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ABSTRACT

JOSE FERNANDO CASTANEDA. The Role of Film Morphology and Defects on the
Photostability and Carrier Transport of Methylammonium Lead Triiodide
(Under the direction of DR. YONG ZHANG)

Organic-inorganic hybrid perovskites are viewed as a cost-effective alternative for
photovoltaic devices, among other applications. Solution and low-temperature processing
have gathered much attention for this class of materials. However, the stability and
variability of reported fundamental properties have limited their progress toward practical
applications. They suffer from environmental instabilities and undergo photochemical
processes under light illumination that ultimately cause material degradation. The
photostability of methylammonium lead triiodide (MAPbI5) is probed by Raman
spectroscopy, revealing that photodecomposition scales with surfaces and grain
boundaries. Surface or defective regions are also shown to affect carrier transport
properties and act as scattering centers for low-energy emitted photons. The disordered
nature of MAPDI3 and the additional structural defects of polycrystalline films result in
restricted carrier diffusion lengths on the order of a micron determined by
photoluminescence imaging, despite relative emission yields being much higher than an
inorganic semiconductor like GaAs. In the literature, carrier diffusion lengths for MAPDbI3
have been significantly larger when determined by photocurrent measurements.
However, conducting photoluminescence imaging on polycrystalline films under an
applied bias illustrates that carrier diffusion is still relatively small. Carrier drift or the
possible reabsorption of traveling low-energy photons reaching the perovskite/electrode

interface can give a false impression of a much longer carrier diffusion within MAPbIs.
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CHAPTER 1: Introduction

1.1 Lead Halide Perovskites

Organic-inorganic hybrid perovskites (OIPs) are promising materials for
applications such as solar cells, lasers, and light-emitting diodes.* Specifically, lead
halide perovskites have gathered much focus over recent years, viewed as a cost-effective
alternative for use in these optoelectronic applications. The most commonly studied
methylammonium lead triiodide (MAPDI3) is formed from common pre-cursors, solution-
processable, and has demonstrated the tunability of its optoelectronic properties through
routes such as introducing lighter halogens during synthesis.* This route has produced a
material that has a tunable bandgap that can span most of the visible range. Hybrid
perovskites notably have sparked the most interest in solar cells, as power-conversion
efficiencies are comparable to the best inorganic PV devices available.® The impressive
results in PV-related applications have often been attributed to large absorption
coefficients, long-lived excited charges, and carrier diffusion lengths, all viewed as
desirable properties.’
1.2 Perovskite Structure

The lead halide perovskite structure follows ABX3 stoichiometry, which consists
of a 3D network of corner-sharing PbXs octahedra with cations such as
methylammonium (MA) occupying the cavities or A site in each unit cell, as shown in
Figure 1. The unique tunability within these materials arises through substituting the
various atomic sites. The A site indirectly affects electronic properties and is essential for
structural stability and formation.® The B and X site atoms directly contribute to the

electronic bandgap of the material by forming the lowest conduction and highest valence
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Figure 1. Methylammonium lead triiodide unit cell. Image from ref. 9.
bands, respectively.® The MAPDIs structure is dynamically disordered and undergoes
various phase transitions as the temperature is increased from below 165 K to above 327
K. In the lower temperature regime (<165 K), an orthorhombic phase is obtained where
the MA ions become fully ordered and aligned in an alternating head-to-tail arrangement.
In this phase, the strong H-bonding between the MA amine group and iodine distorts the
lattice from the idealistic cubic perovskite structure. With increasing temperature (>165
K but < 327 K), the tetragonal phase transition occurs where H-bonding is weakened and
lessens the distortion introduced in the orthorhombic phase. Dynamic disorder is also
displayed as MA ions can rearrange themselves across various energetically equivalent
orientations. In the final cubic phase (>327 K), MA is orientationally disordered and
almost rotationally free, with H-bonding weakening even more. With the various
fluctuating MA orientations and accompanied distortions of the lattice, the organic-
inorganic hybrid perovskite structure is a dynamically disordered system at and above

room temperature. - 2



1.3 Defect Tolerance and Stability

The nature of the MAPDI3 atomic structure gives rise to unique optoelectronic
properties, such as a low concentration of deep-level trap states, despite its low-
temperature solution processing and resulting polycrystalline nature in thin films.®° The
material is said to display defect tolerance,'® where imperfections that arise from the low-
temperature processing only result in energetic states within the valence and conduction
bands and a material that retains proper functionality despite a significant density of
defects. This defect tolerance has even garnered attention for these materials in space
applications due to an increased radiation hardness above typical semiconductors like Si
and GaAs.!” However, despite this, stability remains an issue for practical application.

The long-term stability of the hybrid perovskite is one of their main limiting
factors towards commercialization. The structure is thermodynamically unstable for
MAPbIs. Decomposition into methylammonium iodide and lead iodide is favorable,
indicating an intrinsic instability within the structure, and analogs of mixed cation and
halides are suggested to be more suitable for application.'® ** Much effort has gone
towards compositional engineering for these materials, where the stability and
performance are optimized by interchanging atoms within the structure.?° This intrinsic
decomposition for MAPDIs is kinetically slow; however, ambient conditions accelerate
this process by collapsing or modifying the structure with moisture and oxygen.?* Water
can incorporate into the structure with the formation of a new hydrated product or
catalyze decomposition by removing methylammonium iodide (MAL), resulting in the
loss of optical properties and transformation to lead iodide (Pbly), its main decomposition

product. Thermal instabilities also arise due to the organic molecule's volatility, leaving



the structure even under a nitrogen environment at similar working device temperatures.??
Upon illumination, the photoexcitation process can also result in instability as excited
carriers interact with defects, resulting in photoinduced ion migration and eventual
structural collapse.? lon migration is prevalent among these materials, resulting in
changing compositions like the local doping,?* and measured changes in optoelectronic
properties. One example is the J-V hysteresis observed in constructed devices, making
repeatable measurements challenging.?®> Common in all these sources of instability is that
they partly arise from defects, surfaces, or interfaces and, therefore, the probed material’s
physical characteristics. However, with various reported synthesis methods, the physical
characteristics often vary from one report to another.?’ The literature has immensely
investigated surface passivation and encapsulation methods to mitigate these defect or
surface-related issues; however, they remain prevalent.
1.4 Charge Transport

For any electronic application, it is essential to understand how charges move
within the active material. Upon photoexcitation of a semiconductor, a concentration of
excited charges form where they can recombine either radiatively or nonradiatively. For
MAPDI3, nonradiative recombination is lessened due to the low concentration of deep-
level trap states while reported excited-state lifetimes range from hundreds of
nanoseconds to microseconds leaving charges with ample time to travel.® 7 Movement of
charges can be directed by the concentration gradient that is formed upon excitation or by
an applied or built-in electric field. The former is classified as diffusion, while the latter
as drift. The parameters pertinent to the two processes are related to each other by the

Einstein relation (1).2°



D=p~ (1)
The diffusion coefficient (D) can be seen to be proportional to both the mobility () and
temperature (T), while k and g are the Boltzmann constant and fundamental charge,
respectively. These properties can further be extended with knowledge of the carrier
lifetime (t) to determine carrier diffusion length (Lg) with the use of (2).2’

Ly = VDt (2)

Transport properties play a direct role in device performance. For instance, the

efficiency of a solar cell describes how well a device can produce current from light-
generated charges. However, if these light-generated charges recombine before reaching
the device's contacts for extraction, no current is generated. Therefore, reducing
contributors to recombination and extending the lifetimes (and diffusion and drift
lengths) of carriers within devices is essential to increase the probability of charge
extraction and produce current. This correlation between longer photogenerated carrier
lifetimes and increased efficiencies has been seen in organic-inorganic perovskites solar
cells.® Stranks et al. demonstrated that small incorporation of Cl atoms into the MAPbI3
structure during synthesis increased the excited-state lifetime from 9.6 ns (without CI) to
272.7 ns and the diffusion length from ~100 nm (without CI) to ~1 pum. Devices
constructed also demonstrated an increase in power conversion efficiency from 4.2 %
(without CI) to 12.2 %, showing how an increased lifetime and diffusion length increases
device performance. It is thought that adding Cl improved crystallinity and reduced
defect density. However, reported transport properties for OIPs are still far lower than
typical inorganic semiconductors with widely spread values, making it difficult to form

strategies for optimization and determine their intrinsic limits. Variations have also been



attributed to compositional and physical differences between probed materials, the
variety of electrical techniques used to characterize constructed devices, any errors
induced by ion migration, as well the quality of electrical contacts used.?3 2°

The deformable nature of the organic-inorganic lattice also has been hypothesized
to affect charge carrier movement. Light-emitting field-effect transistors suggested carrier
mobilities increase by two orders of magnitude from 298 K to 78 K from reduced phonon
scattering (lattice vibrations).*® This increase in mobility with decreasing temperature has
been seen in typical inorganic semiconductors such as GaAs.®* Temperature-dependent
photoluminescence studies have also suggested that carrier scattering is attributed to LO
phonons through the Fréhlich interaction, which has been known to occur in polar or
ionic crystals.3> 33 Also presented within the literature is the formation of large polarons
upon excitation, where the electron (or hole) interacts with the electric field produced by
the polarized local lattice ions. Zhu et al. suggest that this mechanism can explain the
unique trends, such as long-lived excited charges, low recombination rates, slow hot
carrier thermalization, and the modest mobilities reported.®* Vibrational studies have
suggested such a state may indeed form.>> *¢ However, other interpretations have come
forward directly opposing the polaron interpretation, such as dynamic disorder, which
involves the evolution of the structure that results in localizing charge carriers.®’
However, with widely varying reported properties, forming a consensus on what occurs
within the structure is challenging.
1.5 Research Motivation and Objectives

The common theme that motivated this work is the apparent role defects, surfaces,

and morphology have on the structural stability and transport properties of MAPDI3,



despite the defect tolerance these classes of materials are said to demonstrate.'®* MAPDI3
functions as a less complex model system, as opposed to the structures with a mixed
composition of various cations and halides. The properties obtained from this prototype
system could indicate what may occur in more complex but related structures. Surfaces
and grain boundaries are regions of high defect density, and in MAPblIs, these locations
undergo direct attack from moisture. Moisture-induced degradation has already been
found to scale with the surfaces, indicating their significant role in environmental
stability.% However, what is alarming is the instability caused by photochemical
reactions with defective regions.?® For photovoltaic applications, photoexcitation is a
must for the material. The surface’s role in photodecomposition was probed with above
bandgap excitation Raman spectroscopy (Chapter 3) by observing polycrystalline films of
various domain sizes and single crystals.

Micro-Raman spectroscopy can probe a material’s composition, crystallinity, and
crystalline phase, as well as spatial and morphological information. Micro-Raman
spectroscopy also offers a diffraction-limited excitation spot, which allows for probing
minimal amounts of material and reducing long-term illumination on photosensitive
structures as averaged spectra produced by sampling many sites with short integration
times retain high signal-to-noise ratios. Above bandgap excitation Raman spectroscopy
directly probes photoinduced structural changes by monitoring the vibrational spectrum.
For MAPDI3, spectra have widely varied, often with spectral features that resemble the
main decomposition product lead iodide (Pblz).3%-*6 Previous work has shown that
materials from different sources/synthesis methods undergo various stages of degradation

under the same conditions.*” To form a consistent view of the Raman spectrum for



MAPbI3 at room temperature, the crystal size dependence was probed to indicate which
spectral features are intrinsic or resulting from photodegradation.

lon migration also occurs within the hybrid perovskite structure and is facilitated
at defective regions like surfaces.*® When these materials are under a bias, hysteresis is
known to occur due to the migration of ions with charge carriers, further complicating
such experiments.?® %° This complicates most transport characterization as they are
mainly done under a bias and contribute to the wide range of values reported.?®
Photoluminescence quenching methods attempt to reduce this possibility with charges
captured by an acceptor (quencher) with no applied bias instead of electrodes. However,
carrier diffusion is modified when an acceptor site, such as a defect, is present.° To
overcome this, an electrodeless photoluminescence (PL) imaging method is used to
measure the photoexcited carrier diffusion (Chapter 4) of MAPDIs.

Radiative recombination of photoexcited charge carriers occurring about the site
of excitation on the microscale can be probed by capturing the emitted light using an
optical camera (PL imaging). Images collected contain information on the material's
carrier diffusion length (Ld) and alleviate the issues from electric field-based and PL
guenching methods. For thin films, the obtained carrier emission intensity images can be
modeled as a 2D system by a modified Bessel function from which the diffusion length is
obtained by least-squares fitting.* MAPbI; formed by several different methods, and
resulting morphologies are observed and compared with GaAs, a material thought to be
similar in carrier properties and scattering processes.?® 52 Along with these comparisons,
misconceptions regarding actual carrier diffusion, carrier drift, and the laterally guided

propagation of photoluminescence within MAPbIs are clarified with energy-dependent



photoluminescence imaging without an electric filed applied and reduced possibility of

ion migration. The results are also compared with photocurrent measurements.
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Chapter 2: Materials and Experimental Methods
2.1 Materials

Materials were not synthesized within our lab but were obtained through
collaborators at other institutions. Perovskites were received under a vacuum with drying
agents within the packaging and stored within a vacuum desiccator in the dark to reduce
exposure to ambient conditions until measurement.

Several materials were measured throughout the studies conducted. In probing the
photostability of MAPDI3 (Chapter 3), polycrystalline thin films (~300 - 400 nm) of
varying domain sizes (SKKU) were obtained from collaborators at Sungkyunkwan
University.>® These films were synthesized in the two-step process where a Pbl; layer
was first deposited onto a TiO.-coated glass substrate. Then a varying MAI concentrated
solution (in 2-propanol) was spin-coated and annealed at 100 °C. The variable
concentration of MAI dictated the final average domain size, which was determined by
the intercept method®* on micrographs obtained with a JEOL SEM w/EDAX. Also,
within these photostability studies, millimeter-sized single crystals (SNU) from Shaanxi
Normal University were probed and created by a seed growth method.>® Seed crystals
were grown from a precursor solution of MAI and Pbl; dissolved within gamma-
butyrolactone held at 100 °C. Extracted seeds were then heated at 100 °C within a fresh
precursor solution, with this cycle repeated each time with a larger crystal used as the
new seed until the desired size. For measurements, all single crystals were cleaved with a
razor to expose a portion of the interior bulk as the surface to probe.

The transport studies (Chapter 4) involved materials from other sources.

Collaborators at the University of North Carolina at Chapel Hill provided polycrystalline
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thin films (~500 nm) formed by blade coating. The blade coating procedure involved
applying an equal molar MAI and Pbl; precursor solution (in N,N’-dimethylformamide)
onto a preheated ITO glass substrate swiped with a glass blade to allow spreading of the
solution, followed by annealing at 100 °C.%® This resulted in a nonuniform film (UNC-B)
that was further passivated by dipping into a sulfate or phosphate-containing solution and
annealing to convert the surface into a wide-bandgap lead oxysalt layer.>” Also, uniform
films (UNC-U) were formed by adding alkylamines within the precursor solution before
blade coating.>® Collaborators at the University of Toledo also provided PMMA
passivated polycrystalline thin films® (~200 nm) with (TOL-G) and without (TOL) gold
electrodes deposited and millimeter-sized single crystals (TOL-S). These polycrystalline
films were formed from an MAI and lead acetate trihydrate precursor solution at a 3:1
molar ratio in N,N’-dimethylformamide which was spin-coated onto FTO-coated glass
and annealed to create the film.%° The other material studied within the transport
characterization was a GaAs double-heterostructure (B2206) consisting of
Alo4GaosAs/GaAs/Alp4GaosAs with 1 pm GaAs and 30 nm Alo.4Gag sAs barriers grown
by molecular beam epitaxy obtained from collaborators at Arizona State University.5!
2.2 Experimental setup

The experimental setup involved a Horiba LabRAM HR800 confocal Raman
microscope with a 1200 g/mm grating that allowed for other components to be coupled
within the optical path. An external 532 nm continuous wave laser was coupled into the
microscope and used as the excitation source for all studies. This excitation energy
reduces the potential for high-energy damage. It was also far from the photoluminescence

signal for all materials that would interfere with the Raman spectroscopy measurement.
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Figure 2 shows the experimental scheme, and upon entering the optical path, laser
excitation (light blue) would be directed towards a laser rejection filter being either a 532
nm longpass or a 532 nm ultra-low frequency notch filter that further led the laser
towards an objective lens that was focused onto the material being measured. In the
photostability studies (Chapter 3), a 100x (0.90 NA) lens was used for the polycrystalline

films, and a 50x long working distance (0.5 NA) lens was used for evaluating single

cwW Shortpass
filter

Spectrometer

Laser
rejection
filter

A S &

Sliding _ v
beamsplitters
pli S

Camera

Energy
selective
filter

Electrical
measurement

Heating
chamber

()
Motorized

stage

Figure 2. Experimental Setup
crystals. While for PL imaging, a 50x (0.95 NA) objective lens with chromatic correction
was used. Below the objective lens, the material under measurement was either exposed
to the ambient environment or placed within a Linkam TS1500 heating chamber for high-

temperature measurements or a four-probe INSTEC HCP621GP stage coupled to a
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Keithley 2401 source meter for applying a bias. The motorized stage upon which these
components sat was run by a step motor that allowed raster scan spatial mapping.

Raman scattered or emitted photons (red) was captured by the same objective lens
and directed towards the longpass or notch filter onward to the spectrometer and CCD for
either photoluminescence or Raman spectroscopy measurements. Sliding beamsplitters
could also redirect the collected signal toward the UI-2340SE-C-HQ (12-bit) optical
camera for photoluminescence imaging.

2.3 Micro-Raman Spectroscopy

The photostability of MAPbIs was evaluated using micro-Raman spatial maps of
121 locations under 10 second focused excitation with a 100x (0.90 NA) objective lens
and a 100 um confocal hole. Excitation power densities (D) were calculated assuming a
diffraction-limited spot size with D = P/A, where P is the laser power and A the area of
the laser spot determined by 1.22(Aex/NA). The excitation power, wavelength (Aex), and
the objective lens’s numerical aperture (NA) determine the effective power density. Maps
were collected to increase signal-to-noise and control the amount of light exposure to a
single site by averaging all spectra to produce an average Raman spectrum.

Also, due to the high PL efficiencies of the hybrid perovskite,*® a significant
background signal arose from photoluminescence that exceeded the stray light
suppression of the spectrometer, which would not occur for a typical inorganic
semiconductor, such as GaAs, under the comparable excitation condition. This noise was
reported in earlier work*” and required a 650 nm shortpass filter placed before the
confocal hole entrance of the spectrometer.%? Figure 3 demonstrates this noise with and

without the 650 nm shortpass filter on the spectrum obtained for a MAPbI3
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Figure 3. MAPbI; Raman spectra with and without the 650 nm shortpass in place at (a)
0.5 kW/cm? and (b) 3.7 kW/cm?,

polycrystalline film with strong photoluminescence background. The raw signal (green)
is broad, almost identical, and covers a wide range for the two excitation power densities.
However, with the 650 nm shortpass filter (purple) in place, all photoluminescence is
eliminated from reaching the spectrometer. The two broad Raman bands (~100 and ~250
cmt) of the perovskite structure are now visible but were not discernable in the raw
spectrum. Due to the large discrepancy between the actual Raman scattered signal and the
photoluminescence noise intensity, the spectra collected in their raw form reduced the
ability to discern any small changes within the structure, as indicated by the two spectra
displayed in Figures 3a and 3b. Along with spatial maps, time maps on a single location
were also collected to evaluate the time-dependent changes to the MAPbI; Raman
spectrum in the polycrystalline and single crystalline materials under continuous 2.5
second integration.

The temperature dependence of MAPDI3 was measured within the Linkam
TS1500 system with water flowing to cool the chamber. Applied heating was allowed to
stabilize for 2 minutes before measurement. Laser excitation within this chamber occurs
through a quartz window; however, this window distorts the focused excitation spot and

affects the effective excitation power density. The effective density is likely lower than
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the calculated value assuming a diffraction-limited spot size as the laser beam size
appears to broaden. Optical images are shown in Figures 4a and 4b as the laser excitation
is focused without and with passing through the quartz window of the heating chamber,
respectively. Apparent is a broadening and distortion of the laser spot, essentially
modifying the excitation area. This is further shown graphically with the average radial

profile of the laser excitation in Figure 4c. The half-width half-maximum is nearly the
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Figure 4. 532 nm laser profile imaged (a) without and (b) with
quartz window and (c) average radial profiles.

same and in close agreement with the value determined by assuming a diffraction-limited
spot; however, a widening occurs below half intensity when the quartz window is in
place, most likely resulting in a lower effective excitation density than calculated. This
distortion makes the actual value challenging to obtain and requires more evaluation to

arrive at a more accurate assessment of the excitation density within the heating chamber.
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The MAPbI; Raman spectrum also experienced notable baseline changes from
contributions near 0 cm™ from possible local polar fluctuations (Chapter 4) and the strong
photoluminescence tail towards the higher wavenumber range (>600 cm™) at high
excitation densities. Because of such changes in different portions of the spectrum,
obtained Raman spectra were evaluated only from 60 - 425 cm™ unless stated and
underwent standard normal variate transformations to remove underlying baseline
changes®® and compare all spectra equally within this desired range.

2.4 Photoluminescence Spectroscopy and Imaging

Photoluminescence spectroscopy was collected under a 0.1 second integration
time and 70 um hole. Due to the probed materials' strong emission properties, CCD
saturation quickly occurs at higher excitation powers, especially for the perovskite
material. This was the shortest integration time possible within our system to allow the
capture of the largest possible excitation range. Photoluminescence spectra to aid in
evaluating the photostability (Chapter 3) of the MAPDI3 thin films were obtained by the
100x (0.9 NA) objective lens.

For the transport studies (Chapter 4), a 50x (0.95 NA) lens with chromatic
correction was used for both photoluminescence spectra collection and images captured
with the optical camera. To calculate the excitation densities with this objective lens, the
D = P/A equation was again used, except the spot area (A) was determined from the
measured 516 nm half-width half-maximum of the laser profile as it deviated from the
value specified by assuming a diffraction-limited spot. Films with gold electrodes were
placed in the four-probe INSTEC HCP621GP stage and coupled to a Keithley 2401

source meter for applying a bias. To correlate the collected spectra and imaging results,
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sliding beamsplitters were placed within the optical path to send the signal to the
spectrometer and the optical camera. These beamsplitters also redirect the laser
excitation, and selective filters were used to reject the laser contribution during imaging.
For all materials measured, emission primarily arises at longer wavelengths (>650 nm),
and a 633 nm longpass filter allowed laser excitation rejection and imaging of all
emission counts. However, to selectively image specific energies within the
photoluminescence band for MAPbIs, 730 nm, 770 nm, and 810 nm bandpass filters were
used, all with 10 nm bandwidths. Likewise, 870 nm and 890 nm bandpass filters were
used to image specific energies within GaAs, all with 10 nm bandwidths. Image capture
settings were set through the uEye cockpit under the IDS camera manager for the optical
camera with frames per second set to 1.25 and exposure times adjusted to avoid pixel
saturation using the pixel count histogram within the uEye cockpit. Captured images
were corrected for dark counts by subtracting images collected in the dark through
ImagelJ. The Radial profile plugin within ImageJ was also used to produce average
emission intensity profiles. The Image line profile function within IgorPro 6.37 was used

to create line profiles from collected images.
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CHAPTER 3: Photostability of MAPDbIs Probed by Raman Spectroscopy

This chapter reused content in the article below.

Reprinted (adapted) with permission from Jose F. Castaneda, Jeong-Hyeok Im,

Yucheng Liu, Shengzhong Liu, Nam-Gyu Park, and Yong Zhang

ACS Energy Letters 2022 7 (9), 3095-3103. Copyright 2022 American Chemical

Society.
3.1 Overview

Organic-inorganic hybrid perovskites (OIPs) suffer from several instabilities
affecting long-term application and commercialization. Not only are environmental
sources like heating® © and an ambient atmosphere?? 38 % an issue, but the
photoexcitation®® process itself causes instability within this unique structure. Making
trends and fundamental properties challenging to reach consensus due to variability even
within contrasting synthesis methods used throughout the literature.?®

Raman spectra of MAPDbI3 have widely varied with shifts of peaks as well as
spectral features that resemble the main decomposition product Pbl,.3%47 Conditions
reported have been both in the resonant and nonresonant regimes, which could partially
explain some of the discrepancies, as in the former excitation is absorbed to excite
electronic transitions that generate charge carriers and can produce heating of the material
if the excitation power is too high. Raman scattering in the resonant and nonresonant
regimes also follow different selection rules, potentially affecting the spectrum’s shape.®®

Often lacking are the specifics regarding sample characterization for such
measurements, like the crystal domain size in the case of polycrystalline films, which

directly results from the specific synthesis method used. Previous work in our group
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showed that materials from different sources/synthesis methods exposed to the same
conditions undergo various degrees of degradation.*” OIPs are also known to have low
thermal conductivities with values more in line with what would be seen in organic
semiconductors,® quite different from their inorganic counterparts to which they are
often compared. Considering these various pieces of information, a systematic Raman
spectroscopy study is needed to determine the intrinsic Raman spectrum of MAPblIs.
With this knowledge and the above bandgap excitation, the photostability of the structure
can also be monitored.
3.2 Excitation Power-Dependence of MAPDbIs Polycrystalline Films

The crystal size dependence under 532 nm laser excitation was probed to form a
consistent view of the above bandgap excitation Raman spectrum of MAPDbI3 at room
temperature. Exposing all sizes to the same conditions will indicate which trends are
intrinsic or result due to structural changes. SEM micrographs of polycrystalline films
(SKKU) with average crystal domain sizes of 0.4, 0.9, and 1.4 um are shown in Figure 5.
An excitation power-dependent study was conducted to evaluate the photostability by
producing averaged spectra from 121 locations and using a short integration time (10 s)
to increase the signal-to-noise ratio and minimize the long-term exposure at each site due
to the strong photoabsorption of the material. The lowest excitation power density used
produced Raman spectra consisting of two broad bands on top of a decreasing baseline,
as shown in Figure 5.

The lack of sharp Raman peaks is understandable due to the known disorder in
MAPbI; in its tetragonal phase at room temperature.'® 12 The first band has been

attributed to the inorganic portion of the lattice as these are Pb-I (~100 cm™) stretching
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Figure 5. Raman spectra of polycrystalline films at 0.8 kW/cm? and SEM
micrographs.

modes as calculated by DFT.*? The second band (~250 cm™) is regarding rotation about
the C-N bond in methylammonium (MA), which can be affected by the halogen due to
hydrogen bonding® as well from deformation of the cavity“® 4* that the MA ion resides
within the octahedra network. The torsional mode has been suggested to be a measure of
order and also sensitive to temperature.*?* The diffused baseline, decreasing from the
laser frequency, is another manifestation of dynamic disorder within these materials.>” 5
01t diminishes at lower temperatures, which also occurs in bromide and chloride
analogs, as the rotational freedom of MA molecules is removed in the low-temperature
orthorhombic phase.”® 7 To ensure that the only variable changing is excitation power
density, the collection time is fixed. It explains the noise level seen, especially at the
lowest power density used, where the signal-to-noise ratio is expected to be the
minimum. The three polycrystalline films in Figure 5 show very similar spectra (within

the noise level) except at the Pb-1 stretching band. The two smaller domain sizes have
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slightly increased intensity levels, indicating slight structural differences compared to the
largest size of 1.4 um. These differences are relatively small compared to spectra within
the literature for different domain sizes, as their variations were far more significant with
several additional Raman peaks at 119 cm™ and one ranging from 150 - 160 cm™.4* As
excitation power density increases, more considerable differences begin to occur and are
summarized in Figure 6. Degradation occurs with the growth of 95 and 110 cm™ peaks,

which arise from the main decomposition product Pbl,,*” and by monitoring the intensity
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Figure 6. Pbl, formation above 8 kW/cm? for (a) 1.4 um, (c) 0.9 um, and (d) 0.4 um
domain sizes along with (b) 95 cm™ intensity growth with excitation power (inset:
expanded low power region).

at 95 cm* for these averaged spectra (Figure 6b), the degradation process can then be
tracked. Two regimes of structural change become apparent with increasing excitation
power. In the low-power regime of 0.8 - 8 kW/cm?, there is a slow increase that
resembles a negative exponential function, as seen in the inset of Figure 6b; also apparent

is that the intensity remains slightly higher as the domain size decreases. However, above
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8 kW/cm?, there appears to be a common threshold for all three films; above this
threshold, the size dependence is more drastic as a rapid increase occurs.

In this high-power regime above 8 kW/cm?, the 95 cm™ intensity grows linearly
with the 0.4 um and 0.9 um films, demonstrating ~3x and ~2x the growth rate of the 1.4
um film. The 95 and 110 cm™ peaks of Pbl, from the high-power excitation are shown in
Figures 6a, ¢, and d for all three films. Along with the growth of these prominent peaks,
additional Raman modes of Pbl,* arise in the smaller domains at 70, 160, and 220 cm™,
indicating extensive formation with increased excitation power.

Differences between the domain sizes arise primarily near the ~100 cm™* band
throughout the 0.8 - 21 kW/cm? power range. Throughout this range, the 95 cm signal
increases as the domain size decrease. The films measured here were made by the same
synthesis method® resulting in their main difference being the final domain size. The
resulting concentration of domains within the ~1 um excitation beam (0.90 NA 100x
objective lens) would then be different among these films, with the excitation spot size
smaller than the average domain size of the 1.4 um film. Still, several domains may be
illuminated in the case of the smaller sizes. Due to this smaller size, more domains will
be measured with a more surface-like environment, resulting in increased grain
boundaries and probing photoreactive defects. Increased surface defects and grain
boundaries imply more sites for the intercalation of H.0*° and O,,"2 and known locations
for charge carrier trapping and accumulation under photoexcitation.?® > 7 All could lead
to increased degradation rates in the smaller domain films.

Smaller domains could reduce thermal conductivity resulting in less efficient heat

dissipation from laser illumination. However, the ultra-low thermal conductivities®” of
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these materials are similar to the intrinsic bulk value until below 100 nm.” If thermal
conductivity differences dominated the photodegradation variations, the shared threshold
between the low and high-power regions likely would not arise. At high excitation power,
the 95 cm™ signal scales linearly, suggesting that photoexcitation plays a more significant
role, with the differences in linear rates between the domain sizes arising from the
different contributions of the surface being probed. Kelvin force probe microscopy has
shown that charges trap and accumulate along the grain boundaries under light soaking in
MAPDIz.”® Along grain boundaries are a higher concentration of defects allowing for

trapping to occur, which could yield in the deprotonation of MA” or from iodine-related
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Figure 7. 0.8 kW/cm? averaged PL of polycrystalline
films from 81 locations.

defects, which upon charge capture (hole or electron) can result in I. Both results cause
degradation and collapse of the material as components of the structure are now mobile
and able to escape or accumulate along the surface as ion migration is increased at
defective interfaces.?® 7 PL lineshapes in MAPbIs demonstrate that photoexcited carriers
do not follow typical carrier thermalization as observed in conventional semiconductors
such as GaAs. Instead, they tend to be more symmetric due to disorder and contain

contributions from inhomogeneous independent regions.® Increased contributions from
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the more defective surface can further affect obtained PL properties that reduce
lifetimes,?> 4% along with blueshifts that arise from the distorted structure in these
regions,*° as seen with obtained average PL spectra from 81 locations under 0.8 kW/cm?
excitation (Figure 7), suggesting increased contributions from the surface as the domain
size decreases.

3.3 High-Power Regime Kinetic Modeling of Polycrystalline Films
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Figure 8. Early spectral changes under continuous illumination at 8 kW/cm? for (a) 1.4,
(c) 0.9, and (d) 0.4 um domain films; (b) 95 cm intensity over time for all domain sizes.

In the low-power regime, spectra among the polycrystalline films vary to a small
degree, mainly about the ~100 cm™* band. However, Pbl, forms linearly with excitation
power in the high-power region at different rates. The transformation process was
monitored over time at 8 kW/cm?, the excitation power close to the stability threshold
seen in Figure 6b. Spectral changes are taken from the average of 9 locations for each
domain size, with the 95 cm™ intensity used as the marker for Pbl,. Figures 8a, ¢, and d

show several spectra collected initially within the transformation for all three films. In
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agreement with the power-dependent results from Figure 6, the growth of 70, 95, 110,
160, and 220 cm™* peaks indicate extensive Pbl, formation. Figure 8b shows that the 95
cm intensity again differs between the three domain sizes, where Pbl, forms more
rapidly as the domain size decreases. The growth begins slowly before increasing, then
falling again and plateauing as the process ends, producing a sigmoidal shape. This
sigmoidal shape results from an increasing transformation rate that reaches a maximum,
followed by slowing as the reaction comes to completion (Figure 9), indicating Avrami
Kinetics.® 76-7°

The Avrami model is used to describe the nucleation and growth of a new phase
by (3)

a=1— exp k" (3)

where a is the transformed fraction, k is the effective reaction rate, and n is a parameter
incorporating the new phase's variable nucleation rate and growth dimensions under
isothermal conditions. Avrami kinetics have been used to describe several processes for
OIPs, such as the formation and crystallization of the perovskite phase.”” "® Also, their

degradation in constructed solar cells,®® exposure to the ambient environment,” and X-
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ray irradiation.®® It is first customary to transform the signal (95 cm™ intensity) into an a
value determined by the starting initial value (So), value at time t (St), and the final value

(Sr) at the end of the process, as shown in (4).

_ So=St
s 4)

Equation 3 can be rearranged to produce
In (—In(1 — a)) = nin(t) + In(k) (5)

allowing determination of k and n by plotting the relationship between In(-In(1-o))) and
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Figure 10. (a) Transformation over time, (b) Avrami Plot for all three domains, (c)
Reduced-Time Plot, and (d) Local n changes over time.

In(t).8° Figures 10a and b use equations 3 and 5 to determine k and n, where long times
have been removed due to increased noise after the reaction completion. In Figure 10a, o
increases more rapidly over time as the domain size decreases, and fitting to (3), two
trends occur where the reaction rate k increases and n decrease with decreasing domain

size. In the Avrami plot, Figure 10b, formed by In(-In(1-a)) vs. In(t), the k and n
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parameters are determined from the slope of this relationship. Ideally, this relationship is
linear. However, this is not the case indicating that the n parameters are not constant
throughout the transformation process. However, linear fits have been applied to
determine k and n for comparison with Figure 10a, indicating the same qualitative trend.

The Avrami parameter n provides mechanistic information, such as whether the
nucleation rate is constant or already saturated when the transformation occurs. This
parameter also incorporates how the new phase nuclei grow in spatial dimensions such as
in 1D, 2D, or 3D.8! The fluctuation and decrease of n indicate that the transformation
mechanism is not constant over time. The new phase growth is further restricted in spatial
dimension with a decreasing domain size. In Figure 10c, the transformation curves from
Figure 10a are normalized to produce reduced-time (t/t,) plots, where time is scaled by
the time where a is ~0.99, and compared with theoretical curves calculated using the
methods of Rozycki and Maciejewski.®? Reduced-time plots remove the differences
between reaction rates and allow comparison on the same time scale, indicating that the
transformation mechanism is different among the three domains where they appear to lie
between the theoretical n = 2 (blue) and n = 2.5 (red) curves. If a shared mechanism were
present, these curves would have overlapped.

Fluctuating n values have been a discussion within the literature. Reports indicate
that they arise from assumptions breaking down within the Avrami model when applied
to thin films or finite domains.®* 8 Pang et al. have shown computationally that n is
affected by the film thickness over time, monitoring what is called the local n throughout

the transformation by (6).3

dln[-1n(1-a)]
dln (t)

(6)

localn =
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Surface nucleation beginning on one side of the film showed local n reduction as nuclei
growth approached the opposite interior interface at small dimensions (thickness).
However, the local n would decrease with larger sizes before eventually following 1D
growth. This can be visualized as growing nuclei exhausting all available space laterally
to each other before reaching the opposite interface and would form a plane that can only
grow in one direction. This 1D plane growth was realized as a sharp increase in the local
n at higher transformation fractions or later times. Figure 10d shows the local n for the
three domain sizes versus In(t). What is apparent is the decrease in the local n over time
for all three domains before it increases dramatically, suggesting 1D growth is eventually
reached during the reaction, and this process occurs earlier with smaller dimensions.
Conceptually, this can be described by Pbl. nuclei forming from the surface and growing
in various dimensions before meeting each other and extending in the only available
space in one direction. Providing an exact interpretation of these local n values at each
specific time is difficult as additional measurements would be needed. However,
qualitative trends could be alluded to by this analysis. Such as the relative difference in
the local n at early times in Figure 10d. The larger 1.4 um domain has a local n above 4,
while the smaller domains are closer to 3. An increased local n could indicate more
nonuniform nucleation as nuclei are more sparsely distributed over the surface. As a
result, the local n is inflated as it grows faster than predicted.® This interpretation is
qualitatively in agreement as less of the surface is measured in the 1.4 pum film.
3.4 Reduced Surface Contributions and Role of Temperature in Single Crystals
Polycrystalline films demonstrated that surfaces play a significant role in

photodegradation, where defects initially form and grow inward in one direction as the
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reaction proceeds. Single crystalline materials offer the opportunity to probe conditions
where these surfaces play a reduced role. In polycrystalline films, surfaces are sites for
charge carrier trapping and accumulation; however, this process is reduced in a single
crystalline material from the decreased surface area. Furthermore, single crystalline
structures have a well-defined surface, whereas a polycrystalline grain exhibits surfaces
of different crystalline orientations, which might be different in environmental reactivity.
Power-dependent spectral changes shown in Figure 11a (averaged over 600 s)
demonstrate that Pbl, formation requires relatively much higher excitation power (13.9

kW/cm?) on a cleaved portion of a single crystal (SNU). Initially, there is very little
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Figure 11. (a) Power-dependent spectral changes of a single crystal with excitation power
(inset: different phase growth with two broad bands at ~110 and ~165 cm™) and (b) 95
cmt intensity change with excitation power (inset: expanded lower power region).

change as excitation power increases, as seen in the 95 cm™ intensity in Figure 11b. This
intensity increases slightly when reaching 11.7 kW/cm? (Figure 11b inset) before it
becomes drastic at 13.9 kW/cm?2. However, this initial increase arises due to the growth
of a different phase with broad peaks at ~110 and ~165 cm. In subtracting curves from
11.7 and 5.8 kW/cm?, these broad features are easier displayed (Figure 11a inset) and
contribute to the increase in the 95 cm™ intensity. As Pbl; is formed at the highest

excitation power (13.9 kW/cm?), similar peaks to those in the polycrystalline films arise.
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However, the relative intensities are different such as the ~165 cm™ peak that is much
higher.

Under photoexcitation, charge carrier generation, as well as heating, can occur.
To probe the role of heating, spectral changes at excitation powers below the formation
of Pbl> were monitored at various temperatures within a heating chamber.
Photoexcitation within this chamber is done through a quartz window and may introduce

distortions of the laser profile and affect the actual excitation density on the material. The
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Figure 12. (a) Continuous illumination on single crystal at 20 °C and comparison with
polycrystalline thin films. (b) Temperature-dependent Raman spectra of a single crystal.
(c) 95 cm* intensity over 600 seconds at different temperatures. (d) Spectral comparison

between 12 kW/cm?at 60 °C and high power 13.9 kW/cm?.

following densities reported were calculated assuming a diffraction-limited spot size.
Still, they may be higher than the actual densities on the material and need more
evaluation to reach a more accurate assessment. The Raman spectrum on the same site
was observed under continuous 2.5 second integration at 10.5 kW/cm?. Figure 12a shows

averaged spectra from this continuous monitoring at 20 °C within three periods (0-300s,
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500-800s, and 1100-1400s). In the first 300 seconds (dark blue), compared to spectra
from the largest (blue) and smallest (red) domain films collected at a lower excitation
power of 5.0 kW/cm?, it is seen that the features are reduced in intensity within this
spectral range with the ~100 and ~250 cm* broad bands suppressed. This decrease in
spectral feature intensity was primarily seen in the single crystalline material but varied
from location to location. A similar trend was reported when the Raman spectrum of a
crystal face center was compared to the same crystal's more defective edge indicating that
the strength of these broad features within the polycrystalline films may result from an
imperfect surface being probed.*® Nevertheless, progressively prolonged exposure to the
excitation beam in the single crystal enhances the signal near ~110 cm™ and ~160 cm'?
(green and orange traces in Figure 12a).

The formation of Pbl., however, is only seen at higher applied temperatures. In
Figure 12b, spectra collected from 24 °C to 50 °C, each over 600 seconds at a higher
excitation of 12 kW/cm?, are nearly identical, suggesting that heating is not the direct
cause for Pbl, formation under these excitation conditions. The 95 cm™ intensity (without
normalization) displayed in Figure 12c further shows that at 24 °C, this intensity is
relatively constant under laser excitation. However, with applied heating, this region
increases from increases in the baseline at lower wavenumbers, further discussed in
section 3.5, demonstrating that the applied heating has a more significant effect than
potential heating from the laser excitation power. However, once 60 °C is reached,
features of Pbl> become very prominent. This temperature is above the tetragonal to the
cubic phase transition, around 54 °C.1° In this phase, it is suggested that the MA ion is

less tightly bound due to the weakening of the hydrogen bonds that keep the molecule
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within the cavity of the inorganic backbone structure. These results suggest that above the
cubic phase transition, even the relatively more stable single-crystal system becomes less
stable under photoexcitation, possibly facilitating ion migration and eventual structural
collapse. Such combined heating and photoexcitation effects have also affected
degradation in solar cell devices.® This finding is consistent with the understanding that
MAPbI3, despite having negative formation energy of the order of 0.1 eV (i.e.,
thermodynamically unstable),'® a small kinetic barrier helps stabilize the structure in a
relatively low-temperature range, which has led to developments in compositional
engineering strategies toward more stable materials.?° Such barrier may arise from the
energy required for ion and defect migration that is also on the order of 0.1 eV for
MAPDI3.8 This low formation energy plays an essential role in the stability of the
material as seen in other work from our group where 11-VI based organic-inorganic
hybrid ZnTe(en)o.s demonstrated a much higher temperature and long term stability due
to its sizable formation energy and kinetic barrier.®’

However, the degraded spectra from the 60 °C temperature increase (Figure 12b)
and higher excitation at 13.9 kW/cm? (Figure 11a) resulted in slightly different shapes, as
shown in Figure 12d. Spectral differences occur at ~110 and ~165 cm™. The difference at
~110 cm is relatively small. However, the ~165 cm™ is noticeably different under
increased photoexcitation. The inset of Figure 11a showed that an additional phase grows
under increasing excitation density with broad bands at ~110 and ~165 cm™. However,
their reduced presence in the spectra at 60 °C (Figure 12d) suggests that they are
accompanied with the photoexcitation process. Peaks within this 100 — 200 cm™ region

have been suggested to be related to the libration modes of the MA ion from
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calculations.3® 2 However, they have also been reported to be defect associated with the
possibility of oxygen incorporation, which was found in films deposited on substrates
with varying properties.’? In another study involving long-term excitation of
polycrystalline films, it was also seen that these peaks arose later under illumination and
were attributed to an Ix phase.®® Exposure to high excitation also resulted in similar peaks
for MAPbI; and other structures within the organic-inorganic perovskite family.®
Polyiodides used to synthesize hybrid perovskites also reported similar peaks.?® The fact
that these peaks only appear after a longer illumination time (Figure 12a) or increasing
excitation power (Figure 11a) indicates that we may attribute them to defect formation
that results in an lodine related species, most likely I or Is. An accumulation of iodine-
related species on the surface under photoexcitation is thought to occur from charge traps
and lead to additional defect generation with eventual saturation and Pbl, formation.Z A
similar conclusion was made recently where two types of iodine-related defects were
found in metal halide perovskite solar cells under bias and illumination.”
3.5 Structural Fluctuations Under Photoexcitation

The MAPbI3 structure is a disordered system, as seen from the Raman spectra,
with the rise of primarily broad bands at or above room temperature. Narrow features
mainly arise when Pbly, its main decomposition product, forms under external
stimuli like light or heat. The MA ion is an asymmetric molecule that interacts with the
inorganic lattice through hydrogen bonding but is dynamic as it tumbles and rotates
within the cavity it sits within.®® The lattice is also deformable, with active motion and
large displacements. The large displacements within these classes of materials have been

referred to as local polar fluctuations or dynamic disorder within the literature.3” ° The
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structure is said to be in constant motion above the tetragonal phase transition and cannot
be described accurately by the harmonic picture regarding vibrational motion. This
anharmonic nature has been realized within the Raman spectra of OIPs as the diffused
baseline seen in the results presented with an intensity that is increasing as approaching 0
cm™’. These features are also sensitive to temperature as they decrease in chloride and
bromide analogs at low temperatures.’® ™ However, this also means that with increasing
temperature, it grows. Temperature-dependent ultra-low frequency Raman spectra of the
single crystalline MAPDIs from Figure 12b were normalized to focus on changes

regarding Pbl> formation; however, in Figure 13a, they are presented without
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Figure 13. (a) Unnormalized spectra of single crystalline MAPbI; from Figure 12b and
(b) High-power spectra for 1.4 pm film normalized at ~45 cm™.

normalization. Spectra here were collected under the same excitation power, and all
changes are attributed to heat application. Below 200 cm™, the overall intensity increases
as 0 cm™ is approached, and a peak at ~45 cm™ is observed. Also shown in Figure 13b
are the high-power spectra of the 1.4 um film. Spectra are collected at different excitation
powers and signal-to-noise ratios; therefore, they have been normalized to the peak at
~45 cm! to demonstrate the subtle differences. This ~45 cm™ peak has been reported for
the tetragonal phase of MAPDI3.% It is said to reduce in intensity as the lattice expands,

approaching the higher temperature cubic phase of the structure. This 45 cm™ peak was
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present in all polycrystalline domain sizes with little difference but moderately visible
within Figure 13a. The more prominent presence in the polycrystalline film may suggest
some other differences between them and the single crystal. Also, below 200 cm™in the
thin film (Figure 13b), the overall signal increase is slight, as shown in the inset, where

the region below 50 cm™ suggests heating due to the excitation power is relatively small.

Raman Shift (cm ')
50 100 150 200 250 300 350

)

©

c

[o]

[&]

(]

@L

]

£

=

(a)
v I v
£ 20 £ 20 —— Average
a 3 —— 585 s (Peak)
S I 2] 1275 s (Valley
210F 210
w B w
c o c
L o
E 0 -— 1 L 1 I 1 1 I 1 1 1 I 1 1 1 I E O | 1 1 1 I 1 L 1 L 1 1 L 1 I : ¢ m——
400 800 1200 1600 100 200 300

(b) Time (seconds) (c) Raman Shift cm )

Figure 14. (a) Raman Intensity Map over time for Single Crystal. (b) Intensity below 20
cm? fluctuations over time, and (c) representative spectra.

The dynamic nature and fluctuations within MAPDI3 have been reported to occur
on the pico and femtosecond time scales®”:*° and are likely too fast to be readily detected
by Raman spectroscopy. However, in a few instances, large fluctuations were seen on
time scales on the order of seconds. Figure 12a demonstrated normalized spectra to track
the evolution over time on single crystalline MAPbIs, where iodide-related species

formed with broad peaks at ~110 and ~160 cm™. Figure 14 shows these results without
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normalization. An intensity map (Figure 14a) of the Raman spectrum over time shows
that this near 0 cm™ region is the most intense (bright red and yellow) and fluctuates, also
shown graphically in Figure 14b. These fluctuations can span seconds or even tens of
seconds, a much longer time scale than fluctuations reported. Two periods in time are
marked, one where the intensity below 20 cm™ is high (green line) and another where the
intensity is low (orange line), and their spectra have been plotted in Figure 14c along with
the average spectrum through the total time. This region approaching 0 cm™ is changing
drastically relative to the rest of the spectral features. It has been suggested that the
dynamic disorder in these unique structures can evolve as slow-moving displacements
that also can decrease charge carrier overlap.®” Perhaps this is an indication of such
effects. Such intensity fluctuations in this region have been reported to oscillate with
polarization and are dependent on the crystallographic orientation of the structure under
measurement.5®: ° The crystal orientation was not considered during measurements. It
could indicate why it was seen occasionally, and further experiments will be needed to
obtain a clearer picture of the dynamics.
3.6 Summary

Even though moisture can induce degradation more slowly,* polycrystalline films
measured under ambient conditions did not form Pbl> until an excitation power threshold
was surpassed, regardless of its domain size. Below this threshold, the Raman signal at
95 cm* increased following a negative exponential function due to a more defective or
disrupted structure forming at the surface. In the large single crystal, defect-related iodide
species resulted in Raman peaks at ~110 and ~160 cm™ from long-term illumination or

higher excitation densities before Pbl, formation. These results indicate how the synthesis
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method affects the material structure and photodegradation process. Such variations in
synthesis methods have already been shown to affect the trap properties in solar cell
devices.?® Udalova et al. also witnessed Pbl, appearing readily within thin films under
photoexcitation, but in the case of powder samples, iodine and polyiodide species had
increased generation along with Pbl..%8 However, thin films have also displayed these
similar peaks,** °! perhaps further indicating that different thin-film fabrication methods
result in different spectra from additional surface contributions, grain structures, or
relative concentrations of photodegradation products. One such possibility could be the
precursor molar ratio used during synthesis. Son et al. showed that a methylammonium
iodide (MAI) layer formed at the grain boundaries even with a 6% mole excess of MAI
precursor.® This layer could provide the conditions for increased iodine and polyiodide-
generated species in thin films. Ni et al. have also shown that interstitial iodide defects
(1i*) are more prevalent with increasing MAI precursors during synthesis, which upon
electron capture (1i°), can participate toward 21;° = 1, and irreversible degradation.”
Polycrystalline films in this study were synthesized by the two-step method and were
unlikely to result in MAI excess conditions. For this reason, iodine-related species were
not seen or are not as abundant to be detected readily.

The polycrystalline films and the single crystal formed Pbl. only once a threshold
was surpassed. In the thin films above 8 kW/cm?, Pbl, growth scaled linearly with
excitation power as it started on the surface. At the same time, initially, iodine-related
species formed under illumination in the large single crystal. At higher excitation or
additional heating into the cubic phase at a lower comparable excitation induced Pbl>

formation. Both results suggest that photocarrier generation and heating can affect the
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degradation process. Charge carriers have been reported to cause photostriction effects,
which are proportional to illumination intensity, that expand the lattice due to the
reduction of the hydrogen bonding strength of MA with the inorganic backbone
structure® and have also been reported to reduce the activation energy of ion migration,
further accelerating degradation®*, suggesting MA is mobile in the presence of charge
carriers. The linear growth of Pbl> with high-power excitation likely arises from
increased charge carrier concentrations. The presented results suggest that the role of the
domain size and, ultimately, the surface acts as a method of escape for MA and iodine-
related species and acts as a boundary that increases the effective concentration of
charges as localization and trapping can occur.” This is one reason why even at the
comparable threshold power used for the single crystal, Pbl; is only seen after an
intentional cubic phase transition as a higher threshold occurs. MA is less tightly bound
due to the reduced hydrogen bonding of this phase and is more mobile. Along with these
photoinduced compositional changes, large structural fluctuations were also observed and
occurred on time scales spanning tens of seconds, much longer than reported fluctuations,
demonstrating the overall dynamic and easily deformable nature of the MAPDI3 structure

under photoexcitation.
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CHAPTER 4: Carrier Transport Properties of MAPbls Compared to GaAs
4.1 Overview

Film synthesis methods affect the morphology, like domain size>® and the relative
distribution of defect and trap states.?* 2> These characteristics have been shown to affect
the stability of MAPbI; and arise with iodine-related®: * or Pbl, ¢ ™ products.
However, concerning optical and electronic properties, defects and traps are often treated
or said to be “benign”:*> 16 %® producing shallow states with energies close to the band
edge, reducing nonradiative processes and allowing for long-lived excited states and high
emission yields for these unique classes of materials.

The transport properties of MAPbI3, however, have varied throughout the
literature,?® much like the stability. The range of synthesis techniques and
characterization methods may also contribute to these deviations. For instance, carrier
diffusion in polycrystalline MAPbIs has been reported to be ~100 nm. Still, in lightly
chlorine-doped films, it reached ~1 pum.® Chlorine-doped methods were suspected to
improve crystallinity and optical properties,** demonstrating the role of the specific
synthesis method used. These values were also determined by PL quenching
measurements, where an acceptor layer was placed into contact with the thin film. This
strategy is widely used for transport characterization with the diffusion equation;
however, diffusion is modified in the presence of a carrier acceptor region and no longer
the intrinsic value,® °® possibly adding uncertainty. Values observed for single crystals
are even more drastic, with one report indicating carrier diffusion reaching >175 pum,
even up to 3 mm depending on the photoexcitation density.” The long carrier diffusion

was reasoned by reduced defects in these materials and obtained by photocurrents
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measured, where one type of carrier (e.g., hole) is collected near the electrode where
photoexcitation occurs. To produce the observed photocurrent, the opposite type carrier
(e.g., electron) must traverse the entire thickness of the material. However, such
conditions do not indicate intrinsic carrier diffusion: the average distance charge carriers
travel due to a concentration gradient before recombining. Under the applied bias that
induces a drift current, one carrier has no opposite for extended periods to allow for
recombination, increasing that carrier’s lifetime.?® Within the same study on single
crystals, the carrier mobilities, which are related to the carrier diffusion using the Einstein
relation, also varied depending on the technique used. Hole mobilities of 164 + 25 and
105 + 35 cm? V! s were obtained for space charge limited current (SCLC) and Hall
effect measurements, respectively. Such methods apply a bias and ultimately depend on
the condition of the electrical contact.?® Also, the classic SCLC method might not be
valid for MAPDI3.%" Just like charge carriers, the applied bias can induce the migration of
ions?> % within the structure, which can lead to collapse. Electric potentials generally
have this ability in hybrid perovskites, where the ions are not as firmly bound as in most
conventional inorganic semiconductors. This results in significant ionic conductivity in
most transport or electrical property characterization. Most notably, the J-V hysteresis
reported throughout the literature is directly related to the trap and surface states due to
the migration of ions and defects.?® All these instances suggest that defects are not
entirely “benign” and add to the complexity of the transport study. Additionally, as
revealed within the current work by use of a PL imaging technique, photon recycling

could also lead to an artificially long carrier diffusion length.
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Device efficiencies for halide perovskites are comparable to typical
semiconductor equivalents, often with the former’s high emission efficiency and long
carrier diffusion given as explanations. In the case of carrier diffusion, however, they are
often compared to organic materials with inferior device performance. Instead, they
should be compared to materials like GaAs, which perform much more similarly.> 1°
MAPbI3 is said to have carrier properties much like GaAs, with small effective masses
and similar carrier scattering processes.?® 2 A comparison with GaAs provides a chance
to describe and contrast with a material considered the standard and said to be somewhat
similar. Both materials are probed by directly measuring the charge carrier transport
without a carrier quencher or electrode in an all-optical manner, eliminating the role of an
applied potential or carrier drift and reducing a possible contributing source of induced
ion and defect migration within the halide perovskite.

4.2 Transport Properties of MAPDbIz and GaAs

Fabrication methods play a significant role in the material characteristics and,
ultimately, the properties displayed. A MAPbIs thin film (UNC-U) of ~200 pm size
domains displayed uniform optical properties from measurements conducted using a 50x
(0.95 NA) objective lens with chromatic correction. Figure 15a shows a PL peak intensity
map displaying only a 1.6% deviation under 532 nm excitation (~2.33 eV). A GaAs
double-heterostructure (B2206) measured at a comparable excitation (Figure 15b)
indicates only a 2.0% deviation showing how these materials are relatively uniform
optically. However, a drastic difference in the relative intensities between the two films
by a factor of ~40 demonstrates the high emission yields of the hybrid perovskite

material. The PL spectra also show different characteristics. For the perovskite, the PL
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Figure 15. PL peak intensity maps for (a) MAPbI; and (b) GaAs at a comparable
excitation density. PL spectra with increasing excitation for (c) MAPbI; and (d) GaAs.

peak is centered at ~1.61 eV (770 nm) with minimal change (max ~2 meV shift) under
varying excitation power (Figure 15c). At the same time, GaAs reaches peak intensity at
~1.42 eV (873 nm) (Figure 15d), with a max ~2 meV shift with excitation power.
Apparent is the shape difference of these spectral bands. MAPDbI3 is more symmetric and
broader, while the GaAs double-heterostructure demonstrates a more asymmetric
character with more deviations toward higher energies. Typically, the higher energy side
reflects information regarding carrier thermalization and follows a Boltzmann
distribution.®® In contrast, the lower energy side experiences broadening due to electron-
phonon coupling, disorder, or impurities/defects.’® Significant broadening and the
gaussian-like shape of the PL band of MAPDIs suggest that disorder and defects play an
essential role in the optical properties.

Primarily, electrical methods have been used to determine the carrier transport

properties,?® which can be affected by ion migration?® that induces changes in the local
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material composition, including the doping level.?* PL imaging is an all-optical method
used to alleviate this issue where excitation is focused onto the material where photons
emitted by photogenerated carriers that have diffused away from the excitation site are
captured by an optical camera. For thin films, the 2D diffusion profile is described by a
modified Bessel function (7), from which the diffusion length is obtained by least-squares
fitting.1> 1

I[= Cx Ko(é) (7

Ko is a modified Bessel function of the second kind, Lq the diffusion length, C a

normalization constant, and r the radius from the excitation site. Figures 16a and 16b
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Figure 16. PL Images of (a) MAPbIs and (b) GaAs under 119
W/cm? excitation along with (c) average diffusion profiles and
calculated diffusion lengths.

show PL images of photons emitted near the respective PL peak energy for the perovskite

and GaAs film, where considerable intensity arises away from the excitation site at (0,0).
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These images were collected under 119 W/cm? photoexcitation and demonstrate that
carriers are more localized or closer to the excitation site in the perovskite film than in
GaAs. In taking an angular average about the excitation site, an average emission profile
can be obtained and is displayed in Figure 16c¢, along with fits to (7) and calculated
diffusion lengths within these films. This MAPDIs film demonstrated vastly superior
relative emission yields (Figure 15) but has a modest diffusion length of 0.65 um at this
excitation density. At the same time, the GaAs film shows a carrier diffusion length ~5
times larger at 3.24 um even though emission intensities under these excitation
conditions were ~400 times smaller at the excitation site. Although the more considerable
carrier diffusion in GaAs reduces the emission at the excitation site, the effect only
accounts for a small fraction of the difference in the collected emission intensity. These
results suggest that the lower energy broadening observed within the MAPbIz PL
spectrum and, therefore, the nature of the structure may play a significant role in
restricting carrier diffusion. Even within GaAs, restricted carrier diffusion is known to
occur upon introducing structural disorder, reducing losses at defects.%®
4.3 Effects of Trap States on Charge Carrier Diffusion

Defect states accumulate charge carriers and can induce losses through
nonradiative processes, thus, reducing emission yields. Monitoring the PL intensity as
excitation density increases can provide insight into the various recombination pathways
within a material.®® Defect states will trap carriers lowering efficiency due to nonradiative
recombination, but as carrier generation increases (increased photoexcitation), they
appear no longer a hindrance once traps have become filled. This often results in

increased PL efficiency and ultimately means that carrier transport properties are a
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function of the carrier density present. Different regimes from competing processes such
as Shockley—Read-Hall (SRH) or bimolecular radiative recombination can be empirically
described by the relationship in (8)1%

Iy = C * 1,,.° (8)
where lem and lex are the emission and excitation intensities, C is a normalization
constant, and the power law coefficient b reflects the recombination processes present.

Under only bimolecular radiative recombination, the power law coefficient b approaches
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Figure 17. Integrated PL with excitation density for (a) MAPDI; and (b) GaAs. Average
emission profiles for (c) MAPDbIz and (d) GaAs from low to high excitation.

1, but above, a more complex lex function often arises as nonradiative effects such as
SRH are also present.%! Figures 17a and 17b show the changes within the integrated
intensity as photoexcitation increases (dark blue circles) for both materials collected with
a (0.95 NA) 50x objective lens with chromatic correction and a spot size of 1032 nm.
Two dashed lines are also plotted, each indicating a different regime. The black dashed

lines fit (8) where SRH contributes with b values of 1.47 and 1.43 for MAPDI3z and GaAs,
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respectively. The red dashed lines indicate when traps have become filled and
bimolecular radiative recombination is dominant (b = 1). Both materials undergo SRH as
expected at lower excitation densities as defect and trap states are primarily vacant.
However, MAPDI3 then undergoes a transition to bimolecular recombination at higher
excitation suggesting traps become filled, while GaAs may appear to approach this
regime at even higher excitation densities. Also displayed in Figures 17a and 17b are
select fitted diffusion lengths (Lq, brown-filled circles) with typical errors for select
excitation powers. Carrier diffusion typically increases upon filling defects and traps,® of
which can be seen within GaAs (Figure 17b). The diffusion length begins at 3.2 um,
rising to a maximum of 5.9 um throughout the range where trap recombination is present
(SRH, black dashed lined). After this peak, it decreases, possibly resulting from an
increase in the radiative recombination rate (proportional to the carrier density),%
reducing the carrier lifetime. Average emission profiles in Figure 17d for GaAs show that
carrier travel distances increase from low (dark blue) to increasing excitation (green).
However, at higher densities, it begins to decrease (orange). This carrier diffusion relative
to the laser spot (1032 nm) could also reduce the integrated intensity as carriers can travel
outside the confocal volume.'®* In the perovskite film, the diffusion length does not
increase within the measured excitation range. Instead, it drops from an initial value of
0.88 um, approaching a constant value of ~0.64 um (Figure 17a). An increased deviation
at the highest excitation density may have resulted from structural changes. Figure 17¢
demonstrates the decreasing carrier travel in the average profiles as excitation increases.
This result is interesting as the regime where trap recombination contributes is seen

(black dashed line) and, therefore, should be realized with an increasing diffusion length
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within this range as traps fill. Still, their presence does not affect the carrier diffusion
similarly to a typical inorganic semiconductor like GaAs.

What is restricting carrier diffusion even upon filling trap states and reducing
possible nonradiative recombination in the perovskite? The diffusion length (Lq) depends
on both the diffusivity (D) and the carrier lifetime (t) as L = vDt (equation 2). D is
sensitive to temperature but less so to doping levels and the concentration of defects.
However, 7 is sensitive to doping levels and the concentration of defects. The carrier
lifetime often exhibits a maximum between two extremes. One when nonradiative
recombination is dominant in the low excitation region and the other in the high
excitation region where radiative recombination is dominant.®* This excitation density
dependence is shown in Figure 17b for GaAs. Compared to GaAs, one possibility is that
the measured excitation range for MAPDI3 does not contain the lower extreme where
nonradiative recombination is dominant. Though relatively lower excitation densities
were measured on MAPDI3, the material has a significantly higher radiative
recombination rate.'® The diffusion length may be restricted by carrier scattering due to
the structural disorder within the perovskite, and the carrier lifetime is either longer or
comparable to the scattering time. Upon increasing excitation density, it is further
reduced by an increasing radiative recombination rate, as shown in GaAs, leading to a
shortening of the carrier diffusion length.

Raman spectroscopy measurements could not be incorporated on these specific
films as the experimental conditions differ among the Raman and PL imaging methods.
For instance, for MAPDI3, PL images are captured within 1 sec and can easily reach

saturation of the optical camera under increasing excitation densities and exposure times.
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At the same time, the Raman signal is weak, especially under photoexcitation, needing
longer integration times. The Raman signal was also time-dependent, making it
challenging to replicate the same conditions. However, it should be mentioned that the
probed excitation range (Figure 17a) for MAPDIs coincides with the low-power regime
observed earlier in Chapter 3 (Figure 6b), where the surface becomes progressively more
distorted or defective before reaching the stability threshold and structural collapse.
Though different methods were used to synthesize the polycrystalline films, defect
formation has been reported to help dissipate excess energy within this excitation range
from the slowed carrier cooling in MAPDI3, resulting in a distorted structure and changes
in optical properties.’®® In MAPbI3 nanocrystals, modified optical properties also
occurred as photogenerated carriers were trapped within the “benign” shallow states but
could still contribute toward signal from defect-stimulated emission.® However, upon
surface passivation, the optical properties were improved due to the reduced trapping of
these photogenerated carriers. These reports suggest that the surface or defects could also
play a role in the observed carrier localization with increased excitation densities for
MAPDI3. For both MAPbI3!% and MAPbBr3,%* large radiative recombination centers
occur on the surface.
4.4 Morphology and Surface Effects on Charge Carrier Diffusion

The surface and morphology may play a role in the carrier transport properties of
MAPDI3. An oxysalt surface passivated®” film formed by blade coating (UNC-B)%® was
probed to understand these effects better. Blading coating has gathered traction for large-
scale processing, viewed as more efficient than spin-coating.?° Optical images in Figure

18a display that this film is nonuniform. Macro domains of ~50 um are present, further
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Figure 18. (a) Optical image of MAPDI; blade-coated film. (b) PL peak energy
and (d) PL peak intensity maps of the (c) corresponding region with a polygon
domain.

composed of surface features down to ~250 nm in size. Apparent and readily seen within
these optical images are more prominent features ~3-5 um in size, referred to as polygon
domains, with one shown at the bottom in Figure 18c. Within this optical image is seen
how the surface is not uniform, with some regions appearing thicker than others. This
nonuniformity is also present within this film’s emission properties, shown in Figures
18b and 18d. Figure 18b displays the PL peak energy where some regions are relatively
redshifted, most notably the polygon domain. Such redshifts have been suggested to arise

from differences in thickness and agree with this more prominent feature.% In the
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regions with higher energy (blue areas) in Figure 18b, relatively higher emission
intensities (yellow and white spots) are observed (Figure 18d).

In contrast, the redshifted or lower energy (red) areas have lower emission
intensities, with the most obvious case being the polygon domain showing the darkest
regions (dark red and black). These maps were collected in a raster scan fashion without
any changes in focus as each pixel was measured, indicating that differences in relative
depth could arise with regions being measured close to the surface and others farther
away within the bulk. Possible reasons for the decreased intensity in the suspected thicker
areas could be that excited carriers diffuse out of the confocal collection volume®® or
possible reabsorption of photons!® before escaping from the material.

Three areas on this blade-coated film are compared with the uniform film (UNC-
U) measured in Sections 4.2 and 4.3. Both films were formed by blade-coating, except
for alkylamines added within the precursor solution used to create the uniform film. This
again illustrates how the specific synthesis method affects the film properties. PL spectra
of a redshifted (Red) and blueshifted (Blue) location along with the polygon domain are
compared with the spectrum from the uniform film in Figure 19a. The intensities at these
locations vary, along with the PL peak energy. The uniform film (UNC-U) resembles the
spectrum corresponding to the blueshifted (Blue) location on the nonuniform material
(UNC-B), at least energetically, with peak energies similar at 1.614 and 1.613 eV,
respectively. Peak energies decrease to 1.604 and 1.592 eV in the redshifted (Red) region
and the polygon domain. In measuring the changes in integrated PL intensity with
excitation density (Figure 19b), the Blue and Red locations resemble the uniform film

(UNC-U) at higher densities. However, these regions on the nonuniform material (UNC-



51

— u 1.604 1.614 0
0 600 - + == Polygon an o 3;"9;
© 500 ‘= Blue - 10 ) .
8 - v = Red :0_',-) - ’/’
S 400~ ‘.= = Uniform L 108 F 0 27 7
X 300} 2z g
= B 7] ° - === Polygon
2 200} 7 8 q0° oo — Blue
B i £ = = Red
% 100 = ,'1_5925 R el (o] Uﬁiform
- Oll'l III Ilélgltl 11 I 11 11 III 1 b 104 _"I, 1 1 IIIIII 1 L 1 IIIIII 1 1
(@ 450 155 160 165 170 175 (P) 2 v %80 2 * %foo0
0.90 energy (€V) 1.0 excitation density (W!cmz)
L ® Blue 2 T 16.6 Wiem”
0.80 _ O Uniform S 0.8 __ . = Uniform
—_ ; kS N
E 0.70 i 5 96[ 14.2 Wiem®
= BT N oabl — Blue
4 BBsingsssusn g ————— © - = Red
. !‘.-- ® 6 02 —
-:_\-‘ = L
050 + 1 L 1 1 I 1 L 1 1 I L 1 1 1 I ] 00 =1 1 I L1 1 1 I 111 1 I 11 1 1 1
(c) 0 1000 2000 3000 (d) 05 10 15 20 25
excitation density (W/cm’) Distance (um)

Figure 19. Comparing (a) PL spectra and changes in (b) emission intensities on blade-
coated films. (c) Increasing carrier diffusion and (d) shape differences in diffusion
profiles.

B) displayed reduced emission intensities at lower excitation. This can indicate increased
SRH recombination within the more nonuniform blade-coated film (UNC-B) from a
more extensive distribution of defects and traps. Changes in diffusion length (Figure 19c)
for the Blue location suggest this is the case where an increase occurs before it becomes
an almost constant value similar to that seen within the uniform film (dashed lines for
ease of visualization). An initial rise occurred within the GaAs double-heterostructure
(Figure 17b), which had also undergone passivation of its surfaces. However, it was not
observed in the uniform perovskite film (Figures 17a and 19c¢). It could further suggest
that the more uniform film (UNC-U), with its reduced defect distribution implied by
higher emission intensities at lower excitation (Figure 19b), undergoes a decreasing
diffusion length from an increasing radiative recombination rate with excitation. The

average emission profiles display similarities between the blueshifted location (Blue) and
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the uniform film (Figure 19d) at a comparable excitation density. However, comparing
the redshifted and possibly thicker region (Red) showed a significant change in the
profile at distances closer to the excitation site. It also gave inadequate fits to (7),
suggesting that more processes may occur besides 2D diffusion.

Changes within the diffusion profile are even more drastic within the polygon
domain (Figure 20). An optical image of the polygon domain and its corresponding PL

image are shown in Figures 20a and 20b. Immediately apparent, the relative intensity of
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Figure 20. (a) Optical and (b) PL images of polygon domain and
(c) comparing emission and laser profiles with the uniform film.

emission seems to coincide with the approximate physical dimensions of this feature
(~4.5 x 4.5 pm), suggesting that physical boundaries confine carriers. This drastic relative
increase in emission away from the excitation site is further demonstrated within the
emission profiles (Figure 20c). The profile for the uniform film has been displayed at a

comparable excitation density (grey), and it becomes evident that a more significant
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portion of carrier emission reaches farther distances within the polygon domain (purple).
Photoexcitation was likely occurring within the polygon domain away from the surface
since focus readjustments for this feature were not done. The emission collected could be
out of focus from the excitation volume resulting in a broadening of the profile. However,
the laser excitation collected under identical conditions to Figure 20b, which likely
experiences a distortion of the shape from excitation within the material, is not drastically
broader or out of focus compared to the laser profile on the uniform film (Figure 20c),
which was focused to the surface of the film, suggesting other processes are indeed
occurring. Like the profile from the redshifted region (Red) in Figure 19d, the emission
profile for the polygon domain could not be modeled by (7) and suggest that excitation in
thicker areas, perhaps within the bulk and away from the surface, extends carrier
diffusion or introduces other effects. A dependence on thickness has also been seen
within MAPbBr3 single crystals, where carrier lifetimes and mobilities differed within
different portions of the crystal and away from the surface.1%
4.5 Photon Recycling and Thicker Materials

From the previous section, measured diffusion lengths in MAPDbI3 films were on
the order of a micron (Figure 19c¢). Energetic shifts also occurred within the PL spectra,
possibly correlated with differences in thickness, and resulted in extended or modified
carrier spatial profiles that could not be modeled by 2D diffusion. Extended transport
properties within halide perovskites are often explained by long carrier diffusion or other
processes like photon recycling. During photon recycling, photons are reabsorbed instead
of emitted or scattered out of the material after they were initially generated. Suppose the

internal quantum efficiency of radiative recombination is sufficiently high, and there is



54

considerable overlap between the emission and absorption spectrum. In that case, several
cycles of photon recycling can proceed, resulting in emission distances farther than the
initial excitation site.'® In work by Pazos-Outon et al., photons collected at the edge of
their MAPbIs film progressively redshifted as photoexcitation occurred further from the
collection site.’%” Photon recycling was suggested because tens of micron distances arose
between the photoexcitation site and the redshifted photons collected. Photon recycling is
a primary contributor to why GaAs solar cell devices maintain the current single-junction

device efficiency record.'®® However, photons collected at the edge originate from weak
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Figure 21. Absorption and PL spectrum of uniform
MAPDIs.

absorbing band edge states and cannot effectively contribute to the recycling process.
Instead, they are laterally guided optical waves that result in losses.

There is an interplay of several kinds of photons within MAPbI3 upon
photoexcitation. Photons emitted at or near the excitation site (carriers diffused away)
and those that have traveled within the material. In the last case, these photons are
trapped within the film due to the narrow escape cone or the waveguide effect that arises
from the high refractive index (n~2.6) of MAPbI3.1% They can travel via total internal
reflections, scattering out, or be reabsorbed and remitted. Reabsorption requires the

material’s traveling internal photon and absorption profile to overlap and is likely to occur
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with higher energies above the bandgap. Figure 21 demonstrates the decreased absorption
of energies below the PL peak (dashed vertical line) for the uniform MAPDbIz film (UNC-
U). The absorption depth also decreases as higher energies are readily absorbed, resulting
in changes more likely to occur within shorter distances. All this could lead to the photon
recycling process (reabsorption and reemission) only happening near the excitation site
and possibly the modifications observed in the carrier emission profiles in the thicker or
redshifted regions within the nonuniform blade-coated film (UNC-B). The redshifted
spectra arose from a decreased contribution of higher energies due to reabsorption. This
interplay among the various photon contributions within the obtained spectra depends on
the surface, collection method, morphology, and thickness.*'? Surface passivation and
other layers can also affect this dynamic, meaning the displayed optical properties of the
material within a device can be different from the free film. This makes the overall
method of simple PL observation somewhat difficult to quantify within a nonuniform
material, just like that shown within the nonuniform blade-coated MAPbI;3 film.
4.6 Energy-Dependent Photon Contributions in MAPbIs and GaAs

Pazos-Outon et al. used two objective lenses in their work evaluating photon
recycling: one was stationary at the edge of their film in collection mode.*” At the same
time, the other was moved incrementally farther from the edge providing the
photoexcitation source. Our PL imaging system can measure and capture where
photoluminescence is emitted or escaping from the material. Two objectives are
unnecessary and not preferred. As in our system, the entire spatial field can be probed by
capturing the spatial distributions of photons with specific energies selected by bandpass

filters. Photons near the PL peak and those with lower energies demonstrate similar
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Figure 22. (a) Peak (green) and lower energy (red) distributions probed for MAPDbI3z and
GaAs. Composite images for (b) MAPbI; and (c) GaAs.

results to those by Pazos-Outon et al., where emission at the edge of the material arises
from lower energy photons in both the double-heterostructure GaAs (B2206) and a
PMMA passivated MAPbIs film (TOL). Figure 22a displays the photon distributions
measured at both materials' PL peak (green) and below the peak (red). At the same time,
Figures 22b and 22c¢ show composite images where the PL image has been overlaid on
the optical image to illustrate that when photons at the PL peak are selectively observed,
they are only seen near the excitation site. When photons are seen near the excitation site
and the physical edges, they are from only lower energies. GaAs, with its lower PL
efficiency and reduced contribution of these lower energies, produced a weak signal with
increased noise, as shown in the bottom image of Figure 22¢ (890 nm).

Photoexcitation over 30 microns from the edge still indicated these lower energy
photons escaping, traveling some distance much longer than the carrier diffusion. This
edge emission is suggested to contribute a large portion of all externally emitted photons
in MAPDI3 at ~50%.%° In the MAPDIs film, however, the various photon distributions

probed show differing effects on the emission profile obtained. The high energy (blue),
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Figure 23. (a) High (blue), Peak (green), and lower (red) energy distributions probed.
(b) Composite images for Peak and low energies and (c) horizontal line profiles across
the excitation site. (inset: emission escaping at edge ~33 um)

PL peak (green), and low energy distributions (red) considered are shown in Figure 23a.
In the PL peak and lower energy PL images (Figure 23b), lower energy photons (810 nm)
are even observed escaping at other locations from the top surface before reaching the
edge. This likely arises because the film is polycrystalline with significant surface
roughness. It has been reported that a more defective and distorted surface could induce
blueshifts in the PL spectrum,* resulting in a shift in the absorption gap and reducing the
reabsorption of lower energies. % Therefore, surfaces can act as scattering centers for
these energies.!*°

Additionally, spatially anisotropic carrier diffusion or propagation of emitted light

has been observed. This dynamic of photons reabsorbed and scattered is further
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demonstrated when considering higher energies. Spatial emission profiles are asymmetric
in these MAPDI3 films (TOL); however, this asymmetry can be used to observe how the
nearby regions reabsorb and remit higher energies. It is difficult to monitor changes from
high-energy images as they appear like the images at the PL peak energy. However,
emission profiles from horizontal line scans across the excitation site (at distance = 0)
towards the edge (distance > 0) readily show differences in Figure 23c. At the PL peak
(770 nm) and lower energies (810 nm), the profiles are similar by the excitation site. The
central emission intensity peak arises along with a shoulder on the left (distance < 0),
indicating inhomogeneity in the film structure. However, at the edge (inset) ~33 um
away, an intensity peak is seen only from lower energy 810 nm photons that have
escaped. With higher energies (730 nm), the relative contribution of the shoulder (nearby
region) increases compared to the longer wavelength components. In the case of all
photon energies collected, the relative contribution of the shoulder is within the two
extremes. This is unexpected because, in a uniform system, the higher energy carriers are
expected to have the same diffusion length as those at lower energies in a near-
equilibrium state or a slightly shorter diffusion length due to relaxation to the lower
energy states. A possible explanation could be that the polycrystalline domain to the left
has higher crystallinity and, thus, is more able to reabsorb photons and remit from the
surface (photon-recycling). In contrast, the longer wavelength emission is more likely to
propagate laterally due to the waveguide effect.
4.7 The Role of defects in GaAs

Due to its microscopic nature, a dislocation type defect is challenging to visualize

in the GaAs double-heterostructure (B2206) from the surface. However, their presence
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Figure 24. (a) Emission profiles from all energies approaching the edge (indicated by
purple arrows) and a defective region indicated by vertical dashed lines corresponding
with the same color. (b) Composite images at various distances from the edge. Red
arrows indicate the positions of the interior defect.

can be observed by their effects on the carrier recombination and diffusion properties.
There are multiple ways to probe the defect with PL-based techniques, for instance,
confocal PL scan®® and PL imaging under widefield illumination.*® This work illustrates
another way: wide-field PL imaging using a focused beam for excitation. This approach
can more directly reveal how the defect, serving as a quencher, affects the carrier
diffusion. In GaAs, a dislocation-like defect was found at ~15 um from one edge. Figure
24a show emission profiles (from all photon energies) at different excitation sites along a
horizontal line, nearly passing the defect perpendicular to the edge. Emission intensities
across the excitation site are modified while approaching the edge in the presence of the
defect. When the excitation is at ~40 um from the edge, the emission profile is weakly
affected by the defective area, showing a near-symmetric profile. Photons also escape at

the edge (purple arrow). These photons at the edge are relatively weak and not easily
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visible within the PL image (top of Figure 24b) but readily seen in the line scan profile
(~40 pm). At ~20 um from the edge, the profile is changed drastically, showing faster
decay towards the edge (positive distance) by the defective area (green vertical dashed
line) but unchanged away from the edge, almost identical to the profile at ~40 pum. This
asymmetry is also apparent within the PL image (middle of Figure 24b), as the defective
location (red arrow) can attract carriers. At ~10 um, reduced intensity occurs on both
sides of the excitation site where away from the edge, the defective region (orange
dashed vertical line) affects the emission profile, and towards the edge, possibly a
combination of the same defective region and the physical boundary of the material itself
as shown in Figure 24a and the bottom of Figure 24b (red arrow). The results
demonstrate how an acceptor (quencher) region can distort the transport characteristics,
yielding a reduced diffusion length. Since nonradiative processes are more prevalent in
GaAs than MAPDI3, carriers are more readily lost in these defective locations.®
4.8 Single Crystalline MAPbI3

Polycrystalline MAPDIs films suggest that distorted or defective regions like the
surface affect how photons of specific energies are reabsorbed or scattered throughout the
material (Figure 23). Single crystalline MAPbI3 offers a material with reduced surfaces
and grain boundaries to observe more clearly what occurs without their presence. Figure
25a shows a visually flat portion of a much larger (millimeters) cleaved MAPDI3 single
crystal (TOL-S). When all emitted energies are collected, intensity is readily seen
continuing towards the right edge of the region. At the same time, photons are also
detected at the edges towards the bottom of the area (red arrow). By monitoring specific

energies, several trends become apparent.
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Figure 25. (a) Optical and PL images at various energies for single crystalline MAPblIs.

(b) Emission profiles from the PL images across the horizontal O line. (c) Vertical
emission profile and calculated diffusion length.

Intensity is detected much closer to the excitation site when only higher energies

are measured (730nm). When energies are reduced, near 770 nm (PL peak), the intensity

region extends overall with noticeable increases towards the right of the area. This

intensity region broadens even more drastically at the lowest energies (near 810 nm).

This increase appears to be continuous from the excitation site before becoming more

sporadic, like the polycrystalline film (bottom of Figure 23b), when the edge is

approached. Photon reabsorption effects have already been suggested to occur in single

continuous crystals, unlike polycrystalline materials, where other dynamics have been

proposed to explain the PL shifts, like Rashba splitting.

110
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Horizontal line profiles across the region’s center (Figure 25b) show the changes
graphically within the PL images. With higher energies (blue), emission intensity is
reduced overall as the distance from the excitation site increases compared to the PL peak
energies at 770 nm (green). The trend in the polycrystalline film (Figure 23c) was
reversed where the PL peak energies had reduced intensities near the excitation site in the
nearby region. The increase in relative intensities at farther distances for this single
crystal is most pronounced at the lowest energies (810 nm), comparable to the excitation
site. Across the vertical profile (Figure 25c), emission intensity is more symmetric with a
determined diffusion length of 1.15 um. This continuous change and increase in relative
intensity in the horizontal direction from higher to lower energies indicate how more
easily higher energies are reabsorbed as intensities decrease rapidly from the excitation
site. It is unclear why the asymmetry in the two directions occurs, but the reduced
concentration of distorted surfaces and abrupt breaks within the crystal indicate that other
effects are happening. Figure 23c showed that when higher energies were only monitored
in the presence of more surfaces within the polycrystalline film, the intensities of the
nearby region were increased. This possibly could be explained by the distorted surfaces
absorbing higher energies and emitting a higher energy photon. In the continuous crystal,
reabsorption could likely result in a lower energy photon being reemitted. However,
several additional peaks and photons detected sporadically suggest that scattering centers
still occur within this single crystal from possible nonuniformity.

4.9 Detectable Photocurrent in MAPDbI3
Photocurrent studies have suggested that diffusion lengths are long in MAPDIs.

Over 100 microns in single crystals’ to approaching ~10 microns or larger within
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nanomaterials.*'! 112 With photocurrent detection, the rationale is that charges travel a
distance comparable to the material's physical dimensions and that the process is indeed
carrier diffusion.?® However, as mentioned earlier, one carrier is typically collected first,
and the remaining carrier often has a reduced amount of recombination partners to relax
to the ground state, extending that carrier’s lifetime and allowing it to travel considerable
distances toward the counter electrode under the action of a drift field. However, this is
not intrinsic carrier diffusion. The previous sections showed that photons could travel

internally within the material toward the edge tens of microns away. At the same time,
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Figure 26. (a) Gold/Perovskite interface with overlaid average PL intensity (red). (b)
Spectral changes with distance from the interface. (c) PL peak shifts (dark blue) and
changes in spectral width (brown).

collection near the excitation site suggests that actual carrier diffusion is relatively
restricted.

A PMMA passivated MAPbIs film with deposited gold electrodes (TOL-G) was
measured to understand what occurs to the carrier population under a bias such as in the
photocurrent experiment. The effects of the gold electrode on the nearby region were first

evaluated optically. Figure 26a shows the interface where the gold electrode and the
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perovskite meet at a distance labeled ~0 um. The grid points show locations where the PL
spectrum was collected with the average intensity indicated by the red curve. Far from
the electrode, the average intensity approaches ~8000 cts/s but decreases below ~8 um
from the interface. The spectrum not only experiences a peak intensity reduction but an
increase in width towards lower energies and, eventually, a redshift of the entire band
(Figure 26b). These effects also occur at differing distances in the vicinity of the
electrode (Figure 26¢). The width (brown) increase begins within 5 um from the
interface. At the same time, the overall peak redshift (dark blue) begins within ~2.5 pm
from the interface and continuously redshifts into the gold layer. The gold/MAPbI3
interface is said to undergo band bending from the Schottky contact formed.!® These
effects could arise with an electric field that can readily separate charges, possibly
reducing the nearby emission intensity, and affecting the higher energy carriers more,
which might explain the red shift and broadening. Another explanation could be that the
region experienced compositional changes during the electrode deposition, such as
becoming more defective.

Emission profiles from horizontal line scans collected near the gold electrode also
show interesting effects. Figure 27a demonstrates emission profiles collected when
excited at ~5 um from the interface (set as the origin). When monitoring only the
intensity at the PL peak energy, the profile does not appear to be affected by the nearby
gold (dark blue). However, when considering only the lower energies, a peak appears
(gold), like the peak that arises from photons escaping at the edge of the material. The PL
image of these lower energies (Figure 27b) shows that this smaller peak occurs at the

gold/perovskite interface, indicating that lower energy photons can reach the electrode
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Figure 27. (a) Emission profiles 5 um from the gold/perovskite interface. (b)
Low energy composite image near the gold electrode. (c) Optical image of 70 um
electrode channel and (d) low energy emission profile from excitation in the
center.

even though the carriers are limited and localized near the excitation site. This is further
demonstrated by photoexcitation within a ~75 um channel formed by two gold electrodes
(Figure 27c¢). In monitoring the lower energy emission profile (Figure 27d) from
photoexcitation in the center of this channel, two additional peaks are again observed at
the two gold/perovskite interfaces demonstrating how far these photons can travel.

Under an applied electrical field, ion migration occurs, resulting in hysteresis. The
field that causes ions to migrate can also apply force on the excited carriers, changing
pure carrier diffusion to coexisting carrier diffusion and drift. In the similar MAPbBr3

structure, nanoplates with ~20 pum gold electrode channels demonstrated carrier drift



66

increasing with an applied bias up to 5V within their imaging measurements.*'* Such
conditions could allude to the interpretation of “long” carrier diffusion within these
materials as carrier drift.

The PMMA passivated MAPDI3 film (TOL-G) had gold electrodes deposited with
several channel widths. A smaller ~30 pum gold channel was probed under a bias to
observe whether carrier drift readily occurs in these polycrystalline films as less voltage

would be required to induce comparable effects to those seen within the mentioned
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Figure 28. (a) Photocurrent from laser and white light illumination. Composite
images within 30 um channel for (b) all energies and only (d) low energies (810
nm). (c) Emission profiles from all emission energies under different applied
biases.

MAPbBr3 nanoplates.** Current-Voltage measurements indicated a photoresponse above
the dark current (dark blue) in Figure 28a. Focused 532 nm excitation (0.36 uW, 43.3
W/cm?) at the center (green) of the channel shows an increase in current, with the effects

even more pronounced under larger area white lamp illumination (gold). However, PL
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imaging showed that emission intensity is localized near the excitation site (Figure 28b),
even under 9 V or ~3 kV/cm, with the positive electrode on the left side.

Carrier diffusion remains short within these materials, even upon evaluating the
emission profile of all emitted energies under various applied potentials (Figure 28c).
These horizontal intensity profiles do not deviate largely, suggesting that the drift effect
does not significantly affect carrier diffusion under these conditions. However, at lower
energies, it is seen that emission again can reach the electrodes and emerge from certain
sites of the film surface (Figure 28d). These energies are not easily seen within Figure
28b (all energies) because the higher energy contributions are more prevalent. These
results suggest that the initial carrier distribution at the excitation site is still restricted,
but the lower energy traveling photons can readily approach the electrodes.

Regarding the small photocurrent shown in Figure 28a, there are two possible
mechanisms. One is that a small number of the photogenerated carriers at the center of
the channel could still be collected at the electrodes through the drift mechanism. The
other possibility could be that the lower energy traveling photons were reabsorbed near
the electrode to generate the current. The quantum efficiency (QE) of the photocurrent
generated can be estimated to be on the order of ~1.3% (photocurrent electrons/532 nm
photons) after subtracting the dark current and correcting for surface reflection losses™ to
the 0.36 LW excitation density at the 5 V bias, as shown in Figure 28a. When the carrier
mean free path (Larirt) is much smaller than the distance between the excitation site and
the electrode, which is likely the case here, it is related to QE according to the Mott-

Gurney photoconductivity model for single-site excitation by (9)**°

QE ~ “nift )
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where L is the channel width. Furthermore, Larift Can be described by (10)
Larise = MET (10)

E is the electrical field, p the carrier mobility, and t the lifetime. With values L = 30 um,
V =5V, and QE ~ 1.3%, a ut product is approximately 2.3 10 cm?/V. If mobility
ranges on the order of 1 cm? V! s are assumed, for solution-processed MAPbI; films
determined in electrodeless methods,? then a value of T ~ 23 ns is obtained. However,
the electrode region possibly also has the necessary conditions for reabsorption of the
traveling photons and charge separation, as a Schottky contact is said to occur at the
gold/perovskite interface. As shown earlier (Figure 26), this interface demonstrates an
increased width and optical redshift, possibly providing the conditions for increased
reabsorption of these lower energies and producing a photocurrent. A quantitative
estimate of this process is less straightforward. Still, the internal PL quantum efficiency
could be close to 100% under the excitation density used,'® and the reabsorption of a
small fraction of the emitted photons near the electrode could potentially yield the level
of the current observed. Additional measurements would be needed to distinguish
between the two possibilities. Therefore, explaining the photocurrent generated by long-
distance carrier diffusion is inappropriate, with either being possible.
4.10 Summary

“Benign” defects are thought to arise in MAPbIz with states near the band edges.
These states do not largely contribute to nonradiative processes. However, carrier
diffusion decreases with photoexcitation in uniform blade-coated films even upon filling
trap states. Unlike a GaAs double-heterostructure, where the filling of traps results in an

initial increase in the carrier diffusion. With increasing excitation densities and relatively
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lower defect concentrations, more significant carrier concentrations may increase the
radiative recombination rate, thus, lowering the carrier lifetime and diffusion length. As
shown earlier, the MAPDI3 structure within this excitation range could become more
distorted by defect formation (Chapter 3). However, it is difficult to know if this is indeed
contributing.

Photoexcitation away from the surface in thicker regions within an oxysalt-
passivated blade-coated film (UNC-B) also demonstrated that different processes likely
occur away from surfaces, such as the increased probability of photon reabsorption. This
additional process manifested within the measured emission profiles as increased
intensities closer to the excitation site, likely from an increased likelihood of higher
energy photon reabsorption and a redshift of the obtained PL spectrum. In contrast, lower
energy photons can travel far within films due to a decreased reabsorption probability and
the narrow escape cone that arises from the high refractive index of the material. These
traveling internal photons were observed in both MAPbI3 and GaAs using PL imaging,
where edge emission occurred only when lower energies were selectively observed.
These travel distances appeared to be quite large, reaching tens of microns. In the
polycrystalline MAPDI3 film, these lower energy photons also scattered out at other
locations before going to the edge. Possibly due to the polycrystalline nature of the
material, with more defective surfaces or domain boundaries present. Distortions in the
perovskite structure shift the absorption gap to higher energies making lower energy
reabsorption less probable. The reverse was also observed when nearby domains had
increased emission contributions with higher energies within the PL imaging

measurement. While in GaAs, defects are much more challenging to observe. ¢
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However, they can be detected by monitoring the spatial variation in emission intensity.
The defective regions, which could not be seen on the surface, distorted carrier diffusion
several microns away, showing how an acceptor region with increased nonradiative
processes modifies the transport properties. In MAPDIs single crystals with the reduction
of surfaces and defects, the reabsorption probability of emitted photons was increased.
This arose within PL images and emission profiles with a continuous decrease in
intensity at distances farther from the excitation site at higher energies.

The carrier diffusion appears restricted due to the perovskite structure, especially
within the polycrystalline films. However, photocurrent measurements within the
literature have suggested that carrier diffusion lengths can reach 10s of microns,t% 112
even over a hundred microns in single crystals.” However, films deposited with gold
electrodes showed that lower energy photons could reach the gold/perovskite interface
even upon photoexcitation within the center of a ~75 um gold electrode channel. While
still, the initial carrier distribution formed by the excitation site was restricted. Even upon
application of a bias within a ~30 um gold electrode channel, emission profiles indicated
no significant deviations from the pure diffusion dictated profile as emission was still
localized near the excitation site at the center of the channel. Yet, these materials
registered a photocurrent under the same laser excitation density. This could be explained
by the drift effect or the traveling lower energy internal photons still reaching the
electrode/perovskite interface. This region, from PL measurements, indicated that the
area is modified possibly by the potential Schottky contact formed, which can separate
charges from the increased probability of reabsorption of the lower energy traveling

photons and produce a current.
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CHAPTER 5: Conclusions and Future Work

5.1 Conclusions

The organic-inorganic hybrid perovskite displays remarkable optical properties
that rival and even surpass typical inorganic semiconductors under some circumstances.
Low deep-level trap concentrations and efficient radiative recombination have
demonstrated that MAPDbI3 can compete with semiconductors such as GaAs in the low
excitation density region.*® However, while optical properties are impressive, the material
is susceptible to various environmental factors of instability, including moisture,®
heating,®* and even photoexcitation.?® It was shown that photoexcitation causes a surface
disturbance, eventually leading to decomposition and Pbl, formation. With increasing
surfaces, decomposition occurs more readily, leading to a higher fraction of degraded
material. This was seen in measuring the domain size dependence on the
photodegradation process using Raman spectroscopy. Not only did a higher Pbl, content
form in smaller domains with an increased surface area, but it also occurred faster.
Demonstrating that more attention is needed regarding the film’s physical properties
during characterization. Within the literature, film characteristics are often not reported
or, if rarely so, deviate from one study to another, often leading to failure to form a
consensus on general properties such as the Raman spectrum.®® Different synthesis
methods are often used. Here, it is suspected that even with precursor molar ratios,
differences can arise with varying contributions of photodecomposition products, as
observed in the iodide-related species formed from single crystals but not in

polycrystalline materials measured.
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The film properties also affect the carrier transport observed within MAPDI3.
Carrier transport properties were determined using an all-optical photoluminescence
imaging technique. This method removed the possible errors typically found in electrical
methods, such as induced ion migration or carrier drift. The carrier diffusion length
observed in polycrystalline films ranges from ~0.6 - 0.9 um depending on the
photoexcitation density. Despite the higher relative emission efficiencies of MAPDbI3
compared to an inorganic semiconductor like GaAs, the latter displayed a much larger
diffusion length. The disordered nature of MAPbIs broadens the photoluminescence
spectrum and restricts carrier transport. In nonuniform films of varying thickness, carrier
emission intensities observed using the PL imaging method deviated from 2D carrier
diffusion when excitation occurred within the bulk and away from the surface, leading to
a modification of the PL emission profiles at close distances to the excitation site.
Surfaces and defective areas can induce blue shifts in the photoluminescence spectrum*
and the absorption energy threshold, allowing reabsorption only likely to occur from
higher energies. The obtained diffusion lengths appear small compared to reports using
photocurrent methods.*'* 112 This discrepancy was probed by conducting the photocurrent
measurement on MAPbI3 films with gold electrodes in combination with PL imaging
demonstrating that carrier diffusion is still limited within polycrystalline films even under
an applied electrical field. One possible explanation for measured photocurrents is from
traveling internal low-energy photons that can reach a possible Schottky junction at the
perovskite/gold interface, where reabsorption of the traveling low-energy photons
produces a photocurrent. Another possibility could be carrier drift under the applied

electric field.
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5.2 Future Work

The MAPbI3 structure is deformable, and its ions are in constant motion. Large
structural fluctuations occurred at lower wavenumber frequencies on the order of
seconds, much longer than typically reported,®” under photoexcitation on several
occasions. Within the literature, such oscillations at these frequencies modulate with
excitation polarization;®® ™ however, observing it over time could indicate a change in
polarization within the structure. Further work would require materials with known
crystal orientations to further probe these oscillations, which may not have been reported
prior under continuous photoexcitation.

Carrier transport properties were measured on polycrystalline films as well as
single crystals. Polycrystalline materials with gold electrodes under a bias demonstrated
minimal carrier drift. However, perovskite nanoplates have shown that carrier drift can be
imaged under a bias within the literature.!* Perhaps, this is also a by-product of the
increased grain boundaries and surfaces within the polycrystalline film, further restricting
carrier transport. To clarify this discrepancy, thin single crystalline or nanomaterials such
as nanoplates with gold electrodes should be probed. In the mentioned nanoplates, carrier
drift followed the photogenerated minority carrier and was shown to change or reverse
under bias.

Furthermore, MAPDI3 was the model system used in this work. It is the most
known, however unstable, compared to mixed perovskite analogs, which are more
directly applicable to constructed devices.?’ With long-term stability being the main
limiting factor towards commercialization and photoexcitation itself being a source of

instability, these hybrid versions should be further evaluated under similar methods.
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