: charge-coupled device. 

 

The probe beam was a white light continuum beam spanning the 450-950 nm spectral region, 

created by focusing 5% of the 1030 nm fundamental output onto a YAG crystal (4.0 mm thick).  

The rest of the output pumps an optical parametric amplifier (OPA, TOPAS-Twins, Light 

Conversion Ltd.) to generate pump pulses with tunable photon energies for the transient absorption 

experiments.  Ensemble measurements for thin films have the pump beam focused down with a 

plano-convex lens and the probe beam focused down with a concave mirror.  Micrometer sized 

samples need the beams to be colinear and pass through a reflective objective (Thorlabs 40×, NA 

= 0.5).  The probe light after the sample is collected by a lens and focused onto a CCD spectrometer 

(Exemplar LS, B&W Tek).  The time delay between the pump and probe beam is adjusted by a 
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delay stage.  The delay stage is a linear stepper motor stage from Newport (ILS100PP) and this 

allows for transient absorption dynamics scans, by delaying the probe beam relative to the pump 

beam.   

2.4.1 Global Analysis 

Global analysis was carried out by first performing singular value decomposition to extract 

out the minimal number of kinetic component required to describe the system within instrument 

signal-to-noise ratio. This was followed by using a multiple exponential function with the same 

number of components to convolve with the instrument response (a Gaussian function with pulse 

width and chirped at different wavelengths) and a nonlinear least square minimization was 

performed to extract out the optimized rate constants as well as the decay associated spectra (DAS). 

Glotaran package was used for the relevant analysis throughout this work.85 

2.5 Transient Absorption Microscopy 

The representative schematic of the home-built TAM instrumentation that has been 

employed in our work in shown in Figure 2.3.  The laser system is a high repetition rate ultrafast 

amplifier system (Light Conversion Pharos) with repetition rate tunable from 1- 400 KHz.  The 

amplifier pumps two independent optical parametric amplifiers (OPAs, Light Conversion) that 

provide ~ 200 fs pulses tunable from 315 -2000 nm.  The tunability of both the pump and probe 

wavelengths allows selective excitation and detection of singlet and triplet exciton transitions. For 

carrier transport measurements, the probe beam is passed through a 2D galvanometer scanning 

mirror to control the relative position between the pump and probe beams with high precision (path 

1 in Figure 2.3).  Path 2 in Figure 2.3 depicts the beam path for transient absorption morphology 

images.  By scanning the pump and probe beams together with the 2D galvanometer mirrors, we 
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can map the transient signal spatially.  The pump and the probe beams are combined to be colinear 

in front the entrance to a home-built inverted optical microscope and then focused onto the sample 

with a high numerical aperture (NA) oil immersion microscope objective (NA= 1.49).  The time 

delay between the pump and probe beams is controlled by an optical delay stage by extending the 

beam path of the probe beam relative to the pump.  The optical delay stage is capable of scanning 

pump probe delay up from 6 fs to 8 ns.  Pump-induced changes in the probe transmission (∆T) is 

measured by modulating the pump beam with an acousto-optic modulator (AOM) and monitoring 

the output of the avalanche photodiode (APD) with a lock-in amplifier. This TAM instrumentation 

is highly sensitive, with detectable ∆T/T on the order of 10-7. The spot size of the pump and probe 

beams at the sample is determined by the associated wavelengths and the NA of the microscope 

objective employed (
𝜆

2𝑁𝐴
) and will be determined experimentally using absorption image of a 

nanowire that much smaller than the diffraction limit. 

  



39 

 

 

 

 

 

 

 

Figure 2.3 Schematic of home-built transient absorption microscopy set up. BS = beam splitter, 

AOM = acoustic optical modulator, OPA = optical parametric amplifier, APD = avalanche 

photodiode.  
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2.5.1 Carrier Transport  

To quantify transport, carrier population as a function of space and time can be described 

by a differential equation that includes both the transport out of the initial volume and population 

decay, which is given by, 

 

𝜕𝑛(𝑥,𝑦,𝑡)

𝜕𝑡
= 𝐷[

𝜕2𝑛(𝑥,𝑦,𝑡)

𝜕𝑥2 +
𝜕2𝑛(𝑥,𝑦,𝑡)

𝜕𝑦2 ] −
𝑛(𝑥,𝑦,𝑡)

𝜏
                               (2.3) 

 

where n (x, y, t) is the carrier population at time t, D is the diffusion constant, and τ is the carrier 

lifetime.  The initial population n (x, y, 0) follows Gaussian distribution as created by a Gaussian 

pump beam at position (𝑥0, 𝑦0) and is given by: 

 

𝑛(𝑥, 𝑦, 0) = 𝑁𝑒𝑥𝑝[−
(𝑥−𝑥0)2

2𝜎𝑥,0
2 −

(𝑦−𝑥0)2

2𝜎𝑦,0
2 ]                                   (2.4) 

 

The solution to Equation (1) indicates that carrier density at any later delay time (t) is also Gaussian 

and can be described as: 

 

𝑛(𝑥, 𝑦, 𝑡) = 𝑁𝑒𝑥𝑝[−
(𝑥−𝑥0)2

2𝜎𝑥,𝑡
2 −

(𝑦−𝑦0)2

2𝜎𝑦,𝑡
2 ]                                   (2.5) 

 

The diffusion constant 𝐷 is then given by: 

 

𝐷𝑥(𝑦) =  
𝜎𝑥(𝑦),𝑡

2 −𝜎𝑥(𝑦),0
2

2𝑡
                                                   (2.6) 
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The transport length, L, at delay time, t, is related to the variance of the carrier density profile and 

the diffusion constant (D), 

 

𝐿𝑥(𝑦)
2 = 𝜎𝑥(𝑦),𝑡

2 − 𝜎𝑥(𝑦),0
2 = 2𝐷𝑥(𝑦)𝑡                                     (2.7) 

 

2.5.2 Spatial Precision Limiting Factors 

In the TAM imaging of carrier transport, the precision in determining the carrier 

propagation distance L is dictated by the smallest measurable change in the population profiles 

which is ~100 nm.  This is not directly determined by the diffraction limit.  The measured carrier 

distribution is convoluted with profiles of pump and probe beams, so that the measured carrier 

distribution could be written as: 

 

𝜎(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡)
2 = 𝜎(𝑐𝑎𝑟𝑟𝑖𝑒𝑟)

2 + 𝜎(𝑝𝑢𝑚𝑝)
2 + 𝜎(𝑝𝑟𝑜𝑏𝑒)

2                         (2.8)   

                                                            

The diffusion length of carrier propagation is written as: 

 

𝐿2 = 𝜎(𝑡)
2 − 𝜎(0)

2                                                       (2.9)    

                                                             

Since 𝜎(𝑝𝑢𝑚𝑝)
2  and 𝜎(𝑝𝑟𝑜𝑏𝑒)

2  remain the same during pump-probe delay, the diffusion length is only 

determined by the change of carrier density profiles.  Here we performed a sensitivity analysis by 

differentiating equation 2.9 to obtain the error of measured diffusion length written as: 
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 ∆𝐿 = √
𝜎(𝑡)

2

𝜎(𝑡)
2 −𝜎(0)

2 (∆𝜎(𝑡)
2 )2 +

𝜎(0)
2

𝜎(𝑡)
2 −𝜎(0)

2 (∆𝜎(0)
2 )2 = √∆𝜎(𝑡)

2 + (
𝜎(0)

𝐿
)

2
(∆𝜎(0)

2 − ∆𝜎(𝑡)
2 )     (2.10)                                                              

 

From equation 2.10, we can clearly see the error primarily comes from the uncertainty of the 

Gaussian profiles obtained at different time delays, which is determined by the signal-to-noise 

ratio of the instrument. A similar discussion on the resolution of such imaging approach can also 

be found in a prior work by Akselrod et al., where photoluminescence microscopy imaging 

technique was employed.21, 86 

2.5.3 Noise 

There are two main sources of noise contributing to transient absorption imaging: laser 

fluctuation and electronic noise from the detection system (e.g. detector and lock-in amplifier).  

Noise due to laser intensity fluctuations can be effectively eliminated by using lock-in detection 

with kHz modulation where the intensity of the excitation beam (or additional local oscillator) is 

modulated by an acoustic-optical modulator.  Subsequently, a lock-in amplifier referenced to this 

modulation frequency can sensitively extract the induced signal.  The fluctuation of laser intensity 

( 1/f  noise) usually occurs at low frequency (< 10 kHz).  The pixel dwell time should be 

significantly longer than the modulation period to allow for reliable demodulation for each pixel.  

In our experiments, we use a modulation frequency of 100 kHz. The TAM instrumentation 

described in this dissertation can detect a differential transmission ∆𝑇
𝑇⁄  of 10−7, which is three 

orders of magnitude higher sensitivity than conventional TA spectroscopy.21, 87 
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 ROLE OF GRAIN BOUNDARIES  

IN PEROVSKITE THIN FILMS 

3.1 Abstract 

For optoelectronic devices based on polycrystalline semiconducting thin films, carrier 

transport across grain boundaries is an important process in defining efficiency.  In this work, we 

employ transient absorption microscopy (TAM) to directly measure carrier transport within and 

across the boundaries in hybrid organic−inorganic perovskite thin films for solar cell applications 

with 50 nm spatial precision and 300 fs temporal resolution. By selectively imaging sub-bandgap 

states, our results show that lateral carrier transport is slowed down by these states at the grain 

boundaries.  However, the long carrier lifetimes allow for efficient transport across the grain 

boundaries.  The carrier diffusion constant is reduced by about a factor of 2 for micron-sized grain 

samples by the grain boundaries. For grain sizes on the order of ∼200 nm, carrier transport over 

multiple grains has been observed within a time window of 5 ns.  These observations explain both 

the shortened photoluminescence lifetimes at the boundaries as well as the seemingly benign 

nature of the grain boundaries in carrier generation. 
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3.2 Introduction 

Carrier transport in semiconductors is a crucial process that defines efficiency for 

optoelectronic devices, such as solar cells and light emitting diodes. Many of these devices are 

fabricated from polycrystalline materials; therefore, transport across the grain boundaries is a 

major challenge in achieving optimal device performance.88, 89  Semiconducting hybrid organic–

inorganic lead halide perovskites, such as CH3NH3PbI3 (MAPbI3), have recently attracted 

significant research interest, motivated largely by the rapid rise in efficiency of solar cells, recently 

achieving above 22%.90-96  The high efficiency of perovskite solar cells has been attributed to 

extraordinarily long carrier lifetimes,97-102 long-range carrier diffusion,103-108 and exceptional 

defect tolerance.109-111  Since polycrystalline hybrid perovskite thin films employed in the solar 

cells are commonly grown by low temperature solution processes, the formation of grain 

boundaries is inevitable.112  The structural disorders at the boundaries could form defect states and 

potential barriers, leading to slow carrier transport.113   

A detrimental mechanism of energy loss that results in a decrease in power conversion 

efficiency is limited carrier mobility.  In polycrystalline perovskite, thin films, the morphology is 

commonly seen to be grain-like due to highly desired solution processing.  These grains can 

typically range from 0.1 µm all the way up to 10 µm.  When the morphology of the material has 

grain structures, the grain boundaries can serve as a trap site for the carriers.  Once trapped, the 

carriers will likely recombine, thus losing potential carriers that could have been harvested to 

increase the device performance.  A comprehensive understanding of charge carrier dynamics and 

charge transport in relation to film morphology is required to design optimal devices based on 

these materials.   
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The impact of grain boundaries on carrier transport in hybrid perovskites has been 

indirectly demonstrated by the fact that the carrier diffusion lengths measured from polycrystalline 

thin films are significantly shorter than those of single crystals (a few µm vs. > 100 µm).103-108  

Recent theoretical studies have suggested that grain boundaries create shallow sub-bandgap 

states.113, 114  Experimentally, grain boundaries are difficult to independently control and measure 

as it could depend on fabrication methods.  More recently, scanning probe115-117 and optical 

microscopy17, 118-123 approaches have been employed to map carrier generation and dynamics at 

the grain boundaries.  Despite these recent studies, the role of grain boundaries in hybrid perovskite 

thin films is currently under debate.  Some have shown that the photoluminescence (PL) intensity 

of grain boundaries are overall weaker, exhibiting faster PL decays.118  In contrast, others have 

reported that the PL lifetimes are not shorter compared to grain surfaces or grain interiors, which 

suggests that grain boundaries do not dominate non-radiative recombination in MAPbI3 films.77, 

124, 125  Scanning probe measurements also suggest that for encapsulated thin films with micron-

sized grains, grain boundaries are relatively benign to carrier generation and transport.115, 126  In 

addition, some studies have suggested that the grain boundaries are not detrimental and could even 

be beneficial for device performance.127, 128  

To reconcile these discrepancies regarding the role of grain boundaries in the literature, 

direct measurements to quantify morphology dependent carrier transport in both spatial and 

temporal domains are highly desirable.  While scanning probe approaches can image conductivity 

at the grain boundaries, these measurements represent a time-averaged picture and lack the 

necessary temporal resolution to elucidate the underlying mechanisms.  In this work, we utilized 

transient absorption microscopy (TAM) to directly visualize carrier migration across grain 

boundaries with 50 nm spatial precision and 300 fs temporal resolution.  Carrier diffusion constants 
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within and across the boundaries are directly measured.  Our results show that while carrier 

diffusion constant is reduced by the grain boundaries due to the sub-bandgap states, the long carrier 

lifetime allows transport across the grain boundaries leading to overall little detrimental effects in 

device performance. 

3.3 Material Preparation 

The perovskite thin films were prepared from modified non-stoichiometric precursor.129  For 

the large grain film, methylammonium iodide (MAI), lead iodide (PbI2), and methylammonium 

chloride (MACl) (MAI/PbI2/MACl=1/1/0.2) were dissolved in N-Methyl-2-pyrrolidone (NMP) 

and gamma-Butyrolactone (GBL) (NMP/GBL=7/3 volume ratio) to form 50 wt% precursor 

solutions.  For the small grain film, 50 wt% stoichiometric precursors (MAI/PbI2=1/1) was 

prepared.  Both films were crystalized through an antisolvent extraction method.  Cover slip 

substrate with dispersed precursor was span at 4500 rpm for 25 s, and promptly transferred into 

abundant diethyl ether (DEE) solution for 1 min to finish the crystallization process.  For the large 

grain film, substrate was further thermally annealed at 150 oC with a petri-dish covered in air for 

15 min.  For the small grain film, substrate was annealed at 100oC for 10 min. 
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3.4 Material Characterization  

The perovskite thin films were characterized by X-ray diffraction using a X‐ ray 

diffractometer (Rigaku D/Max 2200) with Cu Kα radiation.  The morphologies of the films were 

examined by field emission scanning electron microscopy (FE‐ SEM, JEOL JSM‐ 7000F).  The 

representative XRD patterns for film 1 (red) and film 2 (black) are shown in Figure 3.1. 

Figure 3.1 XRD patterns for film 1 (red) and film 2 (black). 

 

Photoluminescence microscopy was utilized to give a representation of the grain sizes of 

film 1 and film 2.  PL microscopy images were taken on a commercial fluorescence microscope 

(Olympus BX-51 Optical Microscope).  The images are shown in Figure 3.2 for the large grain 

sample (Film 1) and the small grain sample (Film 2).  
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Figure 3.2 Photoluminescent microscopy images for film 1 and film 2 showing average grain 

sizes of >1 µm and <500 nm for films 1 and 2, respectively.   

3.5 Results and Discussion 

3.5.1 Band-Edge vs. Sub-Band Gap Transient Absorption Imaging 

For the experiments presented here, we investigated polycrystalline MAPbI3 thin films 

with different averaged grain sizes.  Film 1 has a larger average grain size (>1 μm) than film 2 

(∼200 nm), as shown by the scanning electron microscopy (SEM, Figure 3.3 a and b) and the PL 

microscopy images depicted in Figure 3.2.  The x-ray diffraction patterns shown in Figure 3.1, 

confirms that both films are polycrystalline.129  The thickness for both films is estimated to be 

∼500 nm using the absorbance at 650 nm and an extinction coefficient of 3 × 106 m−1.130  It has 

been demonstrated that the true grain size is equivalent to the apparent grain size for these thin 

films using piezoresponse force microscopy.126  Solar cells made from thin films fabricated using 

the same device fabrication procedure have demonstrated power conversion efficiencies of about 

18 and 15% under standard Air Mass 1.5 illumination for films 1 and 2, respectively.129  The 

absorption spectra of the two films are shown in Figure 3.3 c.  A low-energy absorption tail is 

observed for film 2, likely due to scattering from the grain boundaries.  The tauc analysis of the 

absorption spectra shows that film 1 has a slightly smaller bandgap than film 2 due to larger grain 

Film 1 Film 2 
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size (shown in Figure 3.4), which is consistent with a previous report.131  Film 2 exhibits a shorter 

PL lifetime of 38 ± 1 ns than that of 87 ± 1 ns for film 1 (Figure 3.3 d), indicating faster carrier 

recombination, agreeing with smaller grain size.131 

 

Figure 3.3 SEM images for perovskite thin films with grain sizes > 1 μm (film 1, a) and ∼200 

nm (film 2, b). Scale bars represent 1 μm. (c) Absorption spectra for film 1 and film 2. (d) PL 

lifetime measurements for film 1 and film 2. Excitation wavelength 447 nm; fluence 0.5 μJ/cm2. 

(e) Ensemble transient absorption spectra at 10 ps time delays (630 nm pump) for film 1 and film 

2. (f) Carrier dynamics pumped at 630 nm, probed at 755 nm and probed at 785 nm for film 1. 

The pump fluence is 1 μJ/cm2. 
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Figure 3.4 Tauc plot for Film 1 (black) and Film 2 (red).  Blue and green lines are tangent lines 

that extrapolate to the energy corresponding to the bandgap.   The tauc analysis was done by 

determining the absorption coefficient (α) of the material from the following equation:  𝛼 =
(2.303∗𝐴)

𝑧
,  where z is the thickness of the film (537 nm).  Lastly, (𝛼 ∗ ℎ𝑣)2 will be the y-axis in 

the tauc plot, where hv is the photon energy.  Film 1 has a band gap of 1.588 eV (781 nm) and 

Film 2 has a band gap of 1.580 eV (785 nm). 

 

Ensemble transient absorption spectra show a photoinduced bleach band centered at ∼755 

nm corresponding to the bandgap absorption with a small tail below the bandgap (Figure 3.3 e).  

Film 2 shows a broader photoinduced bleach band and with more significant contribution from 

below the bandgap.  The broader transient absorption feature could be explained by more disorder 

due to the smaller grain size in film 2, and the sub-bandgap transient absorption can be attributed 

to defect/ trap states that could be more prevalent at the grain boundaries.113  Carrier dynamics 

probed at 785 nm show faster recombination than those probed at 755 nm, consistent with 

recombination due to defect or trap states (Figure 3.3 f). 

To visualize the spatial distribution of the sub-bandgap states as well as to address how 

they influence charge transport, we perform morphological and carrier transport TAM imaging.  
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All TAM measurements are performed in transmission mode; therefore, pump-induced change of 

the probe transmission ΔT is integrated over the sample depth direction and reflects the sum of 

carrier population over the entire film thickness instead of just the surfaces.  A schematic of the 

TAM instrumentation and a detailed description of the set up can be found in Chapter 2.   

Carrier density plays an important role in carrier dynamics because higher-order carrier 

recombination processes can dominate at high carrier density. To ensure that such higher-order 

processes do not complicate the TAM experiments, we have carried out pump intensity-dependent 

measurements for film 1 (left) and film 2 (right), shown in Figure 3.5.  All the TAM measurements 

presented here are performed at a pump fluence of 1 μJ/cm2, well below the threshold for higher-

order effects.  A laser repetition rate of 400 kHz is employed for TAM imaging.  We have measured 

dynamics at a repetition rate of 200 kHz and compared them to those measured at 400 kHz in 

Figure 3.6.  The dynamics are identical at these two repetition rates, indicating that long-lived trap 

states and pulse-to-pulse pileup are negligible. 
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Figure 3.5 Ground state bleach dynamics at various pump fluence for film 1 (left) and film 2 

(right).  Based upon the power dependence for film 2, any fluence less than 24 µJ/cm2 will be 

suitable for the measurements. All powers measured for film 1 are acceptable for diffusion 

measurements.  1 µJ/cm2 was chosen for subsequent measurements.     

 

Figure 3.6 Ground state bleach dynamics at different laser repetition rates (200 kHz – black, 400 

kHz – red) for small grain sample.  The resulting time between pulses are 2.5 µs (red) and 5.0 µs 

(black).  The pump wavelength is 400 nm with a fluence of ~7µJ/cm2.   
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For morphological TAM imaging, the pump and probe beams are always overlapped in 

space and ΔT is plotted as a function of probe position to form an image. The pump wavelength is 

at 630 nm, while a probe wavelength at 755 nm is employed to image the population of bulk 

carriers (Figure 3.7).  For comparison, a probe wavelength at 785 nm (∼60 meV below the bandgap) 

is utilized to selectively image the population of the sub-bandgap states (Figure 3.7).  Based on the 

discussion above, the transient absorption signal at 785 nm is more likely to be associated with the 

grain boundaries.  Note that photoinduced absorption due to bandgap renormalization of hot 

carriers could be present when probing at 785 nm at a time delay < 10 ps.132  To avoid this 

complication, the morphological TAM images are taken at a 10 ps pump−probe delay.  At this 

time-delay, both probe wavelengths result in a ground-state bleach signal (ΔT > 0) (Figure 3.3 e). 

Figure 3.7 Morphological TAM images of film 1 (a) and film 2 (b) taken at a 10 ps time delay 

between the pump (630 nm) and probe (755 and 785 nm). Scale bars are 1 μm. (c) Carrier 

dynamics probed at 755 nm within a grain and at the boundary of film 1. Solid lines are fits to 

equation 3.2. (d) Comparing carrier dynamics probed at 785 nm at the boundary for film 1 and 

film 2. Solid lines are fits to equation 3.2. The pump fluence is 1 μJ/ cm2. The carrier lifetime at 

the grain boundaries is determined from the fits to be 9 ± 1 and 5 ± 1 ns for film 1 and film 2, 

respectively. 
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The morphological TAM images (Figure 3.7 a for film 1 and Figure 3.7 b for film 2) 

confirm that the sub-bandgap states are indeed more prominent at the grain boundaries. For a grain 

in film 1 as outlined in Figure 3.7 a, the bulk carriers imaged at the bandgap by the 755 nm probe 

show relatively uniform ΔT intensity within the grain, while the grain boundaries show slightly 

lower ΔT intensity.  Notably, the opposite is observed when the same grain is imaged with a 785 

nm probe, with grain boundaries exhibiting significantly higher ΔT intensity than the grain interior 

(Figure 3.7 a), demonstrating that sub-bandgap states are more prevalent at the boundaries.  Overall, 

we observe a slightly shorter carrier lifetime when probing the grain boundaries (Figure 3.7 c) 

compared to the grain itself when probed at 755 nm.  Similar results are observed for film 2 (Figure 

3.7 b): the image with the 755 nm probe shows uniform ΔT intensity, while the image probed at 

785 nm exhibits greater contrast in intensity.  Film 2 has more areas showing high-intensity ΔT 

than film 1 when imaging with a 785 nm probe, indicating a higher density of grain boundaries.  

Film 2 also exhibits slightly faster decay when selectively probing the sub-bandgap state at 785 

nm (Figure 3.7 d), likely due to more charge recombination.  Note that the dynamics taken by 

TAM when the pump and probe beams are overlapped reflect both carrier diffusion and 

recombination and hence generally appear to be faster than the ensemble measurements (Figure 

3.3 f).  Both carrier diffusion and recombination are considered to fit the data presented in Figure 

3.7 c and d using the model described later in this chapter.   
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3.5.2 Direct Visualization of Cross Grain Transport 

To directly visualize how carrier transport is impacted by grain boundaries, a second mode 

of TAM is employed.  We first image carrier transport in film 1, whose grain sizes are sufficiently 

large to differentiate transport within the grains from that across grain boundaries.  In the transport 

imaging mode, the pump beam is held at a fixed position while the probe beam is scanned relative 

to the pump with a galvanometer scanner, and ΔT is plotted as a function of probe position to form 

an image.21  The pump wavelength is at 630 nm, while the probe wavelength is either at 755 or 

785 nm.  The resulting two-dimensional TAM transport images are shown in Figure 3.8 for the 

same area of film 1 imaged in Figure 3.7 a.  The initial population is created by a Gaussian pump 

beam at position (x0, y0) with a pulse duration of ∼300 fs. 

𝑛(𝑥, 𝑦, 0) = 𝑁𝑒𝑥𝑝 [−
(𝑥−𝑥0)2

2𝜎𝑥,0
2 −

(𝑦−𝑥0)2

2𝜎𝑦,0
2 ]     (3.1) 

We first localize the pump beam within the same grain imaged in Figure 3.7 a.  Upon excitation 

by the Gaussian pump beam, as indicated in Figure 3.8 a, the TAM image is the convolution of 

the pump and probe beams. 

At later delay times, the TAM images reflect carrier diffusion away from the initial 

excitation volume.  Here we focus on the transport beyond 10 ps to avoid the complications from 

hot carrier transport. Figure 3.8 b and c depicts the TAM images at 6 ns probed at 755 and 785 nm, 

respectively.  If the carrier transport is diffusive, the time and spatially dependent carrier density 

is given by equation 3.2, where n(x,y,t) is the carrier population as a function of position and time, 

D is the diffusion coefficient, and τ is the carrier lifetime. 

𝜕𝑛(𝑥,𝑦,𝑡)

𝜕𝑡
= 𝐷 [

𝜕2𝑛(𝑥,𝑦,𝑡)

𝜕𝑥2 +
𝜕2𝑛(𝑥,𝑦,𝑡)

𝜕𝑦2 ] −
𝑛(𝑥,𝑦,𝑡)

𝜏
    (3.2) 

We note here that both electrons and holes should contribute more or less equally to the 

transport due to their similar effective masses.67, 133  At long delay time, imbalance of electron and 
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hole population could occur due to the difference in electron−hole recombination dynamics.  

However, this imbalance should not affect our conclusion significantly because electron and hole 

diffusion lengths over their lifetimes are comparable in polycrystalline films.134 

As shown in Figure 3.8 b and c, carrier transport at a 6 ns delay is limited by the grain 

boundaries.  This effect can be more clearly seen when using a probe wavelength of 785 nm that 

selectively images the sub-bandgap states (Figure 3.8 c), where the outline of the TAM image 

tracks the grain boundary and higher density of the sub-bandgap states is observed in the direction 

of slower carrier propagation.  These results indicate that grain boundaries slow down carrier 

transport and they are not entirely benign.  It is likely that potential barriers form by excessive PbI2 

insulating layers between grains also contributing to the observation of slowed carrier transport at 

the boundaries; however, the TAM measurements here do not directly probe these potential 

barriers.128, 135 

Figure 3.8 Carrier transport confined in a grain.  TAM images of the carrier transport at a time 

delay of 10 ps (a) and 6 ns (b and c).  The probe wavelength for a) and b) are 755 nm and 785 for 

c).  The profile of the 630 nm pump beam is denoted by the dashed line circle in the center of 

each image.  The pump fluence is 1 µJ/cm2 for all the images. Scale bars represent 1 µm. 

 

To extract quantitative information on the carrier transport across the grain boundaries, we 

directly measure the diffusion constant within a grain and across grain boundaries in film 1.  The 

morphological TAM (Figure 3.9 a) and the correlated PL image (Figure 3.9 b) of the sample area 
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investigated shows uniform transient absorption, and the PL intensity indicates a large μm grain 

in the center of the image.  Figure 3.9 c illustrates the TAM carrier diffusion at 10 ps and 5 ns.  

These images show that carrier transport across grain boundaries to the left is slower compared to 

transport to the right that occurs within the grain.  Carrier dynamics are measured when the pump 

and probe beams are spatially separated by 600, 1050, and 1350 nm in both directions (Figure 3.9 

d).  The transient absorption signal is lower when probing away from the grain due to carriers 

diffusing into a thinner region. 

The carrier dynamics reflect both carriers migrating away from the pump location as well 

as carrier recombination, as described by equation 3.2.  We obtain the carrier diffusion constant 

for within and across grain boundaries by fitting the carrier dynamics taken at spatial separations 

of 1050 and 1350 nm between the pump and probe beams to equation 3.2, as shown in Figures 6.9 

e and 6.10.  A more rapid rise in the dynamics is observed for carrier transport within the grain 

compared to that across the grain due to larger carrier diffusion constants.  The simulated diffusion 

constant for the transport within the grain is determined to be 0.20 ± 0.02 cm2s−1, whereas the 

diffusion constant for the carrier transport across a grain boundary is 0.12 ± 0.02 cm2s−1.  The 

fitting of the dynamics obtained with a pump−probe separation of 1350 nm yields similar diffusion 

constants (Figure 3.10), 0.20 ± 0.05 and 0.12 ± 0.05 cm2s−1 for within grain and across boundaries, 

respectively.  The carrier lifetime within the grain for film 1 is found to be 100 ± 10 ns.  The 

diffusion constants are employed to fit the dynamics data presented in Figure 3.7 c and d.  The 

carrier lifetimes at the grain boundaries are determined from the fits to be 9 ± 1 and 5 ± 1 ns for 

film 1 and film 2, respectively.  Note that ΔT represents the sum of carrier population over the 

entire film thickness, and the carrier diffusion constants measured here correspond to the integrated 

value over the depth direction.  These measurements demonstrate that, despite carrier transport 
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being limited to some extent by the grain boundaries, carriers can still migrate efficiently across 

boundaries in film 1 with diffusion constants reduced by only a factor of about 2, indicating 

relatively shallow traps at the boundaries. 

 

Figure 3.9 Carrier transport across a grain boundary in film 1. (a) Morphological TAM images of 

a perovskite thin film taken at a 10 ps time delay between the pump (630 nm) and probe (755 

nm). The pump location is indicated by the dashed circle. (b) Correlated PL image of the same 

area as (a). (c) Carrier transport TAM images at 10 ps and 5 ns time delays. The pump 

wavelength is 630 nm, and the probe wavelength is 755 nm. Scale bars represent 1 μm. (d) The 

carrier dynamics taken at pump−probe spatial separations of 600 (black), 1050 (blue), and 1350 

nm (yellow) across the boundaries and within the grain. These areas are denoted by the 

corresponding colors in (a), (b) and (c). (e) Kinetic modeling of the carrier dynamics at a 

pump−probe separation of 1050 nm for transport across and within a grain. The red solid lines 

are fits to equation 3.2.  
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Figure 3.10 Simulation results from fitting the carrier dynamics taken at a pump probe separation 

of 1350 nm to obtain diffusion constants of 0.20 ± 0.05 cm2s-1 and 0.12 ± 0.05 cm2s-1 for within 

grain and across boundaries, respectively.  The red lines are the results of fitting to equation 3.2. 

 

Next, we image carrier transport in film 2 with smaller sized grains and more grain 

boundaries.  The morphological TAM image of the area investigated (Figure 3.11 a) shows 

multiple grains.  Within the experimental time window of 5 ns shown in Figure 3.11, carriers can 

migrate across multiple grains and over a distance of 100s of nm.  Also indicated in Figure 3.11, 

carrier transport across different boundaries is heterogeneous; transport across certain grain 

boundaries is more rapid than that across others.  As seen in the 2.5 ns delay image (Figure 3.11 

c), carriers have arrived at a second grain to the lower right of the pump location.  In contrast, 

carrier transport along the lower left direction is slower, as shown in the 5 ns delay image (Figure 

3.11 d).  Therefore, the detailed structure of the grain boundaries plays a role.  For instance, it is 
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possible that there is more heterogeneity in grain orientation because grains of film 2 are more 

randomly oriented.  In addition, how the grains are arranged in the depth direction of the film could 

also play a role, as indicated by previous conductivity atomic force microscopy (AFM) 

measurements.135  The TAM results here are consistent with conductivity AFM measurements that 

revel heterogeneity in lateral conductivity measurements across the grain boundaries.135  

Figure 3.11 Carrier transport across grain boundaries in film 2. (a) Morphological TAM images 

of the perovskite thin film taken at a 10 ps time delay between the pump (630 nm) and probe 

(755 nm). The pump location is indicated by the dashed circle. Carrier transport TAM images at 

10 ps (b), 2.5 ns (c), and 5 ns (d) time delays. The pump wavelength is 630 nm, and the probe 

wavelength is 755 nm. Scale bars represent 1 μm. 
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The TAM results presented here can explain the seemingly contradicting observations of 

shortened PL lifetimes at the grain boundaries and their benign nature in charge generation in the 

literature.  The sub-bandgap states at the grain boundaries lead to shorter PL lifetimes; however, 

the long carrier lifetime is still more than sufficient for the carrier to migrate over the boundaries.  

For the previous scanning probe measurements115, 126 that are averaged over a long timescale (>μs), 

conductivity and charge generation are not limited by transport across the boundaries, and 

therefore, the grain boundaries appear to be benign.  The fact that grain boundaries only reduce 

the diffusion constant by a factor of 2 suggests that the sub-bandgap states in hybrid perovskites 

are relatively shallow, in contrast deep trap states in traditional semiconductors such as 

polycrystalline CdTe thin films.136  While the TAM measurements here probe specifically the role 

of sub-bandgap states, potential barriers could also contribute to the slowed transport at the grain 

boundaries. 

3.6 Conclusions 

In summary, carrier transport within and across the boundaries in hybrid perovskite thin 

films has been spatially and temporally imaged utilizing ultrafast microscopy.  By selectively 

imaging the sub-bandgap states, the TAM experiments directly visualize how these states impact 

carrier transport.  While carrier transport across the boundaries is to some extent limited by the 

grain boundaries, carrier diffusion constants are only reduced by about a factor of 2 when the grain 

sizes are >1 μm.  For a film with grain sizes on the order of 200 nm, carrier transport across 

multiple grain boundaries has been observed within a time window of 5 ns.  These results reconcile 

the discrepancy regarding the role of grain boundaries in carrier dynamics and transport in the 

literature. 
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 LONG RANGE HOT CARRIER TRANSPORT IN 

HYBRID ORGANIC-INORGANIC PEROVSKITES 

4.1 Abstract 

The Shockley-Queisser limit for solar cell efficiency can be overcome if hot carriers can be 

harvested before they thermalize.  Recently, carrier cooling times up to 100 picoseconds were 

observed in hybrid perovskites, but it is unclear whether these long-lived hot carriers can migrate 

long distance for efficient collection.  Here, we report direct visualization of hot-carrier migration 

in methylammonium lead iodide (CH3NH3PbI3) thin films by ultrafast transient absorption 

microscopy.  This work demonstrates three distinct transport regimes. (i) Quasiballistic transport, 

(ii) nonequilibrium transport, and (iii) diffusive transport.  Quasiballistic transport was observed 

to correlate with excess kinetic energy, resulting in up to 230 nanometers of transport distance that 

could overcome grain boundaries.  The nonequilibrium transport persisted over tens of 

picoseconds and ~600 nanometers before reaching the diffusive transport limit.  These results 

suggest potential applications of hot-carrier devices based on hybrid perovskites to ultimately 

overcome the Shockley-Queisser limit.   

4.2 Introduction 

Hot (nonequilibrium) carrier thermalization is one of the major sources for efficiency loss in 

solar cells.137  The term “hot carriers” refers to electrons (or holes) that have gained an extensive 

amount of kinetic energy from an external source, such as absorption of high energy photons.  In 

the case of semiconductors for photovoltaic applications, the active layer material can absorb 

photons of higher energy than the bandgap, which leads to photogenerated carriers having excess 

kinetic energy and being promoted to higher levels within their respective bands.138  An illustrative 
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representation of hot carrier population within the band structure is shown by Figure 4.1.  Typically, 

this excess energy gets dissipated as heat and leads to huge efficiency loss.  Such loss can be 

reverted if the hot carriers can be harvested before they equilibrate with the lattice, and the ultimate 

thermodynamic limit on conversion efficiency can be increased from the Shockley-Queisser limit 

of 33% to about 66%.137, 139    

Figure 4.1 Illustration of hot carriers within the band structure. 

 

The main challenge for harvesting hot carriers is the relatively short distance they travel 

before losing their excess energy to the lattice, typically on the picosecond time scale.138, 140-144  

Hybrid organic-inorganic metal halide perovskites, such as MAPbI3, have emerged to be a class 

of highly efficient solar cell materials with remarkable charge transport properties, achieving 

efficiency above 20%.12, 52, 90, 134, 145   
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Recently, ultrafast spectroscopic measurements have revealed surprisingly long-lived hot 

carriers on the order of 100 ps in these hybrid perovskites.146-150  The remarkably long hot-carrier 

lifetime in the hybrid perovskites, about two to three orders of magnitude longer than in 

conventional semiconductors, raises the question of whether hot carriers can be harvested to 

overcome the Shockley-Queisser limit. However, the current understanding on hot-carrier 

transport in hybrid perovskites is limited, despite efforts that have been devoted to studying carrier 

cooling dynamics.76, 146-152  In particular, the crucial parameter of hot-carrier transport length must 

be comparable to the thickness necessary for photon absorbance. To correctly evaluate the 

potential of hot-carrier perovskite solar cells, measurements to provide quantitative results on the 

length scales of hot carrier transport in relation to carrier cooling time scales are necessary. 

Combining microscopy techniques with ultrafast optical pumping can be an effective solution for 

achieving simultaneous temporal and spatial resolutions of carrier dynamics.22, 153-155  In this work, 

we report on a direct visualization of hot-carrier transport in CH3NH3PbI3 thin films using ultrafast 

transient absorption microscopy (TAM) with 50 nm spatial precision and 300 fs temporal 

resolution.  These experiments revealed three distinct transport regimes, specifically, quasiballistic 

transport for the initially generated hot carriers, nonequilibrium transport for the protected long-

lived hot carriers, and diffusive transport for the cooled (equilibrium) carriers. 

4.3 Material Preparation    

The perovskite thin film was prepared from a non-stoichiometric precursor as reported 

previously.156 Briefly, methylammonium iodide (MAI) and lead iodide (PbI2) (MAI/PbI2=1.2/1) 

was dissolved in N-Methyl-2-pyrrolidone (NMP) and gamma-Butyrolactone (GBL) 

(NMP/GBL=7/3 volume ratio) to form 50 wt% precursor solution.  SiO2 substrate with dispersed 

precursor was spun at 4500 rpm for 25 s, and promptly transferred into abundant diethyl ether 
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(DEE) solution for crystallization.  After 1 min of bathing in DEE, the substrate was thermally 

annealed at 150°C with a petri-dish covered in air for 15 min.  Figure 4.2 shows a scanning electron 

microscopy (SEM) image of the sample under investigation.132  Solar cell efficiencies of ~18% 

have been achieved by using films fabricated with the same procedure.156  The absorption and 

photoluminescence spectra of the thin film investigated are shown in Figure 4.3.  

 

Figure 4.2 Scanning electron microscopy (SEM) image of the CH3NH3PbI3 thin film used in this 

work. 
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Figure 4.3 Absorption and Photoluminescence spectra of the MAPbI3 investigated in this work.  

4.4 Results and Discussion  

4.4.1 Determination of Hot Carrier Spectral Signature 

To establish spectroscopic signatures for hot carriers, we carried out ensemble transient 

absorption measurements.  Figure 4.4 depicts the method for determination of hot carrier spectral 

signature.  Based on this schematic, we can see that the higher pump photon energies (red > yellow 

> green > blue > black) should correspond to a more “hot” carrier (i.e. excited higher into the 

conduction band; having excess kinetic energy).  Immediately after photoexcitation, a 

photoinduced absorption (PIA, negative change of transmission ΔT/T) band centered at 1.58 eV 

was observed whose amplitude (|ΔT/T|) increased as the pump photon energy increased (shown in 

Figure 4.5A).  Global analysis (Figure 4.5B) indicates that this PIA band is associated with a 

broadened ground-state bleach (GSB, positive ΔT/T) band with a high-energy tail consistent with 

a Fermi-Dirac distribution at high carrier temperatures.  The PIA band resulted from the shifting 
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of the band-gap energy, ΔEg, which was a combination of band-gap renormalization effect 

(narrowing the band gap by ΔEBGN) and Burstein-Moss effect (or band-filling, widening the band 

gap by ΔEBM), as described by ΔEg = ΔEBM – ΔEBGN.157 Since ΔEBM would not take effect until 

the hot carriers relax to the band edge, the red-shifted PIA band at 1.58 eV at 0 ps was due to 

ΔEBGN predominantly.  The amplitude of the PIA band increased as the pump photon energy 

increased (seen in Figure 4.5A), which could be explained by the decreased occupation of the 

states near the band edge leading to a decreased ΔEBM.  

Figure 4.4 Illustration depicting increasing pump photon energy to generate hot carriers.  Energy 

selective contact is included to show to potential for extraction of hot charge carriers. 

 

Once the carriers have cooled down and ΔEBM settled in, the PIA band at 1.58 eV decayed 

and a blue-shifted PIA band was observed.  This is easily seen with the transient absorption spectra 
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at various time delays in Figure 4.6.  Based on these observations, we assigned the PIA band at 

1.58 eV to hot carriers, in agreement with previous reports.158, 159  Additionally, ΔT/T of the PIA 

band had a different dependence on carrier density, n, than that of the GSB band, when probed at 

1.58 eV (Figure 4.5C).  ΔT/T of the GSB band scaled linearly with n, whereas ΔT/T of the PIA 

band was proportional to n1/2.  Since ΔT/T of the PIA band scaled linearly with ΔEBGN as 

empirically shown in reference 111, this observation indicated that ΔEBGN is proportional to n1/2.  

A dependence of n1/3 for ΔEBGN, is generally expected when carriers are weakly interacting, but an 

n1/2 term must be included when carrier-carrier interactions become more important.157, 160  For 

instance, the n1/2 dependence becomes dominant at n > 1017 cm−3 for GaAs.160  The n1/2 dependence 

observed here implies that carrier-carrier interactions are not negligible for MAPbI3.   

The PIA band decayed with a ~400 fs time constant when excited at 3.14 eV (Figure 4.5B), 

which has been assigned to the emission of the longitudinal optical phonons.76, 146, 161  The lifetime 

for the PIA band shortened to ~280 fs when the pump photon energy was reduced to 1.97 eV, as 

seen in Figure 4.7.  The decay of the PIA band was accompanied by the growth of the GSB band 

at the band edge (Figure 4.5D).  Also shown in Figure 4.5D is a second and slower cooling process 

with a time constant of ~78 ps.  This much slower cooling phase has been ascribed to the protection 

of the energetic carriers by the formation of large polarons147, 148, hot phonon effects146 (when 

carrier densities are larger than 1018 cm−3), and optical-acoustic phonon scattering149.  After the 

confirmation of the spectral signature of hot carriers, we can spectrally observe the probe 

wavelength needed for the transport measurements to be 1.58 eV (785 nm). 
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Figure 4.5 (A) Ensemble transient absorption spectra taken at 200 fs delay with different pump 

photon energies and change of transmission ΔT/T was plotted. The pump fluences were 

calibrated to the same carrier density of 1017 cm–3. (B) Decay-associated spectra (DAS) for a 

pump photon energy of 3.14 eV obtained by performing global analysis on the transient spectra. 

(C) Carrier density dependence of ΔT/T of the PIA band (taken at maximum value) and that of 

the GSB band (4 ps time delay) for a pump photon energy of 3.14 eV and a probe energy of 1.58 

eV. (D) Hot-carrier cooling dynamics obtained by subtracting the carrier relaxation kinetics 

driven by 3.14 eV photon excitation from those induced by 1.68 eV excitation plotted along with 

a biexponential fit. 
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Figure 4.6 Ensemble transient absorption spectra taken at different pump-probe delays with a 

pump photon energy of 3.14 eV and change of transmission ∆T/T was plotted to observe the 

growth of broad blue shifted PIA, as hot carriers decay. 

 

Figure 4.7 Decay associated spectra (DAS) for pump photon energy of 1.97 eV through 

performing global analysis on the transient spectra.  
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4.4.2 Direct Visualization of Hot Carrier Transport 

We imaged hot-carrier transport initiated by two different pump photon energies: 3.14 eV 

and 1.97 eV, which are 1.49 eV and 0.32 eV above the bandgap, respectively.  The probe photon 

energy was 1.58 eV, to selectively probe the hot carriers.  The pump beam was held at a fixed 

position while the probe beam was scanned relative to the pump with a pair of galvanometer 

scanners to form an image (Figure 2.3 – path 1).21, 22, 132  The precision in determining carrier 

propagation distance was dictated by the smallest measurable change in the excited state 

population profiles and not directly by the diffraction limit.86  This limit is ~ 50 nm for the current 

experimental conditions, as discussed in Chapter 2 (Section 2.5.2).  The pump fluence for both 

measurements was ~ 2 µJ/cm2, which corresponds to a carrier density for these measurements was 

~ 4×1017 cm−3, where Auger recombination and hot phonon effect were negligible based on the 

results shown in Figure 4.8.  Here, we can see no change in carrier dynamics when pumping 

different carrier densities, which indicates there is negligible contribution from annihilation, hot 

photon effect, and Auger recombination.21, 148  

The initial population was created by a Gaussian pump beam at position (x0, y0), with a 

pulse duration of ~ 300 fs. We defined an instrument response function (IRF) = (σ2(pump) + 

σ2(probe))1/2 that described the response of a pump-probe microscope to a point object, where 

σ2(pump) and σ2(probe) were the variance of the Gaussian pump and probe beams.  The IRF was 

determined to be 260 ± 5 nm (Figure 4.9C) by measuring a tetracene single crystal under similar 

experimental conditions at 0 ps because exciton transport within the pulse width for tetracene is 

negligible.22 
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Figure 4.8 Carrier density dependent dynamics when pump and probe beams are overlapped in 

the center. Pump = 3.14 eV, probe = 1.65 eV. 

 

At 0-ps time delay, the carrier distribution should be equal to the convolution of the probe 

and probe beams if no transport occurs within the pulse width.  Only a negative ΔT (PIA) was 

observed at a 0 ps time delay, which is indicative of the initially created carriers being out of 

equilibrium for both pump photon energies.  Since the ΔTPIA is proportional to n1/2, the carrier 

distribution can be obtained by n(x, y, 0) ∝ [TPIA(x, y, 0)]2.  For 3.14 eV photon excitation, the 0 

ps image showed morphology dependent structures that are not easily described by a Gaussian 

function (Figure 4.9A).  To average out the morphological effects, we interpolated [TPIA(x, y, 0)]2 

onto a polar coordinate, summed over all angles, and plotted it as a function of radial distance 

(Figure 4.9C).  The carrier distribution at 0 ps was fit by a Gaussian function with a variance, σ0
2, 

of 350 ± 10 nm, which is much larger than that of the IRF (Figure 4.9C).  Thus, hot carrier transport 
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must have occurred within the pulse duration.  The transport distance within the pulse width was 

calculated as (σ0
2 – IRF2)1/2 = 230 ± 16 nm.  In contrast, when the pump photon energy was reduced 

to 1.97 eV (near band edge excitation), negligible carrier transport within the pulse width was 

observed (Figure 4.9B) and the initial hot carrier population distribution was comparable to the 

IRF (seen by Figure 4.10).   

The excess energy dependent carrier transport distance within the pulse width indicated 

that ballistic carrier transport played a role.  Compared to diffusive transport, which is known as a 

“random walk” due to scattering, ballistic transport is highly directional, having a specific 

trajectory and traveling systematically.  When promoting carriers from the valance band to the 

conduction band, the excess energy above the band gap manifested as kinetic energy and 

distributed among the electrons and holes inversely proportional to their respective effective 

masses, me
* and mh

*,139 which for MAPbI3 both have a value of ~ 0.2m0, the free electron mass.67, 

162  The ballistic velocity of the carriers, vmax, is given by 𝐾𝑒(ℎ) =  
1

2
𝑚𝑒(ℎ)

∗ 𝑣𝑚𝑎𝑥 
2 , leading to a value 

of 1.6×106 and 0.7×106 ms−1 for 3.14 eV and 1.97 pump photon energies, respectively.  For 3.14 

eV excitation, the expansion of the width of the TAM image within the pulse width gave a velocity 

of 230 nm/300 fs = 0.8×106 ms−1, on the same order as vmax, indicating that the carrier motion was 

quasiballistic.  Our time resolution was unable to resolve ballistic transport directly. Intriguingly, 

very little quasiballistic transport was observed for 1.97 eV excitation, which was probably limited 

by grain boundaries.  There could be additional potential barriers at interfaces or “dynamic” 

barriers created by the fluctuating energy landscape that could also require excess kinetic energy 

to overcome.100  The larger initial kinetic energies of the hot carriers created by 3.14 eV pump 

allowed more carriers to overcome grain boundaries, as shown in the 0 ps image in Figure 4.9A.   
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Figure 4.9 TAM images probing at 1.58 eV with two pump photon energies— (A) 3.14 eV and 

(B) 1.97 eV— at different pump-probe delay times, as labeled. Scale bars, 1 µm. (C) Hot-carrier 

distribution at 0-ps delay for 3.14 eV excitation over a radial distance obtained by averaging all 

angles compared to the IRF, as defined in the text. Solid lines are Gaussian fits. (D) One-

dimensional TAM image profile at 1.2 ps for 3.14 eV pump excitation. The red solid line is fit as 

described in the text. The red dashed line in (A) indicates where the 1D distribution was obtained 

in (D). 
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Carrier cooling was also visualized by TAM, manifested as the negative ΔT signal (PIA) 

turning into the positive ΔT signal (GSB).  The GSB signal appeared sooner for the 1.97 eV pump 

(after 300 fs) than for the 3.14 eV pump (after 1 ps), consistent with less excess energy to lose to 

the phonons. The GSB signal presented initially only in the center of TAM images, which can be 

explained by the PIA and the GSB ΔT having opposite signs and different carrier density 

dependence, i.e. Δ𝑇𝑃𝐼𝐴(𝑥, 𝑦, 𝑡) ∝ −𝑛(𝑥, 𝑦, 𝑡)
1

2and Δ𝑇𝐺𝑆𝐵(𝑥, 𝑦, 𝑡) ∝ 𝑛(𝑥, 𝑦, 𝑡).  The TAM profiles 

were then fitted using two-dimensional (2D) Gaussian functions for 𝑛(𝑥, 𝑦, 𝑡), with variances of 

𝜎𝑥,𝑡
2  and 𝜎𝑦,𝑡

2 .  This was performed as the sum of the two types of signals, ΔT𝐺𝑆𝐵(𝑥, 𝑡) +

ΔT𝑃𝐼𝐴(𝑥, 𝑡) = 𝐴𝑛(𝑥, 𝑡)−𝐵𝑛(𝑥, 𝑡)
1

2, where parameters A and B are the relative weight of the cooled 

and hot carriers, respectively.  𝑛(𝑥, 𝑦, 𝑡) is approximated by a 2D Gaussian function:  

𝑁𝑒𝑥𝑝[−
(𝑥−𝑥0)2

2𝜎𝑥,𝑡
2 − 

(𝑦−𝑦0)2

2𝜎𝑦,𝑡
2 ].  Fitting along one dimension for 1.2 ps pump-probe delay is shown in 

Figure 4.9D, and data for 100 ps time delay is shown in Figure 4.11. Since the carrier transport 

was isotropic, i.e., 𝜎𝑥,𝑡
2 ≈  𝜎𝑦,𝑡

2 , we reduced the problem to one dimension and defined 𝜎𝑡
2 =

𝜎𝑥,𝑡
2  + 𝜎𝑦,𝑡

2

2
 to average out morphological effects and plotted it as a function of pump-probe delay 

time, shown in Figure 4.12A and B. Carriers continued to move more rapidly for 3.14 eV excitation 

than 1.97 eV excitation on the 10s of picosecond time scale, as the second and slower phase of 

carrier cooling set in,147-149 this is seen in Figure 4.12B and C.  For 1.97 eV pump, 𝜎𝑡
2 grew linearly 

as a function of delay time for > 1 ps, which is indicative of diffusive transport as described by 

𝜎𝑡
2 − 𝜎0

2 = 2𝐷 (D is the diffusion coefficient, 0.7 ± 0.1 cm2s-1 ).86  This large diffusion coefficient 

is consistent with the high crystallinity of our sample.163  Diffusive transport indicated that thermal 

equilibrium with the lattice was reached.  However, for the 3.14 eV excitation, diffusive transport 

was not observed until after 30 ps, and hot carriers migrated ~ 600 nm before reaching thermal 
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equilibrium with the lattice.  The diffusion coefficient was identical for 3.14 eV and 1.97 eV 

excitation after 100 ps.  Recently, Li et al. estimated almost an order of magnitude shorter hot-

carrier transport distance of 16 to 90 nm for films of MAPbBr3 nanoparticles,150 even though hot-

carrier cooling times were two orders of magnitude slower in these nanoparticles than in bulk films.  

Thus, our results suggest that slow carrier cooling alone does not necessary lead to long-range 

transport, and morphology is also a critical factor.   
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Figure 4.10 One-dimensional carrier distribution at 0 ps delay for 1.97 eV pump excitation 

compared to an instrument response function (IRF) = (σ2(pump) + σ2(probe))1/2 

 

Figure 4.11 One-dimensional carrier distribution at 100 ps delay for 3.14 eV pump excitation. 

The TAM signal was fitted as the sum of the two types of signals: ΔT𝐺𝑆𝐵(𝑥, 𝑡) + ΔT𝑃𝐼𝐴(𝑥, 𝑡) 
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Figure 4.12 Nonequilibrium to diffusive transport transition. (A) 𝜎𝑡
2 plotted as a function of 

pump-probe delay time up to 6 ns for 1.97 eV and 3.14 eV pump photon energies.  Linear fits are 

shown in dashed red lines to indicate diffusive transport with 𝐿2 = 𝜎𝑡
2 − 𝜎0

2 = 2𝐷𝑡. (B) Zoomed in 

view of (A) for the time scale up to 100 ps.  (C) TAM images at 2 ps and 100 ps for 3.14 eV and 

1.97 eV pump photon energies.  Scale bar: 1 µm.  
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We calculated the effective diffusion constant as 𝐷(𝑡) =  
Δ𝜎𝑡

2(𝑡)

2Δ𝑡
 for the 3.14 eV excitation. 

D(t) decreased from an initial value of 450 ± 10 cm2s−1 at 1 ps to the equilibrium value of 0.7 ± 

0.1 cm2s−1 and could be fitted to a biexponential decay function with decay constants of 3 ± 1 ps 

and 20 ± 5 ps, respectively (Figure 4.13A).  The time constants for the decay agreed overall with 

carrier cooling time.  The fast decay-time constant (3 ps) was slower than that determined from 

the ensemble transient absorption measurements (400 fs), which can be understood as that the 

ensemble measurements integrating over a large area underestimated the cooling time because the 

PIA and GSB signals canceled each other out. Time dependent carrier transport behavior was also 

observed directly in the corresponding carrier dynamics when probing away from the pump beam 

center with a 3.14-eV pump (Figure 4.13B).  The rapid growth of hot carrier population (negative 

ΔT signal) when probing 1 µm and 1.5 µm away from the pump center, persisted up to ~3 ps, 

which is in good agreement with the initial fast transport.  Then growth slowed down on the 10s 

of picosecond time scale.  Additionally, the fast growth was absent when probing 2 µm away 

because the initial fast transport did not reach that distance. 

Figure 4.13 (A) Effective diffusion constant, D(t), calculated as a function of delay time for 3.14-

eV photon excitation. The red solid line is the fit to a biexponential decay function. (B) Kinetics 

probed at pump-probe distances as labeled for pump photon energy of 3.14 eV. 
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To understand the factors contributing to the extraordinary long-range hot-carrier transport, 

we compared MAPbI3 to other conventional inorganic semiconductors. MAPbI3 has comparable 

electron effective mass as Si,164, 165 and the ballistic velocity on the order of 106 ms−1 is also 

consistent with recent calculation for Si.142  The quasiballistic transport length of ~230 nm in 300 

fs for MAPbI3, however, is much longer than that of ~85 nm for GaAs,166 ~20 nm for Si,142 and 

~14 nm for GaN167 and can be explained by slower momentum relaxation in MAPbI3 than in 

conventional semiconductors, ~100 fs as predicted by first principle calculations for hot carriers 

with excess energy of 1 eV.161  In comparison, relaxation times of 10 to 20 fs were found for hot 

carriers with excess energy > 0.3 eV for Si.142 

The nonequilibrium transport behavior of carriers in MAPbI3, over 10s of picoseconds, also 

deviates from conventional semiconductors such as Si and GaAs, for which equilibrium with the 

lattice is achieved in a few picoseconds.141, 168  Interestingly, nonequilibrium carrier transport on 

the picosecond time scale was not observed when pump photon energy is reduced to 1.97 eV.  An 

energetic E* state with an energy of ~ 0.3 eV above the band edge has been observed to form at ~ 

1 ps by two-photon photon emission spectroscopy and is also confirmed by density-of-state 

calculation.147, 148  This E* state might not be created by 1.97 eV (0.32 eV above band edge) photon 

excitation because of insufficient excess energy.  Based on these observations, we attributed the 

nonequilibrium transport over 10s of picoseconds to hot carriers associated with the energetic E* 

state.  The E* state is accompanied by the formation of large polarons occurring on the ~ 1 ps time 

scale.147 The long-lived and non-diffusive transport observed is also consistent with the large 

polaron picture, because the slow decay constant for the diffusion constant agrees well with the 

slow cooling of hot polarons by acoustic phonon scattering.148  These polarons are “heavier” than 
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the bare carriers with non-parabolic dispersion,100 which could explain a lower diffusion 

coefficient on the 10s of picosecond time scale.   

4.5 Conclusions 

To conclude this project, carrier motion visualized by ultrafast microscopy reveals that hot 

carrier transport in MAPbI3 is extremely long-range.  For carriers with 1.49 eV excess energy, a 

quasi-ballistic transport length of ~ 280 nm is achieved within 300 fs, which is attributed to slow 

momentum relaxation processes.  This distance exceeds the layer thickness requirement of ~ 200 

nm for photon absorbance in solar cells, therefore, hot carries could, in principle, be harvested with 

minimal thermal loss.  Furthermore, we also observe non-equilibrium carrier transport on the tens 

of ps timescale.  Overall hot carriers with 1.5 eV excess energy migrate over a distance of ~ 600 

nm before reaching thermal equilibrium with the lattice.  Such long-range hot carrier transport is 

most likely not limited to MAPbI3 because many hybrid organic-inorganic metal halide 

perovskites share similar carrier relaxation characteristics.  Both the slow hot carrier process and 

the long-range motion makes hybrid perovskites extremely favorable materials for hot carrier 

devices. 
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 ACCELERATION OF CARRIER TRANSPORT VIA A 

HOT PHONON BOTTLENECK IN HYBRID LEAD HALIDE 

PEROVSKITES 

5.1 Abstract 

Slow cooling of hot carriers resulting from phonon bottleneck has been observed in hybrid 

organic-inorganic lead halide perovskites, pointing toward the potential to overcome the Shockley-

Queisser limit.  Open questions remain on whether the high optical phonon density from the 

bottleneck impedes the transport of these hot carriers.  Here we present a direct visualization of 

hot carrier transport in the phonon bottleneck regime in both single crystalline and polycrystalline 

lead halide perovskites utilizing ultrafast transient absorption microscopy.  Remarkably, hot carrier 

diffusion does not suffer from but rather is enhanced by the presence of a phonon bottleneck, the 

exact opposite from what is observed in conventional semiconductors such as GaAs.  These results 

showcase the unique aspects of hot carrier transport in hybrid perovskites and suggest even larger 

potential for hot carrier devices than previously envisioned. 

5.2 Introduction 

5.2.1 Hot Phonon Bottleneck 

In semiconductor materials, absorption of optical photons having higher energy than the 

bandgap, results in the generation of “hot” energetic carriers.  A more detailed description of their 

generation and characteristics can be found in Chapter 3, Section 3.2.  The decay (equilibrium 

restoration) of hot carriers occurs via thermalization with the lattice by the emission of optical 

phonons.  Phonons, easily thought of as lattice vibrations are the pathway for hot carriers to reach 

an energetic equilibrium by dissipating heat and energy to the surrounding lattice structure.  

Optical phonons are higher energy lattice vibrations that consist of out of phase atomic oscillations 
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within the crystal structure.  For example, if one atom moves to the right, the neighboring atom 

moves to the left.  The optical phonons decay into acoustic phonons which are a lower energy 

lattice vibration in which all movements are coherent (i.e. all atoms moving in a synchronous 

manner).  Hot electrons emit optical phonons on an ultrafast time scale, which has been reported 

to be between 30 fs146 and 100 fs169.  At high pump fluence, there exists high carrier densities, in 

which all the energetic carriers are emitting phonons on an ultrafast timescale.  This leads to a 

bottleneck effect since the optical phonons that are emitted, cannot decay faster than they are being 

generated and the excess hot phonon population increases phonon reabsorption.  The emission of 

optical phonons builds up a hot phonon population that can transfer energy back to the electron 

system.  This reduces the net thermalization rate or phonon emission rate (i.e. hot carriers cannot 

emit optical phonon, thus remains hot for an extended period).  This is analogous to thinking about 

an object trying to cool down in a hot water bath – when the temperature of the bath (surroundings) 

is hot, then the object will cool down slower compared to a cold bath (cold surroundings).  For 

high carrier concentration, the hot carrier lifetime is increased from ~ 30 fs to 30 - 100 ps.146  This 

is advantageous because we have shown in the previous chapter that hot carrier transport is long-

range and promising for a hot carrier solar cell.  The main flaw to this dream is that hot carriers 

live for such a short amount of time, and we know that the diffusion length is dependent on carrier 

lifetime and diffusion coefficient (recall Eq. 1).  This is where the hot phonon bottleneck can be 

used to ultimately extend the hot carrier lifetime.    

The defect tolerance of lead halide perovskites translates into long-range carrier transport 

and slow non-radiative recombination thus achieving high device efficiencies.  A unique property 

of the lead halide perovskites is the extremely slow hot carrier cooling, attributed to suppressed 

optical phonon scattering by the formation of large polarons.169, 170  A hot phonon bottleneck 
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further extends carrier cooling timescales up to hundreds of picoseconds due to the ultralow 

thermal conductivities of hybrid perovskites.146, 150, 158, 171-173  Such slow carrier cooling resulted 

from phonon bottleneck, orders of magnitude slower than conventional semiconductors such as 

GaAs, suggests the potential of harvesting hot carriers in hybrid perovskites to overcome the 

Shockley-Queisser limit.171, 174 

One negative consequence of phonon bottleneck in conventional semiconductors is the 

decreased carrier mobility as the optical phonon population increases.175-182  For hot carrier solar 

cell applications, a fundamental material parameter is how far the hot carriers can travel in the  

active photovoltaic layer before cooling to thermal equilibrium. Therefore, while phonon 

bottleneck can prolong carrier-cooling time, the reduced carrier mobility might prevent these 

carriers from migrating over sufficiently long distance.  The understanding of hot carrier transport 

in the regime of phonon bottleneck remains elusive because it is highly complex involving both 

relatively short-lived non-equilibrium electron and phonon population.  Experimentally, direct 

measurements are challenging due to the requirement of simultaneously high temporal and spatial 

resolutions.  There have been recent developments in coupling ultrafast spectroscopy with 

microscopy approaches to achieve the necessary resolutions in imaging nonequilibrium carrier 

transport.21, 183-185  We have demonstrated ultrafast transient absorption microscopy (TAM) to 

directly visualize hot carrier migration with a time resolution of ~ 300 fs and a spatial precision of 

~ 50 nm.  However, in the initial report,132 we have only investigated hot carrier transport in low 

carrier density regime in absence of phonon bottleneck.  In this chapter, we focus on the transport 

of hot carriers as the result of a phonon bottleneck on the timescale of 100s of picoseconds in both 

model single crystal nanoplates and device relevant polycrystalline lead halide perovskite thin 

films.  Surprisingly, hot carrier transport is enhanced by phonon bottleneck, opposite from what is 
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known in conventional semiconductors, which we attribute to the suppression of optical phonon 

scattering.  Furthermore, the excess kinetic energy allows these hot carriers to overcome grain 

boundaries, which is beneficial for device applications. 

5.3 Material Preparation 

5.3.1 Alkali Metal-Doped Thin Film Perovskites 

RbCsMAFA thin film: Glass coverslips (0.17 mm thick) were thoroughly cleaned by 

rubbing the surface of the glass with a wipe and acetone.  The substrates were then cleaned for 20 

min by UV ozone.  The mixed-cation lead mixed-halide perovskite solution was prepared from a 

precursor solution made of FAI (1 M, Dyenamo), PbI2 (1.1 M, TCI), MABr (0.2 M, Dyenamo) 

and PbBr2 (0.22 M, TCI) in a 9:1 (v:v) mixture of anhydrous DMF:DMSO (Sigma Aldrich).  A 

1.5 M stock solution of CsI (Sigma Aldrich) in DMSO was then added to above solution in 5:95 

volume ratio.  Similarly, a 1.5 M stock solution of RbI (Sigma Aldrich) in DMF was added to 

above solution in 5:95 volume ratio.  The perovskite solution was deposited through a two-step 

spin coating program (10 s at 1000 rpm and 20 sec at 6000 rpm) with dripping of chlorobenzene 

as anti-solvent during the second step, 15 s before finishing the second step.  The perovskite layers 

were annealed at 100°C for 45 min.  To achieve similar thermal gradient during the heating step 

to that of a solar cell prepared on thick FTO glass. 

5.3.2 Single Crystal MAPbI3 Nanoplates 

Surface-functionalized single-crystal MAPbI3 nanoplates were synthesized by immersing a 

piece of PbAc2 coated glass slide in a mixed solution of MAI and phenethyl ammonium iodide 

(PEAI) in isopropanol (IPA) at room temperature.  The PbAc2 thin film was prepared by drop 

casting 100 mg/mL PbAc2·3H2O aqueous solution on a glass slide.  The coated substrate was then 
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annealed at 50 °C in an oven before it was dipped into 1 mL precursor solution in a reaction vial. 

The precursor solution was made by mixing solutions of PEAI (40 mg/mL) and MAI (40 mg/mL) 

in IPA with a volume ratio of 0.35/0.65. After some reaction time of ~ 3 days, the glass slide was 

taken out, and subsequently washed in isopropanol and dried under N2 flow.  To carry out TA and 

TAM measurements, single-crystal nanoplates are transferred from the growth substrate to a glass 

coverslip by a dry contact process.  

5.4 Results and Discussion  

5.4.1 Observation and Impact of Low-Threshold Hot Phonon Bottleneck  

In this study, we investigate two types of samples. One type is single-crystal MAPbI3 

nanoplates, which represents a well-studied model system.  The surface of these nanoplates has 

been functionalized to minimize surface recombination.186  The other type of sample is a device 

relevant mixed-cation and mixed-halide lead perovskite with the formula 

Rb0.05(Cs0.05((MAPbBr3)0.17(FAPbI3)0.87)0.95)0.95 (RbCsMAFA). This compound exhibits a cubic 

structure187 and has been demonstrated to be resilient to high temperatures while maintaining 

power conversion efficiencies over 20%.47, 188, 189  This temperature stability is promising for future 

fabrications of hot carrier solar cells.  The polycrystalline thin films of RbCsMAFA had a thickness 

of 400-450 nm and are deposited on glass coverslips (0.17 mm thick) for all the optical 

measurements described below.  An SEM cross sectional image of the sample is shown in Figure 

5.1.  The bandgap for RbCsMAFA is at 1.65 eV which is easily seen from the absorption and 

emission spectra (Figure 5.2).  This bandgap is comparable to that of well-studied MAPbI3 (recall 

Figure 1.4).   
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Figure 5.1 A representative scanning electron microscopy image of a RbCsMAFA perovskite 

thin film deposited on glass substrates used in the optical measurements. 

 

 

Figure 5.2 Normalized absorption spectrum (black) and photoluminescence spectrum (red) of a 

RbCsMAFA perovskite thin film. 
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We first characterize the dynamics of carrier cooling using broadband transient absorption 

(TA) spectroscopy.  At room temperature, photoexcitation leads to the generation of free carriers 

instead of excitons in hybrid lead halide perovskites due to a high dielectric constant and strong 

Coulomb screening.67   Figures 4.3, 4.4, and 4.5 show the excitation energy and carrier density 

dependent transient absorption spectra and dynamics.  Upon photoexcitation, a ground state bleach 

band (GSB, positive signal in ΔT/T, where ΔT is pump induced change in probe transmission and 

T is the probe transmission) centered around the bandgap at 1.65 eV is observed due to band-filling 

effect.151  At high carrier densities and a pump photon energy of 3.10 eV, a high-energy tail of the 

GSB band is observed up to 100 ps, indicating that carriers remain with excess energy at this 

timescale (Figure 5.3 (a) and Figure 5.6 (a)).  An effective carrier temperature, 𝑇𝑐, can be used to 

describe the quasi-equilibrium distribution of carriers established by carrier and phonon 

scatterings.190  We obtain 𝑇𝑐 by fitting the high energy tail of (energies > Ef) the GSB signal with 

Maxwell–Boltzmann distribution191 as given by, 
Δ𝑇

𝑇
(ℏ𝜔) =  𝐴0(ℏ𝜔)exp (−

ℏ𝜔

𝑘𝐵𝑇𝑐
), where ℏ𝜔is 

the probe energy, 𝐴0is the linear absorbance, and 𝑘𝐵 is the Boltzmann constant.146, 158 
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Figure 5.3 (a) TA spectra taken at various delay times with pump photon energy of 3.10 eV at an 

injected carrier density N0 of 1 ×1018 cm-3 in the RbCsMAFA thin film. (b) Symbols are time-

dependent carrier temperatures at different pump photon energies and carrier densities as 

extracted by fitting the high-energy tail of the GSB signal in the RbCsMAFA thin film as 

described in the text. Solid lines are fitting to 𝜏𝑐 =  𝜏0 (1 +  
𝜌

𝜌𝑐
) as described in the text. (c) The 

carrier dynamics probed at the bandgap of 1.65 eV in the RbCsMAFA thin film. (d) Schematic 

drawing of large polaron formation and overlap of two large polarons.
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 Figure 5.4 TA spectra taken at various delay time with pump photon energy of 2.25 eV and a 

carrier density of 1018 cm-3 of a RbCsMAFA perovskite thin film. 

 

Figure 5.5 Transient absorption spectra of a RbCsMAFA perovskite thin film taken at 200 fs 

delay with different pump photon energies and change of transmission ∆T/T was plotted. The 

pump fluences were calibrated to the same carrier density of 1018 cm-3. 
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Figure 5.6 (a) TA spectra taken at various delay times with pump photon energy of 3.10 eV at an 

injected carrier density N0 of 1.2 ×1018 cm-3 in the MAPbI3 single crystal. (b) Symbols are time-

dependent carrier temperatures of the MAPbI3 single crystal at different carrier densities as 

extracted by fitting the high-energy tail of the GSB signal. Solid lines are fitting to 𝜏𝑐 =

 𝜏0 (1 + 
𝜌

𝜌𝑐
) as described in the text. 

 

We plot 𝑇𝑐 as a function of pump-probe delay at different carrier densities in Figure 5.3 (b) 

for the RbCsMAFA thin film and in Figure 5.6 (b) for the MAPbI3 single-crystal nanoplate.  

Overall, a similar behavior of two steps of the carrier cooling is observed for these two samples.  

The initial cooling step shows a similar lifetime (0.2 – 0.4 ps) under various pump fluences, which 

are dominated by the polar optical phonon scattering via the Fröhlich mechanism of the bare 

carriers.190  The formation of polarons driven by optical phonon scattering has been estimated to 

occur also on the sub-picosecond timescale.192, 193  A polaron is a quasiparticle consisting of an 

electron and the lattice polarization induced in its vicinity (schematically represented in Figure 5.3 

(d)), which is responsible for transport in many polar and ionic solids.194   

A second carrier cooling process (up to 100s of ps) that becomes slower as carrier density 

increases is observed with a pump photon energy of 3.10 eV (Figure 5.3 (b)), which is consistent 

with previous reports.146, 171  The rise-time in the carrier dynamics probed at the bandgap reflecting 

the time for the carriers to relax from the high-energy states to the band edge (Figure 5.3 (c)) also 

becomes slower as carrier density increases.  The slow cooling process is absent when the pump 
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photon energy is reduced to 1.77 eV and the carriers reach thermal equilibrium with the lattice in 

a few ps (Figure 5.3 (b) and (c)).  The slower cooling as the carrier density and the excess energy 

increase can be explained by hot-phonon bottleneck.146, 150, 158, 172  A phonon bottleneck occurs 

when the emission of optical phonons builds up a non-equilibrium (hot) phonon population that 

can transfer energy back to the electron system.  The Pb−I−Pb angular distortions optical mode in 

MAPbI3 are coupled strongly to the electrons and yet interact weakly with the rest of the phonon 

bath, which could be the origin for the phonon bottleneck.172, 195 

The phonon bottleneck threshold of N0 ~ 3 ×1017 cm-3 is observed for the RbCsMAFA thin 

film and a threshold is ~ 1018 cm-3 for the MAPbI3 single-crystal nanoplate.  These thresholds are 

overall consistent with the carrier density at which the large polarons (radii 2-5 nm) are 

overlapping in space,169, 196 as schematically shown in Figure 5.3 (d).  At high carrier density, the 

polaron states overlap and cooling slows down because the adjacent polarons share cooling 

channels.169  We fit the hot carrier cooling time, 𝜏𝑐 , at different carrier densities with a 

phenomenological model of 𝜏𝑐 =  𝜏0 (1 +  
𝜌

𝜌𝑐
) where, 𝜏0 is the polaron cooling time at the low 

carrier density limit and in absence of phonon bottleneck, 𝜌 is carrier density, and 𝜌𝑐  is the critical 

carrier density above which polarons should overlap with each other.  A 𝜏0 value of ~ 24 ps and ~ 

14 ps is obtained for the RbCsMAFA thin film and the MAPbI3 single crystal, respectively, from 

the global fitting of data shown in Figure 5.3 (b) and Figure 5.6 (b).  The slower cooling in the 

RbCsMAFA thin film compared to the MAPbI3 single crystal is likely due to its lower thermal 

conductivity.  Auger heating has also been proposed to contribute to the slow carrier cooling.173  

However, the Auger heating mechanism should also lead to an overall loss of carrier population.  

From the carrier density-dependent carrier recombination dynamics shown in Figure 5.3 (c), there 

is no loss of carrier population is observed for different carrier densities when excited at 3.10 eV.  
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Therefore, we conclude that a hot phonon bottleneck is the dominant mechanism for the slow 

carrier cooling observed here. 

5.4.2 Enhancement of Carrier Transport 

To experimentally observe enhancement of carrier transport in the regime of a hot phonon 

bottleneck, we employ TAM to directly image equilibrium and non-equilibrium carrier transport.  

The morphology of the sample is homogenous on the length scale of hundreds of nanometers, as 

demonstrated by the morphological (scanning pump and probe together) TAM image in Figure 

5.7.  To image carrier transport, the pump beam is held at a fixed position while the probe beam is 

scanned relative to the pump with a Galvanometer scanner and ∆T is plotted as function of probe 

position to form an image (full details in Chapter 2, Section 2.5).  The probe beam photon energy 

is at 1.65 eV to probe carriers at the bandgap.  

The initial population, 𝑛(𝑥, 𝑦, 0) = 𝑁𝑒𝑥𝑝[−
(𝑥−𝑥0)

2

2𝜎(0)𝑥
2 −

(𝑦−𝑦0)
2

2𝜎(0)𝑦
2 ] , is created by a Gaussian 

pump beam at position (x0, y0 ) with a pulse duration of ~ 300 fs,.  At later delay times, the TAM 

images reflect carrier diffusion away from the initial excitation volume.  If the carrier transport is 

diffusive, the time and spatial dependent carrier density is given by, 
𝜕𝑛(𝑥,𝑦,𝑡)

𝜕𝑡
= 𝐷 [

𝜕2𝑛(𝑥,𝑦,𝑡)

𝜕𝑥2 +

𝜕2𝑛(𝑥,𝑦,𝑡)

𝜕𝑦2 ] −
𝑛(𝑥,𝑦,𝑡)

𝜏
 , where 𝑛(𝑥, 𝑦, 𝑡) is the carrier population as a function of position and time, 

D is the diffusion coefficient assuming isotropic diffusion, 𝜏 is the carrier lifetime.  We note here 

that both electrons and holes should contribute more or less, equally to the transport due to their 

similar effective masses.67, 169  The population follows a Gaussian distribution at any later delay 

time t as given by, 𝑛(𝑥, 𝑦, 𝑡) = 𝑁𝑒𝑥𝑝[−
(𝑥−𝑥0)

2

2𝜎(𝑡)𝑥
2 −

(𝑦−𝑦0)
2

2𝜎(𝑡)𝑦
2 ].  
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The resulting 2D TAM images are shown in Figure 5.8 (a) for a pump photon energy of 

3.10 eV at N0 ~ 3 ×1017 cm-3 for the RbCsMAFA thin film.  The TAM profiles shown in Figure 

5.8 (a) are fit by two-dimensional Gaussian functions with variances of 𝜎𝑡,𝑥
2  and 𝜎𝑡,𝑦

2 , where the 

𝜎𝑡,𝑥
2  and  𝜎𝑡,𝑦

2  are the time-dependent variance of the Gaussian profiles along x and y axis at delay 

time t.  The Gaussian fit along one direction is shown in Figure 5.8 (b).  Since the carrier transport 

is isotropic, we reduced the problem to 1D and defined 𝜎𝑡
2 =

𝜎𝑡,𝑥
2 +𝜎𝑡,𝑦

2

2
.132 The diffusion constant D 

is then given by, 𝐷 =
𝜎𝑡2

2 −𝜎𝑡1
2

2(𝑡2−𝑡1)
. 

Figure 5.7 Morphological transient absorption microscopy (TAM) image of a RbCsMAFA thin 

film taken at 0 ps time delay with a pump photon energy of 3.10 eV and a probe photon energy 

of 1.65 eV. In this mode of TAM imaging, the pump and probe beams are always spatially 

overlapped and scan simultaneously. The intensity presents the TA signal at each position. 
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Figure 5.8 (a) The TAM images of the carrier transport at various delay times. Probe energy = 

1.65 eV, pump energy = 3.10 eV, N0 =1 ×1018 cm-3. Color scale represents the intensity of pump-

induced differential transmission (ΔT) of the probe and every image has been normalized by 

peak value. Scale bar: 500 nm. (b) Cross-sections of the TAM images shown in (a) fitted with 

Gaussian functions, with the maximum ∆T signal normalized. (c) 𝜎𝑡
2 − 𝜎5 𝑝𝑠

2  plotted as a 

function of pump-probe delay time of RbCsMAFA at different initial carrier densities and pump 

energies. Probe energy = 1.65 eV. Solid lines are the linear fits described in the text. (d) 𝜎𝑡
2 −

 𝜎5 𝑝𝑠
2  plotted as a function of pump-probe delay time of a MAPbI3 single-crystal nanoplate at 

different initial carrier densities. Probe energy = 1.65 eV. Solid lines are the linear fits described 

in the text. (e) 𝜎𝑡
2 −  𝜎0 𝑝𝑠

2  plotted as a function of pump-probe delay time of a GaAs single 

crystal at different injected carrier densities. Probe energy = 1.45 eV. Solid line is the linear fits 

described in the text.  
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Hot carrier transport on the sub-ps timescale in hybrid perovskites is dominated by quasi-

ballistic transport of hot bare band carriers as demonstrated in the previous chapter.  Here we focus 

on the transport beyond 5 ps, and particularly on the timescale of 100s of ps, when phonon 

bottleneck leads to 𝑇𝑐 above the lattice temperature.  It is important to rule out higher order effects 

such as carrier-carrier annihilation in the transport measurements.  We have carried out pump 

intensity dependent dynamics and transport measurements, which is shown in Figure 5.9 (a) and 

(b) for the RbCsMAFA thin film and MAPbI3 single crystal, respectively.  The carrier dynamics 

do not change significantly for N0 ranging from 5×1017 cm-3 to 3×1018 cm-3, which suggests that 

annihilation effects are negligible consistent with the results shown in Figure 5.3 (c).  

We investigate the effect of a phonon bottleneck on hot carrier transport on the hundreds 

of picoseconds timescale for the RbCsMAFA thin film and the MAPbI3 single-crystal nanoplate 

(Figure 5.8 (c) and (d)).  We also image carrier transport in a bulk single crystalline GaAs (100) 

sample under influence of phonon bottleneck as a comparison, and the results are shown in Figure 

5.8 (e).  Figure 5.8 (c) and (d) plot 𝜎𝑡
2 − 𝜎5 𝑝𝑠

2  as a function of the pump–probe delay time at 

different carrier densities for the RbCsMAFA thin film and the MAPbI3 single-crystal nanoplate, 

respectively.  As a control, transport of the thermally equilibrated carriers is imaged with a 1.77 

eV pump, showing 𝜎𝑡
2 −  𝜎5 𝑝𝑠

2  increasing linearly as a function of the delay with an equilibrium 

D of 0.12 ± 0.02 cm2s-1 for the RbCsMAFA thin film (Figure 5.8 (c)).  When excited with a 3.10 

eV pump, equilibrium transport is reached on the ns timescale with a similar D value of ~ 0.1 cm2s-

1.  The equilibrium diffusion constant for the MAPbI3 single-crystal nanoplate is ~0.9 cm2s-1. 

Equilibrium diffusion constants on the ns timescale are independent of N0, consistent with previous 

a report.197  More rapid nonequilibrium carrier transport is observed during 5-200 ps when hot 

phonon bottleneck is present and the carrier temperature is above the lattice temperature for both 
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the RbCsMAFA thin film and the MAPbI3 single-crystal nanoplate (Figure 5.8 (c) and (d)).  In 

direct contrast to the results from hybrid perovskites, carrier diffusivity is not enhanced by hot 

phonon bottleneck in GaAs (Figure 5.8 (e)), despite hot phonon effects have been observed at 

carrier densities >1019 cm-3 with carrier cooling time slowing down from sub-picosecond to a few 

ps.146, 175  Carrier transport in GaAs does not show time or carrier density dependence for N0 

ranging from 3×1019 cm-3 to 2×1020 cm-3. 

 

Figure 5.9 Carrier dynamics at different injected carrier densities when pump and probe beams 

are overlapped in space. (a) RbCsMAFA thin film. (b)MAPbI3 single crystal. The similar 

kinetics with N0 from 5×1017 cm-3 to 3×1018 cm-3 suggest that annihilation effects are negligible 

for the carrier density range for the RbCsMAFA thin film and the MAPbI3 single crystal. 

 

The nonequilibrium carrier transport behavior in hybrid perovskites can be clearly seen in 

Figure 5.10, where the effective diffusion constant is calculated as, 𝐷 =
𝜎𝑡2

2 −𝜎𝑡1
2

2(𝑡2−𝑡1)
, for the 3.10 eV 

excitation.  Above the phonon bottleneck threshold, 𝐷(𝑡) increases as N0 increases during 5-200 

ps.  For the RbCsMAFA thin film, the diffusion coefficient at 5 ps is ~ 1.7 cm2s-1 at a N0 of 3×1018 

cm-3 compared to that of ~ 0.8 cm2s-1 at a N0 of 1×1018 cm-3 (Figure 5.10 (a)).  For the MAPbI3 

single-crystal nanoplate, the diffusion coefficient at 5 ps is ~ 3 cm2s-1 at a N0 of 3×1018cm-3 is 
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obtained, a factor of 3 larger than the equilibrium 𝐷 (Figure 5.10 (b)).  When N0 falls below the 

phonon bottleneck threshold of 1018 cm-3, no enhancement in transport is observed for the MAPbI3 

single-crystal nanoplate over the 100s of ps timescale (Figure 5.8 (d) and Figure 5.10 (b)).  

Interestingly, while the equilibrium diffusion constant for that of the RbCsMAFA thin film is an 

order of magnitude lower than that of the MAPbI3 nanoplate, which is likely due to grain 

boundaries.198  The nonequilibrium diffusion coefficient (at 5ps) is on the same order for the two 

samples, suggesting the excessive kinetic energy of the hot carriers can overcome grain boundaries.  

The fact that a similar effect is observed in these two different samples demonstrates that the 

enhanced hot carrier transport is likely a universal phenomenon and not sample dependent. 

 

Figure 5.10 The effective diffusion constant for the 3.10 eV excitation for the RbCsMAFA thin 

film (a) and the MAPbI3 single crystal (b). The dashed lines denote the equilibrium diffusion 

constant.   
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5.4.3 Monte Carlo Modeling for Hot Carrier Transport 

To understand the accelerated transport in the phonon bottleneck regime, we fit our data 

using a phenomenological Monte Carlo method that incorporates simultaneous hot carrier cooling 

and transport.  We create hot carriers at 5 ps with their temperature, 𝑇𝑐, given in the experimental 

carrier cooling curves (Figure 5.3 (b) and Figure 5.6 (b)) and the spatial probability density 

distribution is set to be Gaussian.  The velocity of the carriers at any given carrier temperature is 

given by √
3𝑘𝑏𝑇𝑐

𝑚∗ , where 𝑚∗  is the effective mass.  The travel direction of the hot carriers is 

randomized at each step by scattering events185, 199 as schematically shown in Figure 5.11 (a).  The 

scattering sources include phonons, defects, and impurities. The duration between two collisions 

is known as momentum relaxation time, 𝜏𝑠.  

We fit the data from the MAPbI3 single crystal nanoplate to avoid the complications from 

the grain boundaries.  The simulated carrier density maps at different delay times are shown in 

Figure 5.11 (b).  The experimental and simulated 𝜎𝑡
2 −  𝜎5 𝑝𝑠

2  are plotted in Figure 5.11 (c) for the 

MAPbI3 single crystal nanoplate at two different carrier densities.  We obtain 
𝜏𝑠

𝑚∗ as a function of 

temperature by simultaneously fitting the experimental results at the two different carrier densities 

and plot it in Figure 5.11 (d).  
𝜏𝑠

𝑚∗  increases from ~ 15 fs/m0 at 310 K to ~ 45 fs/m0 at 650 K for the 

nanoplate, where m0 is the free electron mass. In other words, Figure 5.11 (d) suggests that the 

accelerated transport of hot carriers in the hybrid perovskites is the result of not only the larger v 

at higher Tc, but also the longer 𝜏𝑠 between the scattering events (assuming m* does not change as 

function of temperature).  The mean free path, which is equal to the product of v and 𝜏𝑠, is also 

enhanced.  These results suggest enhanced hot carrier mobility in the phonon bottleneck regime, 

as the mobility is given by 𝜇 =  
𝑒 𝜏𝑠

𝑚∗  .  We note that recent THz measurements suggest reduced 



100 

 

photoconductivity of hot carriers.193  However, the THz experiments measuring how carries 

accelerated by an applied field that is likely insensitive to the hot carrier transport measured here 

because the hot carriers are already with high velocity and less likely be accelerated due to velocity 

saturation.140 

 

Figure 5.11 (a) Schematic showing the scattering process (b) Simulated 2D maps of 5000 

carriers at time delay of 5 ps (left), 100 ps (middle), 500 ps (right). The scale bar is 0.5 µm. (c) 

Time evolution of the simulated (open) and experimental (solid) spatial profile with N0 of 3x1018 

cm-3 and 5x1017 cm-3 respectively. (d) 
𝜏𝑠

𝑚∗ as a function of temperature extracted from the 

simulations shown in (c). 
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The result shown in Figure 5.11 (d) is striking because it goes against the well-established 

knowledge in conventional semiconductors, where 𝜏𝑠 decreases as the density of optical phonons 

increases leading to saturation of carrier mobility.175, 176  One possible explanation for the 

seemingly puzzling behavior of longer 𝜏𝑠 at higher temperature is the reduced optical phonon 

scattering of large polarons at high temperature.200  Instead of bare band carriers, large polarons 

are the dominant species on timescales longer than 1 ps in lead halide perovskites.169, 196 Since the 

polaron size, L (4-10 nm), is much larger than the lattice constant, optical phonons serve as a static 

scattering centers whose active range is given by the size of the polarons.200  The scattering 

probability from the optical phonons (
1

𝜏𝑜𝑝
) decreases exponentially when the wave vector of the 

polaron, 
𝑝

ℏ
  (𝑝 is the momentum), exceeds (l/L), 

1

𝜏𝑜𝑝
 ∝  𝑒−(

2𝜋|𝑝|

ℏ𝐿
)
.200  Also, the scattering frequency 

is proportional to the population of optical phonons, 
1

𝜏𝑜𝑝
 ∝  

1

𝑒

ℏ𝜔
𝑘𝑏𝑇

−1
, where 𝜔 is the optical phonon 

frequency.200 Therefore, the temperature dependence of 𝜏𝑠and the mobility of hot carriers is a 

competition between (1) the optical phonon population that increases with rising temperature and 

(2) the frequency of optical phonon scattering that falls with increasing temperature.  At high 

temperature, the increase of the wave vector of the polaron, 
𝑝

ℏ
 , outweighs the optical phonon 

population growth, leading to 𝜏𝑜𝑝  ∝  𝑒
(

𝜋2𝑇

𝑇0
)
 (T >> T0, where T0 is the temperature at which a large 

polaron’s deBroglie wavelength (
ℏ

𝑝
) equals its length L).200  

By fitting the temperature dependent 𝜏𝑠 (assuming m* is temperature independent) in 

Figure 5.11 (d) with a function of 
1

𝜏𝑠
=  

1

𝜏𝑜𝑝∙𝑒
(

𝜋2𝑇
𝑇0

)
+

1

𝜏𝑠0
, where 𝜏𝑠0  represents the time of all 

temperature-independent scattering processes, and T0 is estimated to be ~ 450 K.  This value is 
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about a factor of 6 larger than the value determined from L of (4-10) nm and m*= 0.5 m0.133  Such 

discrepancy might result from the non-classical large polarons formation in hybrid perovskites due 

to the anharmonic and dynamically disordered atomic motions.201, 202  It is also possible that a high 

carrier density could destabilize the polaron formation, leading to a decreased m*, which could be 

true as carrier density increases.  However, because the same 
𝜏𝑠

𝑚∗ curve fits the results from both 

N0 = 3 x 1018 cm-3 and N0 = 5 x 1017 cm-3 well, indicating that m* does not change significantly in 

the carrier density range for our measurements.  

Another possible mechanism for the electron mobility to be enhanced is through so-called 

hot phonon drag.  Hot phonon drag occurs when there is an underpopulation of phonons with 

negative wavevector and an overpopulation of phonons with positive wavevector.  This asymmetry 

of optical phonon occupation in the momentum space can lead to the gain of directed momentum 

leading to the enhancement of the carrier velocity.203  Despite enhanced electron mobility by hot 

phonon drag beening predicted theoretically for GaAs/AlAs quantum wires at high temperature,203 

this effect has not been verified experimentally.  

The enhanced hot carrier transport by phonon bottleneck in the champion solar cell 

RbCsMAFA polycrystalline thin films suggests potential for practical applications.  For feasible 

hot carrier solar cells, lowering phonon bottleneck threshold close to the one sun equivalent 

illumination (N0 ~1016 cm-3) is desirable.  One very attractive property of hybrid lead halide 

perovskites is that the hot phonon effect can be potentially modulated by adjusting both the metal 

halide framework and the intercalated A site cation.165, 204  Recent theoretical calculations predict 

that the A site cation can be tuned to slow down electron-phonon scattering as well as to modulate 

optical-acoustic phonon scattering.205  The fact that that the RbCsMAFA thin film has a lower 
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phonon bottleneck threshold than the MAPbI3 single crystal nanoplate suggest that structural 

tuning of mixed ion halide perovskites can potentially lower the phonon bottleneck threshold.  

5.5 Conclusions 

We have directly visualized hot carrier transport under the influence of a hot phonon 

bottleneck in lead halide perovskites by ultrafast pump-probe microscopy with ~ 300 fs temporal 

resolution and ~ 50 nm spatial precision.  In striking contrast to conventional semiconductors, hot 

carrier transport is not impeded by the increased optical phonon density resulting from the 

bottleneck created by optical phonons, which we attribute to the reduced scattering frequency in 

the high temperature regime of large polarons.  The accelerated hot carrier transport is universal 

in lead halide perovskites, observed in both prototypical single crystals and device relevant 

polycrystalline thin films.  These results add crucial details to the phonon bottleneck effect in 

hybrid perovskites, suggesting hybrid perovskites are even more attractive for hot carrier 

photovoltaic applications than previously thought.  The potential for adding a solar concentrator 

on a perovskite thin film solar cell can increase the power density and ultimately create a phonon 

bottleneck, which was shown in this work to accelerate carrier transport on longer time scales than 

the initially photogenerated hot carriers.    
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 COLLABORATIVE WORK ON ALLOYED 

PEROVSKITE THIN FILMS AND HYBRID QUANTUM WELL 

PEROVSKITES 

6.1 Homogenization of Carrier Dynamics in Alloyed Perovskite Thin Films 

6.1.1 Abstract 

Perovskite solar cells have shown remarkable efficiencies beyond 21%, through organic 

and inorganic cation alloying.  However, the role the inorganic cations plays is not well-understood.  

By using transient absorption microscopy, we show that alkali metals Rb+ and Cs+ are responsible 

for inducing a more homogenous halide (I- and Br-) distribution, despite the partial incorporation 

into the perovskite lattice.  This translates to improved electronic dynamics, including lifetimes 

above 3 µs and homogenous carrier dynamics, as well as improved photovoltaic device 

performance.  We find that Cs cations tend to distribute homogenously across the perovskite film, 

while Rb and K cations tend to phase segregate at precursor concentrations as low as 1%.  These 

precipitates have a counter-productive effect on the solar cell, acting as recombination centers in 

the device, which are easily detectable via transient absorption microscopy.  Remarkably, the high 

concentration of Rb and Cs agglomerations do not affect the open-circuit voltage, average lifetimes 

and photoluminescence distribution, which is a further indication of the perovskite’s notorious 

defect tolerance.  

6.1.2 Introduction  

6.1.2.1 Incorporation of Alkali Metal Cations 

Emerging solar cell technologies based on thin films and simple deposition methods show 

promise in reducing production cost and producing high-quality semiconductors for photovoltaic 

applications.206, 207  Lead halide perovskite solar cells have emerged as an exciting candidate.  In 
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just a few years, PSCs have achieved power conversion efficiencies similar to established 

cadmium telluride (CdTe) solar cells, achieving 22.7% in 2017.208  Perovskites have an ABX3 

formula that is typically comprised of a monovalent cation in the A site.  Thus far, we have covered 

studies primarily involving methylammonium (CH3NH3
+) as the A site cation.  However, this work 

will incorporate alkali metals cations (rubidium, cesium and potassium) into the A site of the 

crystal structure.  Additionally, an organic molecule like methylammonium (MA) has been used 

in perovskite fabrication, known as formamidinium (FA).42, 51, 209-211  The highest reported 

efficiencies have been achieved with perovskites with mixed MA and FA located in the A-site 

cations, and Br and I X-site anions.93, 212, 213  More recently, Cs has been used as the A-site cation 

to explore more complex compositions, including Cs and MA, Cs and FA,  and Cs, MA, and FA 

– all mixed together.93, 209, 210, 214-216  Similarly, Rb has been added into a multication perovskite, 

showing improved efficiency188, 217 and long-term device stability at elevated temperatures of 

85˚C.217 Rb has been suggested to increase charge carrier lifetime and mobility of the perovskite 

films, which help explain the improved device performance.218 More recently, K was also used to 

improve the stabilized PCE of PSCs. These monovalent alkali metals have shown great promise 

to improve efficiency and stability of PSCs.  

Despite these impressive and promising results, the mechanisms that form the basis for improved 

electronic properties, performance, and stability, upon addition of alkali metals, are not well-

understood.  Previous studies have hinted at the suppression of low-dimensional wide-bandgap 

polymorphs, which may act as recombination-active sites.215, 217, 218  The structural, elemental, and 

electronic properties of these multi-A-site cation compounds, as well as solar cell performance 

metrics, have been investigated by bulk techniques210, 214, 215, 217, 219 averaged over large areas (0.2 

to 1 cm2), limiting our understanding of these complex material systems.  A major flaw in this 
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approach is that minority-phase formation and elemental agglomeration at the nanoscale is often 

overlooked.  Therefore, there is a need to use spatially-resolved techniques that allow us to image 

elemental distribution and its impact on electronic properties, and device performance.  

In this work, we employ mapping techniques with nanoscale resolution to elucidate the 

elemental distribution of the alkali metals and their relationship to electronic properties and device 

performance.  We use synchrotron-based X-ray fluorescence imaging to identify elemental 

distribution in multi ion perovskites.  This will allow for high resolution determination of elemental 

aggregation which has been shown to act as recombination sites.215, 217, 218  We find that in films 

where alkali metals are added, the halide distribution becomes homogeneous.  Transient absorption 

spectroscopy mapping shows that perovskite films without alkali-metal iodides (and with 

segregated halides) suffer from more heterogeneity in the charge carrier dynamics than the those 

with CsI and/or RbI.   By spatially mapping the pump-probe signal as a function of time, we can 

easily identify areas of charge carrier recombination, as well as identify whether the material is 

homogenous or heterogenous with respect to charge carrier recombination.  At the same time, 

rubidium and potassium are shown to segregate into large clusters.  As the alkali metal additives 

exceed 1%, we observe second-phase alkali-metal-rich aggregates, which induce charge-carrier 

recombination at Rb-rich clusters.  Charge collection is hindered by these aggregates, and the 

formation of these alkali-rich nanoprecipitates should therefore be avoided.  Our findings are 

crucial to the understanding of the mechanisms that make these mixed-cation perovskite materials 

the most efficient for solar cell applications and give insights as to how the photovoltaic 

community should continue to improve these materials. 
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6.1.3 Material Preparation 

The patterned-F-doped SnO2 (FTO, Pilkington, TEC8) substrates were cleaned by 

sonicating sequentially in 2% Hellmanex detergent in water, ethyl alcohol and acetone.  A dense 

electron selective layer of TiO2 (bl-TiO2, ∼50 nm in thickness) was deposited onto a cleaned 

substrate by spray pyrolysis, using a 20 mM titanium diisopropoxide bis(acetylacetonate) solution 

(Aldrich) at 450°C.  A mesoporous TiO2 (meso-TiO2, Dyesol particle size: about 30 nm, crystalline 

phase: anatase) film was spin-coated onto the bl-TiO2/FTO substrate using a diluted TiO2 paste 

(5:3 paste:ethanol), followed by calcining at 500°C for 1 h in air to remove organic components. 

The perovskite films were deposited from a precursor solution containing FAI (1 M, 

Dyesol), PbI2 (1.1 M, TCI Chemicals), MABr (0.2 M, Dyesol) and PbBr2 (0.22 M, TCI Chemicals) 

in anhydrous DMF:DMSO 9:1 (v:v, Acros).  The alkali-metal iodides were added as CsI, RbI, and 

KI, in molar ratios of the alkali-metal to lead, ranging from 1% to 10%, as these are widely reported 

concentrations in the literature.  The perovskite solution was spin-coated in a two-step program; 

first at 1000 for 10 s and then at 6000 rpm for 30 s.  During the second step, 200 μL of 

chlorobenzene were poured on the spinning substrate 15 s prior the end of the program.  The 

substrates were then annealed at 100 °C for 1 h in a nitrogen filled glove box. 

The spiro-OMeTAD (Merck) solution (70 mM in chlorobenzene) was spun at 4000 rpm 

for 20 s.  The spiro-OMeTAD was doped at a molar ratio of 0.5, 0.03 and 3.3 with 

bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma Aldrich), tris(2-(1H-pyrazol-1-yl)-

4-tert-butylpyridine)-cobalt(III) tris(bis(trifluoromethylsulfonyl)imide) (FK209, Dyenamo) and 4-

tert-Butylpyridine (TBP, Sigma Aldrich), respectively.  Finally, a 100 nm Au top electrode was 

deposited by thermal evaporation. The active area of this electrode was fixed at 0.16 cm.220 
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6.1.4 Material Characterization 

6.1.4.1 Transient Absorption Microscopy 

The transient absorption images and dynamics were acquired by a home-built, femtosecond 

transient absorption spectroscopy setup, which is described in depth in Chapter 2.  To construct 

the images that accentuate recombination sites, we plot the difference between transient bleach 

signal at time zero (0 ns time delay, ΔT0) and the transient bleach signal after a 5 ns time delay 

(ΔT5).  This method compares the signal arising from the initially generated carriers at time zero 

to the intensity of the signal at a longer time delay between pump and probe.  Intuitively, the 

difference between time zero signal and later signal should be normalized to the initially generated 

signal, given by: 
∆𝑇0−∆𝑇5

∆𝑇0
, which would result in depiction of areas that serve as recombination sites. 

6.1.5 Results and Discussion 

6.1.5.1 Interplay Between Halide Distribution and Homogenization of Carrier Dynamics  

We investigated the effects of alkali metal addition to the pervasive 

(MAPbBr3)0.17(FAPbI3)0.83 perovskite.93, 212  CsI, RbI, and KI were added to the perovskite 

solution, at different molar percentages ranging from 1 to 5%.  Perovskite thin films were prepared 

with the combinations X-I/Br, where X is the alkali metal added, and I/Br refers to the 

(MAPbBr3)0.17(FAPbI3)0.83, in solution, similar to the composition previously studied by Saliba et 

al.217  The most studied perovskites in this work contain 5% CsI, 5% RbI, 5% CsI and 5% RbI, 

and 5% KI, which are referred to as Cs-I/Br, Rb-I/Br, CsRb-I/Br, and K-I/Br.  Solar cells were 

made with these perovskites in a glass/fluorine-doped tin oxide (FTO)/compact TiO2/mesoporous 

TiO2/perovskite/spiro-OMeTAD/Au architecture. A schematic of the device cross-section is 

presented in Figure 6.1.1 A.  A transmission electron microscopy (TEM) cross-sectional image is 
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presented for a device with I/Br (Figure 6.1.1 B) perovskite.  Regardless of composition, the 

perovskite layers are all around 500 nm thick, as expected.217   

Figure 6.1.1 (A) Schematic of the perovskite solar cells studied, accompanied by (B) the cross-

sectional TEM for CsRb-I/Br device. 

 

The device power conversion efficiency was measured for a variety of alkali metal doped 

perovskites and compared to the ratio of precursors used, as shown in Figure 6.1.2.  The precursor 

ratios are defined as over-stoichiometric, stochiometric, and under-stoichiometric, which 

correspond to a PbX2:AX of 1.1:1.0, 1.0:1.0, and 0.9:1.0, respectively.    From Figure 6.1.2, we 

can clearly see that an over-stoichiometric precursor for the RbCs-I/Br leads to the highest device 

performance, measuring in as high as 19%.  Overall, with an over-stoichiometric precursor ratio, 

the addition of Cs and Rb cations corresponds to higher device performance with poor performance 

when the smaller K cation is added.  These results are consistent with the PL lifetimes observed in 

Figure 6.1.3, where we see a slow decay as Rb and Cs are added to the perovskite and the slowest 

decay once Rb and Cs are added.  The under-stoichiometric samples behave totally different.  The 

poorly performing devices can be the result of a low fill factor which directly translates to a low 
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power conversion efficiency.  This has been ascribed to the formation of a thick organic layer at 

the surface of the perovskite crystal which inhibits charge transfer from the perovskite to the charge 

selective contacts.128 

Figure 6.1.2 Device power conversion efficiency for various alkali metal perovskites at different 

stoichiometric ratios of PbX2:AX.   

 

The halide distribution in mixed halide systems has been shown to be of great importance 

for optoelectronic properties and perovskite device performance.46, 221, 222  Hoke et al. show that in 

mixed halide (I and Br) perovskites with high Br content, the thin films exhibit multiple emission 

peaks, suggesting segregation of the halides.46  This prompted the investigation of how the halide 

distribution influences carrier dynamics, which will ultimately be related to the device 

performance.  Interestingly, there is limited benefits to added Rb and Cs individually, whereas the 

incorporation of Rb and Cs together has been shown to improve device efficiency47 and this 

material exhibits a low-threshold hot phonon bottleneck which was covered in Chapter 4.   
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Figure 6.1.3 Time-resolved photoluminescence decay for various alkali metal doped perovskite 

compositions 

 

To investigate the spatial distribution of ions of these complex mixed perovskite thin films, 

we can look at images from a synchrotron-based X-ray fluorescence (XRF), shown in Figure 6.1.4.  

Upon addition of RbI and/or CsI, we observe a homogenization in the distribution of Br.  The XRF 

maps reveal the variation of bromine distribution across samples.  The I/Br perovskite, which 

contains no alkali metal ions, shows clusters of Br that span several microns in size (Figure 6.1.4 

A), which corresponds to a heterogenous carrier dynamic distribution, as seen in Figure 6.1.4 E.  

Upon addition of Rb and Cs ions, the Br distribution becomes exceptionally homogenous for the 

RbCs-I/Br sample (Figure 6.1.4 D), compared to the limited homogenization observed with Cs or 

Rb alone (Figure 6.1.4 B and C, respectively).  To understand the effects of halide segregation on 

the short time scale carrier recombination dynamics of the perovskite films, we mapped spatial-

dependent dynamics by probing the ground state bleach signal at the bandgap, where the relative 

change in TA signal (
∆𝑇0−∆𝑇5

∆𝑇0
) is plotted.  The TAM images of the samples in which Cs and/or Rb 

are added show a uniform distribution of transient intensity.  The TA intensity maps will accentuate 
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recombination sites.  Thus, it is clear to see how recombination sites, which are associated with 

halide aggregation, are limited once alkali metals are added to the perovskite (Figure 6.1.4 F, G, 

and H).  This is in agreement with the results from the XRF images in Figure 6.1.4 A-D.   

The darker regions in the TA intensity maps represent a larger relative change and hence a 

faster carrier recombination in the very short-time scale up to 6 ns.  Importantly, the contrast in 

the TAM images reflects the spatial heterogeneity in carrier recombination dynamics.  The 

different areas of halide aggregation may alter the carrier dynamics of the materials.  In comparison, 

carrier dynamics in samples containing alkali-metal iodides are shown to be much more spatially 

homogeneous.  This confirms that the halide aggregation in I/Br samples can be dispersed upon 

the addition of alkali metals, resulting in a more homogeneous halide distribution and uniform 

carrier dynamics. The faster decay upon addition of alkali-metal iodides may be due to increased 

disorder in the crystal structure, which in turn has been shown to change the transient absorption 

dynamics of perovskites.223  

Figure 6.1.4 (A-D) halide distribution by X-ray fluorescence imaging, indicating homogenous 

distribution of Br upon alkali metal incorporation. Br-poor areas have been marked. (E-H) 

Transient absorption microscopy images of the relative change in TA signal [ΔT(0 ps)-ΔT(5 

ns)]/ΔT(0 ps), mapped as function of sample location. The pump wavelength is at 700 nm with a 

pump fluence of 10 µJ/cm-2.  All scale bars are 1 µm. 



113 

 

To further exemplify the impact the addition of alkali metals has on carrier dynamics, an 

imaginary line can be drawn across the TAM images that are shown in Figure 6.1.4 and the 

distribution of the relative change in TA signal can be plotted (Figure 6.1.5).  Here, we can clearly 

see that the overall spread/distribution of the relative change in TA signal is large for the sample 

that does not contain alkali metals (I/Br).  This corresponds to a heterogenous distribution in carrier 

dynamics, which is alleviated when Rb/Cs is added to the perovskite.  The variations in signal of 

the TA maps is also seen from Figure 6.1.6, where we selected points from the maps of Figure 

6.1.4 E to H and plot the carrier dynamics from the respective points.  The I/Br sample shows a 

large range of TA dynamics ranging from short- to long-lived decays, whereas samples with added 

CsI and/or RbI show much narrower distribution, as expected from the maps in Figure 6.1.4 E to 

H.  TA distributions provide evidence of reduced elemental and electronic heterogeneity in 

samples with alkali-metal ion incorporation.   

Solar cell results shown in Figure 6.1.2 for all these compositions shows that fill factor is 

the parameter most affected by the incorporation of alkali cations.  It is possible that local Br 

segregation can slow charge carrier extraction.  This could happen due to different bandgaps 

forming locally and preventing charge extraction due to misaligned bands,224, 225 and/or due to 

different mobilities for the different compositions.81 Br-rich perovskite devices have been shown 

to exhibit multiple bandgaps and low performance metrics.222  
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Figure 6.1.5 The relative change of TA signal in samples with different alkali ion additions.  

Distribution is taken from a line of data points off of the maps shown in Figure 6.1.4 E-H.  

 

Figure 6.1.6 Charge carrier dynamics as measured by TAM. (A-D), the relative change in TA 

signal [ΔT(0 ps)-ΔT(5 ns)]/ΔT(0 ps) is mapped as function of sample location. The pump 

wavelength is at 700 nm with a pump fluence of 10 µJ/cm-2. The corresponding time resolved 

traces below each TAM panel show carrier dynamics taken at positions as indicated. The 

perovskites studied are: MAFA (A, E), 5% CsMAFA (B, F), 5% RbMAFA (C, G) and 5% Cs 

5% RbMAFA (D, H). Scale bars:1 µm. 
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6.1.6 Conclusion 

The halide homogenization observed in the first part of this chapter coincides with long-

lived charge carrier dynamics, spatially homogenous carrier dynamics visualized by ultrafast 

microscopy, as well as improved photovoltaic device performance.  We find that Rb and K phase-

segregate in highly concentrated clusters.  We see that the alkali metals are homogenizing the 

halide distributions, but at higher concentrations, they form recombination-active sites.  This work 

helps elucidate the limitations of adding these alkali-metal halides as we aim to fundamentally 

resolve the homogenization of carrier dynamics and ultimately provide insight that will translate 

to high current collection and fill factors due to homogenized halides.  These insights into the 

interplay between composition, microstructure, and macroscopic properties pave the way to 

improved performance in this rapidly growing family of lead-halide materials for solar cell 

applications. 

6.2 Hybrid Perovskite Quantum Wells 

6.2.1 Abstract 

Two-dimensional (2D) semiconductor superlattices (or quantum wells), which are usually 

fabricated through metal-organic chemical vapor deposition or molecular beam epitaxy, are key 

building blocks in modern optoelectronics.226-228  The ability to simultaneously realize defect-free 

growth and to individually fine-tune the chemical composition, layer thickness, and band structure 

of each layer is essential for achieving desired device performance.  Here, we investigated the 

charge transfer and energy transfer mechanisms associated with these hybrid quantum wells. A 

molecular approach was taken to synthesize these high-quality organic-inorganic hybrid 

perovskite quantum wells with tunable structures and band alignments.  The energy transfer and 

charge transfer between adjacent organic and inorganic layers are extremely fast and efficient, as 
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revealed by ultrafast spectroscopy characterizations.  Moreover, the 2D hybrid perovskite 

superlattices are surprisingly stable, thanks to the protection of bulky hydrophobic organic groups.  

The molecularly engineered 2D semiconductors are on a par with III-V quantum wells and are 

promising for next-generation electronics, optoelectronics, and photonics. 

6.2.2 Introduction 

6.2.2.1 Two-Dimensional Perovskites 

Recently, two-dimensional (2D) layered halide perovskites have attracted considerable 

attention.36, 229-235   2D perovskite structures can be understood as atomically thin slabs cut from 

the 3D parent structures along different crystal directions are sandwiched by two layers of large 

organic cations.236, 237  The dimensionality of the hybrid perovskite structures can be tailored by 

inserting organic cations with long carbon chain lengths, forming atomically thin 2D quantum 

wells with layers separated by organic chains and held together by van der Waals forces 

(schematically shown in Figure 6.2.1)238.  2D perovskites resemble slabs that are cut out from the 

3D parent structure, which are also known as Ruddlesden-Popper (RP) phase.  The 2D perovskite 

has the general chemical formula of (R)2(A)n-1BnX3n+1, where R is a large cation such as an organic 

ligand, A is a regular/small cation such as methylammonium, B is the divalent cation (Pb2+ or 

Sn2+), and X is a halide. 

The variable n is an integer, which is indicative of the number of metal halide octahedral 

layers between the two R cation layers.  When n is infinitely thick, the structure becomes a 3D 

halide perovskite (ABX3), as mentioned throughout this work.  When n = 1, 2, 3, etc., the structure 

resembles an idealized quantum well with only a few atomic layers of the octahedral cage, [BX6]4-, 

separated by long R cations.  Many of the repeating units can stack together through van der Waals  
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Figure 6.2.1 Schematic illustration of a two-dimensional hybrid halide perovskite  

 

interactions to form bulk crystals, which can later be mechanically exfoliated into thin sheets 

(monolayer to few layers thick). 

While there is a large number of reports regarding 2D perovskites that incorporate 

insulating aliphatic ammonium cations, only a few efforts have attempted to incorporate 

electronically active organic moieties.35, 239-249  For example, thin films containing simple aromatic 

oligothiophene, pyrene, di-acetylene, and carbazole units were prepared using a spin-coating 

method.239, 241-243, 245  Unfortunately, in most reports only polycrystalline thin films with low 

crystallinity can be obtained. Mitzi et al. successfully grew several quaterthiophene-perovskite 

hybrid crystals240 and Wudl et al. grew a quasi-perovskite crystal containing tetrathiafulvalene247 

but their detailed band alignments and charge carrier dynamics are not fully elucidated.240 

Importantly, it was found that incorporating large conjugated organic groups into the inorganic 

matrix to make high quality superlattices is challenging.  To date, a fundamental understanding 
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about how molecular structures influence the overall morphology and properties of hybrid 

perovskites and the range of organic cations that can be incorporated into the lattice is limited.  

Incident light absorption in a semiconductor material leads to the generation of the 

previously mentioned electron-hole pairs, known as excitons.  These Coulombically bound 

photogenerated particles exist in two main classifications: Frenkel excitons and Wannier-Mott 

excitons.  Frenkel excitons are a tightly bound electron-hole pair, with binding energies on the 

order of 0.1-0.5 eV and these are primarily found in organic materials due to their small dielectric 

constants.250, 251  Inorganic semiconductors (large dielectric constant) exhibit Wannier-Mott 

excitons, which are more loosely bound (hundreds of meV) due to the electric field screening 

reducing the Coulombic interaction between the electron and hole.252  This work will primarily 

focus on a hybrid organic and inorganic material in which exhibits unique exciton properties such 

as a very low binding energy.  Such low exciton binding energies lead to the existence of free 

carriers in the material after optical excitation, which is highly desirable since the energetic barrier 

for charge separation is minimal.  This allows for a less convoluted conversion process where the 

photogenerated charge carrier transport properties are of importance to this work. 

6.2.3 Material Preparation  

To prepare thin films of 2D perovskites, bare Si/SiO2 wafers or glass slides were used as 

the substrate for spin coating the 2D perovskite thin film.  Substrates were cleaned by 

ultrasonication in isopropanol, acetone, water, and isopropanol again for 5 min; then dried using 

nitrogen gas.  The substrates were treated with UV-Ozone for 10 min then transferred into a glove 

box for further use.  As-synthesized 4T-HI (53.0 mg, 100 µmol) and PbI2 (23.0 mg, 50 µmol) were 

dissolved in 0.25 mL of anhydrous DMF under 70 °C.  The DMF solution (0.2 M) was let cool to 

room temperature for spin coating.  (4T)2PbI4 thin films were prepared by spin coating the DMF 
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solution at 2000 rpm for 60 s, followed by thermal annealing at 200 °C on a hot plate for 10 min 

in nitrogen.  All other ligands based 2D perovskite thin films were prepared using a similar 

procedure.  (BA)2PbI4 thin films were annealed at 100 °C, (2T)2PbI4 thin films at 120 °C, 

(4TCN)2PbI4 thin films at 180 °C.  For (BT)2FAPb2I7 and (BT)2FA2Pb3I10 thin films, the optimized 

annealing temperature is 150 °C.  Addition of 5% CsI was required for preparation of thin films 

from (BT)2FA2Pb3I10 DMF solution.  (2T)2PbI4 forms the desired perovskite phase immediately 

after solvent drying.  For all other thin films an extra thermal annealing step is required to generate 

the perovskite phase.  This difference may be due to the relative size and bulkiness of the ligands 

and the intermolecular interactions of these conjugated ligands, therefore requiring more 

reorganization energy to initiate the crystallization process. 

To grow nanocrystals of the 2D perovskites, all solution preparations and thin film growth 

experiments were carried out inside a nitrogen-filled glove box with oxygen and water levels less 

than 1 ppm.  As-synthesized 4T-HI (10.6 mg, 20 µmol) and PbI2 (4.6 mg, 10 µmol) were dissolved 

in 1 mL of anhydrous dimethyl formamide (DMF) and 1 mL of anhydrous chlorobenzene (CB) 

inside a 4 mL vial.  The solution was then diluted 60 times with an acetonitrile/chlorobenzene 

(1:2.5 volume ratio) co-solvent.  Before use, the diluted solution was further diluted 5 times with 

either chlorobenzene (CB) or CB/acetonitrile (3:1 volume ratio) co-solvent. Si/SiO2 was used as 

the substrate for the 2D perovskite growth. Si/SiO2 substrates were cleaned by ultrasonication in 

isopropanol, acetone, water, and isopropanol again for 5 min; then dried using nitrogen gas. The 

substrates were then transferred into the glove box and preheated at 80 °C on a hot plate.  10 µL 

of the diluted solution was dropped onto the Si/SiO2 surface and dried at 80 °C for 10 min.  Thin 

sheets of (4T)2PbI4 grew spontaneously as the solvent evaporated.  All other ligands based 2D 

perovskite derivatives were synthesized using a similar procedure. 
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6.2.4 Material Characterization 

6.2.4.1 Optical Characterization 

Transient absorption spectra were measured using a femtosecond pump–probe system with 

a home-built transient absorption microscope. Laser pulses at 1030 nm with 200 fs duration were 

generated using a 400 kHz amplified Yb:KGW laser system (PHAROS, Light Conversion Ltd.).  

The probe beam was a white light continuum beam spanning the 450-800 nm spectral region, 

created by focusing 5% of the 1030 nm fundamental output onto a YAG crystal (4.0 mm thick). 

The remainder of the output was used to pump an optical parametric amplifier (OPA, TOPAS-

Twins, Light Conversion Ltd.) to generate pump pulses with tunable photon energies for transient 

absorption experiments. For these measurements, the pump wavelength was 400 nm (20 µW). The 

pump and probe beams were focused down with a reflective objective (40x, 0.5 NA).   

PL images were taken using an Olympus microscope coupled with an X-CITE 120Q UV 

lamp. Steady-state photoluminescence and time-resolved photoluminescence measurements were 

performed by employing a home-built confocal micro-photoluminescence setup. A picosecond 

pulsed diode laser (Pico-Quant, LDH-P-C-450B) with an excitation wavelength of 447 nm 

(FWHM = 50 ps) and a repetition rate of 40 MHz was used to excite the sample for steady state 

measurements, which was focused by a 40× (NA = 0.6) objective. The PL emission was collected 

with the same objective, dispersed with a monochromator (Andor Technology) and detected by a 

TE cooled charge coupled device (Andor Technology). For time resolved PL measurements, the 

excitation density was ~ 40 nJ/cm2. PL dynamics were measured using a single photon avalanche 

diode (Pico-Quant, PDM series) and a single photon counting module (Pico-Quant). The time 

resolution of this setup is ~100 ps.  Further details on both experimental setups and schematics of 

the setups are covered in Chapter 2.   
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6.2.5 Results and Discussion 

6.2.5.1 Efficient Energy Transfer and Charge Transfer Between Adjacent Organic and Inorganic 

Layers of 2D Perovskites  

In this work, we investigate structurally-tunable organic-inorganic hybrid perovskite 

quantum wells in both nanocrystal and bulk forms.  Figure 6.2.2 shows the organic ligands that 

are used for the large cation in the R site of the 2D structure – (R)2(A)n-1BnX3n+1 (Figure 6.2.1).  

The ligands investigated are the electron rich tetrathiophene (methylated and non-methylated) and 

the electron-deficient 3,4-dicyanothiophene and 2,1,3-benzothiadiazole (for short, we name the 

molecules as 4T (4Tm), 4TCNm, and BTm; respectively – m indicating a methyl group present).  

Additionally, a short conjugated organic ligand is also studied which contains a bithiophene, this 

will be referred to as 2T.  The electronic properties and band alignments are easily tuned with 

respect to the perovskite layer by altering the organic ligand.   

 

Figure 6.2.2 Chemical structures of the newly designed conjugated organic ligands with an 

ammonium ion as the end group.  

 

A simple vapor diffusion method at room temperature was used to successfully prepare 

bulk crystals for four of the hybrid materials, (BA)2PbI4, (2T)2PbI4, (4Tm)2PbI4, and (BTm)2PbI4.  

The ammonium ion terminated conjugated ligands can be used to grow molecularly-thin 2D 

crystals (down to a single quantum well thick) directly on Si/SiO2 substrates from a ternary co-

solvent.253  Figure 6.2.3 a shows the optical microscope images of the assembled 2D crystals of 
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(2T)2PbI4, (4Tm)2PbI4, (4TCNm)2PbI4 and (BTm)2PbI4 and the images of the corresponding single 

quantum wells in the insets.  2D sheets with a lateral size of around 10 to 20 µm and well-defined 

square shapes were obtained.  The thickness of these single quantum wells was characterized by 

atomic force microscopy.  2D crystals with thicknesses of ~ 3-4 nm were confirmed, indicating a 

single quantum well structure with only one layer of the PbI4
2- sheet sandwiched by two layers of 

the organic semiconducting ligands can be obtained.   

Figure 6.2.3 b shows the corresponding photoluminescence (PL) images under UV 

irradiation and Figure 6.2.3 c shows the PL spectra of the mono-layer sheets (red curve) and the 

bulk crystals (dark red curve) with excitation by a 375 nm laser.  The absorption and emission 

spectra of the pure organic ligands are shown in Figure 6.2.4 and Figure 6.2.5, respectively.  For 

comparison, the PL spectrum of the previously reported 2D perovskite (BA)2PbI4 is also shown 

(the grey dashed curves).  (2T)2PbI4 exhibits a green color, (4Tm)2PbI4 and (4TCNm)2PbI4 display 

no PL, and (BTm)2PbI4 shows a red color.  A mono-layer (2T)2PbI4 crystal shows a strong and 

narrow green PL with a peak at 518.4 nm (full width at half maximum is 20 nm), which is very 

close to that of (BA)2PbI4, indicating that the PL originates from the inorganic layer.  The PL of 

the (2T)2PbI4 mono-layer is about 7 nm blue-shifted compared to the bulk crystal (525.2 nm), 

which is likely due to structural relaxation of the soft lattice.  Similar effects are observed in 

(BA)2PbI4 (Figure 6.2.3 c1 inset) and other systems.253  A bi-layer (BTm)2PbI4 crystal shows a 

strong red PL at ~660 nm, which is from the BTm ligands, while no PL from the inorganic layer 

is detected. The PL of the bi-layer is ~6 nm blue-shifted compared to the PL of the bulk crystal.   
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Figure 6.2.3 (a) Optical microscopy images of the assembled 2D crystals grown on SiO2/Si 

substrates: (2T)2PbI4 (a1), (4Tm)2PbI4 (a2), (4TCNm)2PbI4 (a3), (BTm)2PbI4 (a4). All scale bars 

are 10 µm. The insets are images for mono-layer thick single quantum well structures. All scale 

bars in the insets are 5 µm. (b) Corresponding PL image of the assembled 2D crystals under UV 

excitation. All scale bars are 10 µm. The insets are the PL images for the corresponding mono-

layer thick single quantum well structures. All scale bars in the insets are 5 µm. (c) 

Corresponding steady state PL spectra of the mono-layers (red curves), bulk crystals (dark red 

curves). In c1 inset, (BA)2PbI4 mono-layers (grey solid curves) and bulk crystals (grey dashed 

curves) are shown for comparison. In c2 and c3 insets, the PL for the 4Tm and 4TCNm ligands 

(blue curves) are shown for comparison. The weak signals come from both the organic ligands 

and the perovskite layers. (d) Semi-quantified band structures of the hybrid 2D perovskite 

superlattices. 
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The PL results of (2T)2PbI4 and (BTm)2PbI4 indicate that energy resonates and transfers 

efficiently to the lowest energy emitter. For (4Tm)2PbI4 and (4TCNm)2PbI4, emissions from both 

the inorganic layer and the organic layers are 99.9% quenched (Figure 6.2.3 c2 and c3 insets), 

suggesting efficient photo-induced charge separation and possible inter-layer exciton (or charge-

transfer exciton) formation at the organic-inorganic interface.254  Based on the steady-state PL 

study, the hybrid 2D crystals exhibit type I, type II, type II (reverse), and type I (reverse) band 

alignments for (2T)2PbI4, (4Tm)2PbI4, (4TCNm)2PbI4 and (BTm)2PbI4, respectively. 

 

Figure 6.2.4 (a) Absorption spectra of polycrystalline thin films of 2D hybrid halide perovskites 

based on conjugated ligands. (b) Absorption spectra of polycrystalline thin films of 2D hybrid 

halide perovskites based on BT conjugated ligands with different thickness of the perovskite 

layer. (c) Absorption spectra of thin films of pure organic conjugated ligands.  
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Figure 6.2.5 (a) Steady state photoluminescence spectra of thin films of pure organic conjugated 

ligands. (b) Steady state photoluminescence spectra of thin films of 2D hybrid halide perovskite 

based on conjugated ligands. Normalized steady state photoluminescence spectra of thin films of 

4T (c) and 4TCN (d) based 2D perovskites. 

 

The energy and charge transfer processes were further characterized via time-resolved PL 

spectroscopy and transient absorption (TA) spectroscopy. As shown in Figure 6.2.7 a2 and a3, the 

decrease of PL lifetime in (4Tm)2PbI4 and (4TCNm)2PbI4 is consistent with their type II band 

alignment.  To elucidate the charge transfer time, we compared the exciton bleach dynamics in the 

new crystals to those in (BA)2PbI4 where no charge transfer and exciton dissociation are expected 

(Figure 6.2.6 and Figure 6.2.7 b).  The exciton bleach dynamics are extracted from the TA 

spectrum shown in Figure 6.2.6.  The dynamics shown in Figure 6.2.7 b accentuate the impact that 

is observed when organic and inorganic components are together.  To do this, we take the 

difference between the exciton dynamics of the perovskite ((BA)2PbI4 – black curves) alone and 

hybrid quantum well sample (inorganic and organic together – red curves), which results in the 

blue curves of Figure 6.2.7 b.  All the active components, including the inorganic PbI4
2- layer and 

organic molecules, except for 2T, can be pumped by the excitation wavelength used (400 nm) and 

the charge/energy transfer processes can be monitored by exciton bleaching.  In the case of 2T, its 

band gap is beyond our laser’s excitation energy and the exited states of the 2T molecules are not 
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accessible.  Therefore, there is no strong correlation in the TA spectra between (BA)2PbI4 and 

(2T)2PbI4 (Figure 6.2.7 b1), and the energy transfer time from 2T to PbI4
2- layer was not extracted.  

The corresponding charge transfer time for (4Tm)2PbI4 and (4TCNm)2PbI4 was determined to be 

26 ± 7 and 7 ± 2 ps, respectively.254  For (BTm)2PbI4, the decrease of the exciton bleach lifetime 

is consistent with its type I band alignment, the longer PL lifetime compared to (BA)2PbI4 mostly 

reflects the exciton lifetime of the BTm molecules.  The corresponding energy transfer time was 

determined to be 15 ± 2 ps.  These efficient and ultrafast energy/charge transfer processes suggest 

potential applications in efficient solid-state light sources and high-gain photodetectors. 

 

Figure 6.2.6 (a) Transient absorption spectra of a (BA)2PbI4 crystal. (b) Transient absorption 

spectra of a (2T)2PbI4 crystal. (c) Transient absorption spectra of a (4Tm)2PbI4 crystal. (d) 

Transient absorption spectra of a (4TCNm)2PbI4 crystal. (e) Transient absorption spectra of a 

(BTm)2PbI4 crystal. 
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Figure 6.2.7 (a) Time-resolved PL spectra of (2T)2PbI4 (a1), (4Tm)2PbI4 (a2), (4TCNm)2PbI4 

(a3), (BTm)2PbI4 (a4) 2D crystals. The PL decay curves for (BA)2PbI4 (grey dashed curves) and 

pure organic ligands (deep grey curves) are shown for comparison. (b) Bleach dynamics and 

extraction of the energy and charge transfer time of the corresponding 2D crystals. The blue 

curves indicate the difference of exciton bleaching dynamics between the new 2D perovskites 

with (BA)2PbI4. Energy and charge transfer times were extracted based on these data. 

 

 In addition to the efficient charge/energy transfer processes, we have shown the remarkable 

stability of these materials.  The ultrafast charge/energy transfer processes make these material 

suitable candidates for a variety of applications – however, perovskites are notorious for their 

instability.  In this case, the large conjugated ligands are not only essential to tune the crystal 

morphology and electronic properties but are also to improve the stability of the halide perovskites.  

All perovskite materials are notorious for being unstable in air due to the detrimental effects of 

moisture.  What better way to show stability to water, than to submerge the samples under water? 

Remarkably, we show that the new perovskite quantum wells are extremely stable.  This is shown 

by Figure 6.2.8, where PL images of the samples under UV light illumination before and after 

submerging under water.  (BA)2PbI4 degraded and the PL disappeared immediately when coming 

into contact with water.  The green emission of (2T)2PbI4 was retained for about one minute and 

then started to degrade.  (4Tm)2PbI4, (4TCNm)2PbI4, and (BTm)2PbI4 showed no signs of 
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decomposition after 5 minutes under water (Figure 6.2.8).  They also exhibit excellent thermal 

stability, showing no signs of decomposition up to 250 °C.  The origin of this enhanced stability 

was investigated using molecular dynamics simulations of (BA)2PbI4, (2T)2PbI4, and (BTm)2PbI4 

with direct immersion in water.  It was found that water penetrates the (BA)2PbI4 organic layer 

and completely dissolves the surface cations within 2 ns.  The intermediate case of (2T)2PbI4 

exhibits partial penetration of water into the organic layer.  The most interesting result is the 

(BT)2PbI4 film, which exhibits minimal water penetration into the upper organic layer and the 

inorganic surface remains dehydrated.  We presume that the bulky and hydrophobic organic 

conjugated groups were able to provide better protection to the perovskites, which results in 

dramatic enhancement of their environmental stability. 

 

Figure 6.2.8 Photos of 2D hybrid halide perovskite thin films with different organic ligands 

under UV irradiation before (top) and after (bottom) immersion in water. From left to right: 

(BA)2PbI4, (2T)2PbI4, (4Tm)2PbI4, (4TCNm)2PbI4, (BTm)2PbI4. 
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6.2.6 Conclusion 

In summary of the 2D perovskite work, we have demonstrated that the organic and inorganic 

building blocks of hybrid perovskite materials can be manipulated to produce widely-tunable 

single-crystalline quantum wells. The overall optical and electronic properties are determined by 

the interaction of these two components.  We observed ultrafast and efficient charge/energy 

transfer processes in these 2D perovskite quantum wells via transient absorption spectroscopy and 

other complementary optical measurements.  We anticipate further studies on the physics of 2D 

hybrid perovskite single and multiple quantum wells towards enhanced light harvesting, light 

emission, charge transport properties, as well as other emerging new properties. This work 

provides a huge potential towards molecularly engineered solution-processed semiconductors 

quantum wells with strikingly high intrinsic stability for potential applications in nanoelectronics, 

optoelectronics, and photonics.  
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