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Abstract 
 

Hybrid halide perovskites have emerged as one of the most promising contenders for next 

generation, low-cost photovoltaic technologies. Thanks to the remarkable optoelectronic 

properties of hybrid perovskite absorbers, perovskite solar cells now achieve efficiencies 

comparable to conventional inorganic solar cells (Si, GaAs), despite being actively researched 

for only about a decade. The ability to be processed from solution and to be deposited on 

transparent and flexible substrates, makes them very attractive for various photovoltaic 

applications. However, before their wide commercialization, hybrid perovskites need to 

overcome important limitations. In particular, the presence of defects in perovskite thin films 

has been detrimental to material properties, and has been a critical reason preventing devices 

from reaching their full potential. To successfully deploy hybrid perovskites, we must 

understand the nature of the different types of defects, assess their potentially varied roles in 

device performance, and understand how they respond to passivation strategies. In this thesis, 

we employed photoemission electron microscopy to directly image nanoscale defects, and 

uncovered the presence of multiple types of defects in state-of-the-art perovskite thin films. By 

adding time resolution to our photoemission electron microscopy measurements, we found that 

depending on their nature, these defects played varied roles in charge carrier trapping – from 

highly detrimental to relatively benign. Further, we also found them to show varied response to 

passivation strategies, as seen from our photoemission measurements. With this work, by 

identifying the origins of various defects occurring in perovskite thin films and highlighting 

importance of designing meaningful and targeted strategies to overcome them, as well as 

demonstrating sophisticated yet greatly rewarding tools to detect these very nanoscale defect-

rich sites, we hope to contribute to development of more viable and durable perovskite 

photovoltaics. 
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AFM: atomic force microscopy 

BBO: beta barium borate 

BQ: benzoquinone 

CB: conduction band 

CIGS: copper indium gallium selenide 

CCD: charge-coupled device 

CVD: chemical vapor deposition 

DMF: dimethyl formamide 

DMSO: dimethyl sulfoxide 

DTA: 2,5-di(thiophen-2-yl)terephthalic acid 

ETL: electron transport layer 

FA: formamidinium 

FF: fill factor 

FTO: fluorine doped tin oxide 

GBL: gamma-Butyrolactone 

HTL: hole transport layer 

ITO: indium tin oxide 

MA: methylammonium 

NIR: near infrared 

NMA: naphthylmethylamine 

PCE: photo-conversion efficiency 

PED: photoelectron diffraction 

PEEM: photoemission electron microscopy 

PES: photoelectron spectrum 

PL: photoluminescence 

PTAA: poly triaryl amine 
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SEM: scanning electron microscopy 

SPELEEM: spectroscopic photoemission and low energy electron microscope 

TCO: transparent conductive oxide 

TEM: transmission electron microscopy 

TR-PEEM: time-resolved photoemission electron microscopy 

TR-PL: time-resolved photoluminescence 

UHV: ultrahigh vacuum 

UV: ultraviolet 

UPS: ultraviolet photoelectron spectroscopy 

VIS: visible 

VB: valence band 

XRD: x-ray diffraction 

XPEEM: x-ray photoemission electron microscopy 

XPS: x-ray photoemission spectroscopy 
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Nomenclature 
 

EB: binding energy 

Ecutoff: cutoff energy 

EF: Fermi level 

Ef: energy of final state 

Eg: band gap 

Ei: energy of initial state 

Ekin: kinetic energy 

Evac: vacuum level 

Jsc: short circuit current 

Jm: maximum current 

RL: load resistance 

Rs: series resistance 

Rsh: shunt resistance 

Pm: maximum power point 

Ps: density of incident sunlight 

Vm: maximum voltage 

Voc: open circuit voltage 

ħ: Plank’s constant 

hν: photon energy 

ɷ: transition probability 

PbI2 – lead iodide 

Spiro-OMeTAD 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene 

CH3NH3
+: methylammonium cation 

HC(NH2)2
+: formamidinium cation 

t: Goldschmidt tolerance factor 

μ: octahedral factor 



x 
 

m0: mass of electron 

D: diffusion coefficient 

L: diffusion length 

Φ: work function 

IPb: I on the Pb site 

Ii: iodine interstitial 

PbI: Pb on I site 

VPb: lead vacancy 

Ψi : wavefunction of initial state 

Ψf : wavefunction of final state 

kII: parallel component of momentum vector 

nm: nanometer 

ns: nanosecond 

μs: microsecond 

μm: micrometer 

He-Ne: Helium-Neon laser 
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density of mid gap states, as compared to (d). (j) PEEM and SEM images of additional intra-

grain defects similar to (f). 

Figure 4.5. Photoelectron spectroscopy of grain boundary defects. Typical (a) PEEM and (b) 

SEM images of defects that appeared at grain boundaries. (c) PES of the grain boundary defect 

(green line). (d) PES of multiple grain boundary defects showing low density of mid gap states. 

Figure 4.6. Photoelectron spectra for intra-grain (blue and red) and grain boundary (green) 

defects averaged for multiple features of the same type, as compared to pristine areas (grey). 

Inset shows contributions from mid gap states on logarithmic scale. 

Figure 4.7. Estimation of energy distribution of defects. (a) Gaussian fits (red, yellow, purple) 

to the photoelectron spectra for selected defects used to estimate peak energy of the mid gap 

states. (b) Estimated E - EF of mid gap states for different types of defects based on fitting: grain 

boundary-, PbI2 and another type of inra-grain defects are represented with green, red and blue 

bars, respectively. 

Figure 4.8. Photoelectron spectroscopy of grains and nanoscale defects. (a) Overlaid PEEM 

images of grains and defects. (b) Photoelectron spectra of defects and pristine grains. For some 

of the intra-grain defects shifted cutoff energy was observed. 

Figure 4.9. Plotting two-dimensional work function maps. (a) Photoelectron spectrum extracted 

from energy-filtered images of perovskite thin film. (b) Processing steps to determine cutoff 

energy and calculate work function. (c) Work function map plotted for an area of perovskite 

thin film of about 3 μm by 3 μm. (d) Amplitude map that follows grain morphology, generated 

during the processing. 

Figure 4.10. Correlation of defects and local work function. (a) PEEM image and work function 

map of a pristine region of perovskite thin film. (b) Overlaid PEEM images and work function 

maps of regions associated with intra-grain defects. (c) Overlaid PEEM images and work 

function maps of regions associated with grain boundary defects. White dashed circles are 

outlining locations of nanoscale defects. 

Figure 5.1. Schematic of time-resolved PEEM experiment of perovskite sample. Inset shows 

energy-level diagram of perovskite sample at the instance of photo-excitation. Incident pump 

photons (pump) promote electrons in perovskite from valence band states (EV) to the conduction 

band states (EC). The time-delayed UV probe photons (UV probe) photo-emit electrons from 

defect states (defects) below the Fermi level (EF) to the vacuum level (EVac). For each time delay 

between pump and probe, a PEEM image is recorded. 
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Figure 5.2. Time-resolved PEEM images of perovskite thin film. For pristine regions that were 

not associated with nanoscale defects, no changes in photoemission intensity were observed 

after photo-excitation, implying absence of charge trapping. The defects associated with 

precipitated PbI2, did not demonstrate any obvious signs of charge trapping upon photo-exciting 

perovskite, while the intra-grain polytype- and grain boundary defects, showed clear hole-

trapping signal as seen from reduction of photoemission intensity at their sites. Color scale 

indicates change in PEEM intensity (I(t) - I0): blue color denotes reduction in photo-emission 

intensity, while red color – increase in photoemission intensity. 

Figure 5.3. Time-resolved PEEM dynamics. TR-PEEM decay curves plotted as percentage 

change in PEEM intensity after photoexcitation ([I(t) - I0]/I0 × 100) versus pump–probe time-

delay for (a) pristine region, (b) PbI2 defects, (c) grain boundary defects and (d) intra-grain 

polytype defects. Solid lines represent exponential decay fits. 

Figure 5.4. Correlation of PEEM and photoluminescence maps. (a) PEEM image of nanoscale 

defects. (b) Photoluminescence intensity map overlaid with PEEM map of defects for the same 

region as (a). (c) Magnified regions of interest as indicated with color-coded boxes in (b), 

showing overlaid PEEM/PL maps of pristine region (black box), region associated with PbI2 

defect (red box), intra-grain polytype defect (blue box) and grain boundary defect (green box). 

Figure 6.1. Schematic of photo-exposure measurements. Step (1) covers PEEM measurements 

including PEEM imaging of defects, PES and TR-PEEM; at step (2), photo-exposure is 

conducted in an external chamber filled with dry air; at step (3), PEEM measurements are 

repeated again after the treatment. 

Figure 6.2. TR-PEEM response of grain boundary defects to photo-exposure in dry air. (a) 

PEEM and TR-PEEM images of selected grain boundary defect before exposure (“Unexposed”) 

and after treatment with 1 mbar dry air (“After treatment”) upon illumination. (b) TR-PEEM 

dynamics before and after treatment for grain boundary defects plotted as percent change in 

PEEM intensity [I(t) – I0]/I0×100. 

Figure 6.3. Response of intra-grain defects to photo-exposure under 1 mbar dry air. (a) PEEM 

images of a selected intra-grain polytype defect before (“Unexposed”) and after the treatment 

(“After treatment”). Images are plotted on the same intensity scale. (b) Photoemission spectra 

of the defects in (a) showing that density of occupied mid gap states was not obviously affected 

by the treatment. (c) PEEM images of a selected intra-grain PbI2 defect before and after the 

treatment. Images plotted on the same intensity scale. (d) Photoemission spectra of the defects 

shown in (c). Similar to (b), the density of occupied mid gap states for PbI2 defects was not 

affected by the treatment. 

Figure 6.4. TR-PEEM response of intra-grain defects to photo-exposure in dry air. (a) PEEM 

and TR-PEEM images of selected intra-grain polytype (blue box) and PbI2 (red box) defects 

before exposure and after treatment with 1 mbar dry air upon illumination. (b) TR-PEEM 

dynamics before and after the treatment for intra-grain polytype (blue line) and PbI2 (red line) 

defects, plotted as percent change in PEEM intensity [I(t) – I0]/I0×100. 

Figure 6.5. Response of polytype intra-grain defects to photo-exposure with different dry air 

conditions. (a) PEEM images of a selected defect before exposure and after treatments, shown 
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on the same intensity scale. (b) Photoelectron spectra plotted for the defects shown in (a), with 

contribution from mid gap states highlighted with blue shaded boxes. 

Figure 6.6. Response of PbI2 defects to photo-exposure with different dry air conditions. (a) 

PEEM images of a selected defect before exposure and after treatments, shown on the same 

intensity scale. (b) Photoelectron spectra plotted for the defects shown in (a), with contribution 

from mid gap states highlighted with red shaded boxes. 

Figure 6.7. Evolution of photoelectron spectra of intra-grain defects and pristine areas before 

and after the treatment. (a) Photoelectron spectra of selected intra-grain polytype defect (blue 

line) and pristine grains (grey) before the treatment (“Unexposed”) and after photo-exposure 

with 1 mbar and 10 mbar dry air upon illumination, as labelled. By tracking cutoff energy, larger 

energy shift is observed between defect site and pristine grains after the treatment. (b) Evolution 

of photoelectron spectra of PbI2 defects, showing similar increased energy shift between defect 

site and pristine grains after the treatment. 

Figure 6.8. Evolution of defects after treatment. PEEM images of intra-grain defects before 

treatment (“Unexposed”), after photo-exposure in dry air (“After treatment”) and one day after 

the treatment (“1 day after treatment”). PEEM images were taken with same exposure 

conditions and are shown of the same intensity scale. 

Figure 6.9. Distribution of defects in K-passivated perovskite thin films. (a) Energy-level 

diagram of perovskite sample when using 4.65 eV probe photons. (b) Estimated defect sizes 

(analyzed within 5 μm field of view). (c) PEEM image of surface defects in K-passivated 

perovskite thin film. (d) PEEM image of defects in un-passivated sample. 

Figure 6.10. Correlation of defects in K-passivated samples with surface morphology. (a) 

PEEM image of defect in K-passivated samples acquired with 4.65 eV photons. (b) SEM images 

of the same area as (a). Red dashed circles are indicating defects in (a) that are associated with 

morphological grains in (b). (c) Magnified PEEM and SEM images from the areas marked with 

blue boxes in (a) and (b), showing intra-grain nature of defects in K-passivated perovskite films. 

Figure 6.11. Photoelectron spectroscopy of K-passivated perovskite thin film. (a) PEEM image 

of selected intra-grain defect. (b) Photoelectron spectrum of intra-grain defect highlighted with 

green circle in (a). (c) Photoelectron spectra of intra-grain defect highlighted with green circle 

in (a) and pristine area highlighted with grey circle in (a), showing energy shift towards higher 

work function values for the defect site. 

Figure 6.12. TR-PEEM signal of intra-grain defects in K-passivated perovskite thin film. 1.55 

eV photons with fluence of about 100 μJ cm-2 were used for photoexcitation. TR-PEEM 

response was recorded for intra-grain defects and averaged for multiple defects. 
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Chapter 1 

Background and Scope of Investigation 
 

 

1.1 Abstract 

The primary aim of this thesis is to understand the underlying limitations in performance of 

hybrid perovskites – materials that are employed as light absorber layers in perovskite 

photovoltaic devices. Hybrid perovskites are emerging materials on the market of solar cells, 

and despite being introduced only about a decade ago [1], perovskite solar cells have already 

reached impressive photo-conversion efficiencies (PCE) exceeding 25 % for single junction 

solar cells [2], which is approaching efficiencies of single crystal Silicon based devices [2]. 

Despite rapid development of devices, the understanding of properties and limitations of hybrid 

perovskites has been slower, as it requires comprehensive and time-consuming investigation, as 

well as utilization of state-of-the-art equipment. In particular, many interesting phenomena in 

hybrid perovskites have been found on micro- and nanoscale [3, 4]. This implies that utilization 

of appropriate methodologies with high degree of spatial resolution, is required to shed light on 

their origin. Among those phenomena are nanoscale heterogeneities in properties, such as 

photoluminescence intensity, that have been observed and associated with presence of charge-

trapping defects [5-8]. Such defect-mediated charge trapping processes result in non-radiative 

recombination and limit maximum PCE that perovskite photovoltaic devices can output [9, 10], 

and therefore, should be avoided in commercially-viable devices. The formation of defects has 

been proposed to be induced during the film fabrication [11-14], when growth conditions 

become favorable for some defect types to introduce high density of non-radiative 

recombination centers that energetically lay deep in the band gap [15-22]. The distribution and 

exact origin of such defects, as well as their direct impact on device efficiency, are not yet well 

understood, and form the basis of investigation in this thesis, where we focus on accessing the 

origin of defects and their roles in charge trapping on spatial-, energy- and temporal landscapes. 

This Chapter starts with an introduction to hybrid halide perovskites in Section 1.2, followed by 

discussion of thin film perovskite photovoltaics in Section 1.3, limitations of hybrid perovskites 

in Section 1.4 and concludes with setting objectives and short overview of the work 

accomplished within this thesis in Section 1.5. 
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1.2 Hybrid perovskites 

Hybrid perovskites represent a family of semiconducting materials that have generated resonant 

attention over the past decade due to their wide application for photovoltaics. While remarkable 

optoelectronic properties of these materials allow them to serve as absorber layers in state-of-

the-art solar cells, hybrid perovskites have also found application as light-emitting diodes [23-

25], photo- and X-ray detectors [26-32]. 

Hybrid perovskites typically crystallize in a cubic perovskite structure, have a general formula 

of ABX3, and are composed of Earth-abundant elements. The A site is usually occupied by a 

monovalent cation that can be either organic or inorganic, while B - a divalent metal cation is 

six-fold coordinated with a monovalent X anion. There is a wide variety of ions that can occupy 

A, B, and X sites, however the most common are methylammonium (CH3NH3
+), 

formamidinium (HC(NH2)2
+), Cs+ for A site, Pb2+, Sn2+, Ge2+ for B site, and I-, Br-, Cl- for X 

site, as shown in the schematic in Figure 1.1. 

The sizes of ions should satisfy the Goldschmidt tolerance factor t (calculated according to the 

Equation 1.1 [33, 34]) in order to keep the perovskite lattice stable, where rA, rB, rX represent 

the ionic radii of the A, B, and X site ions, respectively. A stable cubic perovskite lattice can be 

realized for combination of ions with t in range of ~ 0.9 to 1.0. The t values of < 0.8, result in 

formation of orthorhombic perovskite lattice, while t > 1.0 – in tetragonal or hexagonal structure. 

Additionally, the octahedral factor µ (Equation 1.2 [35, 36]) determines fit of the B site anion 

into the X6 octahedron to keep the lattice stable. Li et al., have estimated the lowest limit of the 

octahedral factor for perovskite formation to be of about 0.425 [35]. 

 

 

 

Figure 1.1. Perovskite crystal structure with general formula ABX3, where A represents an 

organic or inorganic monovalent cation, B – a divalent metal cation and X – a monovalent 

inorganic anion. 
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Hybrid perovskites are semiconductors, which means that their valence band maximum (VBM) 

and conduction band minimum (CBM) are separated by an energy gap, called band gap (Eg) 

(Figure 1.2). The compositional diversity of hybrid perovskites, allows to achieve tunability in 

band gap values by simply changing ions at A, B, and X sites or their ratio [37]. B and X site 

components are crucial when tuning the band gap, since the contributions from p-states of X-

site anion dominate the valence band of perovskites along with contributions from s-states of B-

site cation, while conduction band is predominantly composed of 2p-states of B-site cation [38-

41]. Thus, band gap values in range of ~ 1.2 eV – 3.5 eV can be generated by mixing appropriate 

ions in perovskite structure [42-48] (Figure 1.3). Another important factor to highlight is that 

hybrid perovskites are direct band gap semiconductors, which means that VBM and CBM occur 

at the same point in momentum space. This results into efficient charge carrier generation upon 

absorption of incident photons, due to favorable probabilities for transition between initial and 

final states, and makes perovskites very attractive for photovoltaic and light-emitting 

applications. In addition, hybrid perovskites have high absorption coefficient (~ 105 cm-1 [49]), 

which is comparable to materials that compose highly efficient solar cells [50, 51], and means 

that a thin layer of perovskite (just few hundreds of nanometers) is sufficient to absorb most of 

the absorbable incident solar light. 

Perovskite thin films have variety of interesting transport properties. Despite effective masses 

of electrons and holes of about 0.2m0 [38] being comparable to other materials heavily used in 

photovoltaics [52, 53], the diffusion coefficients and mobilities for polycrystalline perovskite 

thin films are modest [54]. The diffusion coefficients are on the order of (0.05 – 0.2) cm2 s-1 

[55-59], while charge carrier mobilities have been reported in the range of (1 – 30) cm2 V-1 s-1 

[60-62]. In spite of this, perovskite thin films possess good carrier lifetimes from 100 ns up to 1 

μs [58, 59, 61, 63, 64], which results in long carrier diffusion lengths from 100 nm to 1 μm [60, 

62, 65, 66]. Long diffusion lengths of carriers result in efficient collection of charges, since a 

photo-generated carrier can travel longer distances from the point of generation. 

 

 

Figure 1.2. Energy level diagram of an intrinsic semiconductor with valence band denoted 

as VB, conduction band CB, Fermi level EF and band gap Eg. 
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Figure 1.3. Band gap values for perovskites with different compositions. Data acquired 

from: Tao S. et al. for ABX3 (A = MA, FA, Cs, B = Pb, Sn, X = I, Br) perovskites [42]; 

Kulkarni S. et al. [43], Zhang S. et al. [44], McMeekin D. et al. [45], Abdi-Jalebi M. et al. 

[46], Doherty T. et al. [47], Ogomi Y. et al. [48], for mixed compositions. 
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1.3 Perovskite thin film photovoltaics 

Perovskite thin film that is sandwiched between other layers of the device, is the basis of 

perovskite solar cell. These thin films due to remarkable light absorption properties of hybrid 

perovskites as mentioned in Section 1.2, are usually fabricated with thicknesses of about few 

hundreds of nanometers, which is sufficient to absorb maximum amount of incident light. In 

order to fabricate perovskite thin films, various methods are typically used, which will be 

reviewed below. 

 

1.3.1 Fabrication of perovskite thin films 

Among the fabrication methods for hybrid perovskite thin films, the most popular are processing 

from solution: spin-, spray-, slot-die-, blade-, roll-to-roll-coating, inject printing [67-69] and 

processing from vapor (co-evaporation, sequential evaporation and flash evaporation) [70, 71]. 

Other types of hybrid exposure-assisted deposition (CVD, vapor conversion process, gas treated 

crystallization, soft-cover deposition, polyiodide-assisted conversion, etc.) [72-76] are also 

used, but are less popular. Spin-coating from solution remains the most common method that so 

far results in formation of films that demonstrate highest efficiencies in devices. 

During the spin-coating, perovskite precursors are dissolved in a mixture of polar aprotic 

solvents (such as DMF, DMSO or GBL). The mixture is then deposited on a substrate that is 

spinning with controlled speed, acceleration and duration (see Figure 1.4 for schematic). During 

the spinning, an anti-solvent (such as chlorobenzene, diethyl ether, toluene, etc.) [77] can be 

introduced to facilitate solvent removal and initiate crystallization of the perovskite thin film. 

The nucleation density is important in this process as it pre-determines final size of crystalline 

grains: larger grains can be formed from lower nucleation density, while higher nucleation 

density produces smaller grains. The concentration of precursor solution, evaporation rate of 

solvent, as well as deposition and annealing conditions, also impact the grain growth and final 

film coverage. In particular, annealing temperature becomes very important for morphology of 

the film with optimal temperatures established to be between 80˚C and 100˚C [78]. In this way, 

perovskite thin films with thicknesses of few hundreds of nanometers can be fabricated with 

grain sizes ranging from few hundreds of nanometers to micrometers. 

 

Figure 1.4. Spin-coating of perovskite thin film using anti-solvent treatment. 
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As has been discussed above, polycrystalline perovskite thin films grow forming grains that 

typically range in sizes from several hundreds of nanometers to several micrometers. While 

crystalline grains grow, their termination results in formation of high density of grain boundaries 

that will vary depending on the grain size. There is a lot of discrepancy in literature regarding 

the role of grain boundaries. While some reports highlight benign nature of grain boundaries 

[79-83], others are pointing out relation of grain boundaries to charge carrier trapping due to 

high concentration of defects [5, 84-88], and improved efficiencies of devices made of large-

grain perovskite films [89-93] that have reduced density of grain boundaries. Also, decreased 

potential barrier [94], enhanced photo-current [95], lower carrier diffusion [96] have been 

observed at grain boundaries. Additionally, I--rich regions have been identified to be 

predominantly distributed at grain boundaries [97], while other studies reported grain 

boundaries to be PbI2-rich [98]. It remains undetermined what is the exact role of grain 

boundaries in performance of perovskite thin films, and whether they concentrate centers of 

non-radiative recombination. In Chapter 3 of this thesis we will shed more light on possible 

formation of deep level traps at grain boundaries in triple cation mixed halide perovskite thin 

films. 

 

1.3.2 Perovskite solar cells 

Perovskite thin films are basis of perovskite solar cells. However, originally, the field of 

perovskite photovoltaics began in 2009 with the famous work of Miyasaka group [1] who 

employed hybrid perovskite as sensitizer on mesoporous TiO2 electrodes in a typical geometry 

of a dye-sensitized solar cell (DSSC) (Figure 1.5). A DSSC consists of a layer of mesoporous 

TiO2 that is covered with photosensitive molecular dye that absorbs incident light. The cell is 

then immersed into electrolyte solution together with Pt counter electrode. The working 

principle of a DSSC is straightforward: (1) incident light is absorbed by the dye; (2) photo-

excitation of the dye generates electrons that are then injected to the TiO2; (3) photo-generated 

electrons diffuse to the back electrode and then travel to the counter electrode through the 

external circuit; (4) at the counter electrode, electrons reduce redox mediator in electrolyte and 

recharge the dye; (5) the redox mediator in electrolyte oxidizes back and diffuses to the counter 

electrode. The devices in such configuration when used hybrid perovskite as visible-light 

sensitizer, showed power conversion efficiency of 3.8 % [1], and were reported to efficiently 

sensitize TiO2. Only after this it has been realized that solid-state perovskite solar cells were the 

future direction, and perovskite solar cells in their current planar geometry were developed and 

started showing higher and higher efficiencies [99], reaching 25.7 % as of now [2]. 

A typical device structure of perovskite solar cell is shown in Figure 1.6, where perovskite thin 

film is sandwiched between electron- and hole transporting layers (ETL and HTL, respectively) 

and conductive contacts (transparent conductive oxide (TCO) and Metal contact). Upon 

absorption of incident sunlight, electron-hole pairs are generated in perovskite absorber layer 

(Figure 1.7). Due to the low exciton binding energy in perovskite [100], these bounded electron-

hole pairs very quickly dissociate into free carriers, and electrons collected by the electron 

transport layer, move to the transparent contact, while holes that are collected by the hole 

transport layer, move to the metal electrode. There is a wide variety of materials that are utilized 

as efficient electron- and hole transport layers. Among the typical ETLs are meso- TiO2, 

compact TiO2, PCBM, NiO, SnO2, ZnO, C60, and PEDOT-PSS, spiro-OMeTAD, PTAA for 

HTLs [101]. 
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Figure 1.5. Schematic of a dye sensitized solar cell. (1), (2), (3), (4), (5) denote absorption 

of light by the dye, generation of electrons and their injection to TiO2, diffusion of electrons 

to back electrode and to counter electrode, reduction of redox mediator in electrolyte at the 

counter electrode and recharging of dye, oxidation of redox mediator, respectively. 

 

 

 

Figure 1.6. Schematic of a typical perovskite solar cell. ETL, HTL, TCO denote electron- 

and hole transporting layers, and transparent conductive oxide, respectively. 
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The fabrication process of perovskite solar cell starts with preparation of substrate. Typically, 

glass coated with a layer of conductive oxide (ITO or FTO) is used. There are studies that 

highlighted impact of substrate on quality of fabricated perovskite thin films [102], therefore, 

careful attention should be paid to this step. The substrates are typically first cleaned and an 

ETL is deposited. Depending on the type of ETL, it can be fabricated either by solution-based 

techniques (spin-, spray-coating), or vacuum-based techniques (vacuum sputtering, thermal 

evaporation). The substrates with deposited ETL might require annealing (e.g., samples with 

mesoporous TiO2 as ETL are typically annealed at high temperatures of about 500˚C). The 

substrates with ETL are then subjected to the UV-ozone treatment to make surface more 

hydrophilic for subsequent spin-coating of perovskite layer. After deposition of perovskite, HTL 

is introduced by spin-coating, and metallic electrode is evaporated using a mask. The whole 

process can be as quick as a couple of hours depending on the preparation methods of choice. 

Spin-coating is a relatively fast fabrication method, however one is required to have a lot of 

practice in order to fabricate reproducible and reliable thin films and devices. Therefore, when 

it comes to assessment of performance of prepared solar cells, it is advised to make judgments 

across multiple devices, and not to rely on the output of a single device [103]. 

 

 

 

 

 

Figure 1.7. Working principle of perovskite solar cell. Upon absorption of sunlight, 

electrons in perovskite are promoted to higher energy levels, leaving holes behind. Photo-

excited electrons move to electron-transport layer (ETL) and transparent conductive oxide 

(TCO), while holes move to hole-transporting layer (HTL) and are collected at metal 

electrode. 
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1.3.3 Performance of perovskite solar cells 

Before proceeding with discussing performance of perovskite photovoltaics, let us review some 

important performance parameters in photovoltaic devices. 

For a solar cell to be a good photo-converter, it should be made of a semiconducting material 

with an energy gap. The light absorption properties of this material should be superior, which 

will guarantee efficient absorption of incident photons and generation of charge carriers. This 

semiconductor should be contacted with other materials to achieve efficient charge separation 

and collection. For an ideal device, the losses occurring due to non-radiative recombination of 

photo-generated carriers at defects and impurities, should be minimized for all the layers and 

their interfaces with contacts. 

The two important parameters that determine performance of the operating solar cell, are open 

circuit voltage (Voc) and short circuit current (Isc) [104]. The short circuit current depends on the 

area of solar cell. To remove this dependence, it is commonly represented through short-circuit 

current density (Jsc). Voc develops when solar cell is switched on by light, but the terminals 

remain isolated, while Jsc is the current drawn when the terminals are connected together. Solar 

cell operates between 0 and Voc and delivers largest current equal to Jsc. The photocurrent (Jsc) 

of the solar cell depends on the incident light and is defined through the quantum efficiency – 
probability that an incident photon will produce an electron to the external circuit. The Voc 

depends on the saturation current and light-generated current of the solar cell (equation 1.3 – 

1.5). The Voc increases as the band gap Eg of the light absorbing material increases. Generally 

speaking, the lower the band gap of absorbing material, the more photons can be absorbed due 

to the shape of solar spectrum. However, lower band gap at the same time implies a lower Voc 

[104]. Therefore, materials with optimum band gap should be considered according to specific 

application (e.g., single junction or tandem photovoltaics). 

The detailed balance principle introduced by W. Shockley and H. Queisser in 1961 [105] for 

absorbed and emitted radiation, is putting unavoidable constrains on efficiency of solar cells by 

stating that it is impossible to convert 100 % of the incident light into electricity. The losses that 

are considered, arise from either not absorbed or thermalized photons that will not contribute to 

the photon-to-electron conversion in a solar cell. For example, for a single-junction device made 

from an “ideal” material with band gap of 1.4 eV, the detailed balance approximation gives 

limiting efficiency of about 33.7 % in a non-concentrated light. Among the strategies to 

overcome the Shockley-Queisser limit, are (i) concentration of incident solar light [106] when 
incident light is focused or guided by an optical element such that a high intensity beam shines 

on a small solar cell, (ii) use of tandem devices to cover as much of the solar spectrum as possible 

[107, 108], (iii) photon up conversion to utilize the below-band gap photons [109, 110], and 

many more. For perovskite devices, tandem configurations with Si [111-114], low-band gap 

perovskite [115, 116] or even organic photovoltaic devices [117, 118] become more and more 

popular, and will very likely occupy a substantial niche of application of perovskite 

photovoltaics in the near future. 

The current voltage response of a solar cell is described with a current-voltage characteristic. A 

typical current-voltage characteristic of an ideal solar cell is shown in Figure 1.8, where Jsc and 

Voc represent short circuit current and open circuit voltage, and the product of Jm and Vm gives 

maximum power point (Pm) at which device should be operated to achieve maximum PCE. The 

fill factor (FF) is then determined according to the Equation 1.3, and describes the “squareness” 
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of the J-V curve. Typically, the closer the FF value to 1, the less losses a solar cell is 

experiencing. 

The PCE (η) of the solar cell is determined as a ratio of the output power density delivered by 

the solar cell at operating point and input power density of the incident sun light Ps (Equation 

1.4). Using FF, efficiency is related to the Voc and Jsc (Equation 1.5). 

For a real solar cell, the J-V curve approaches the one of an ideal cell, however, the performance 

is influenced by parasitic resistances called series (Rs) and shunt (Rsh) resistances that arise due 

to contacts and current leakage around the edges of the device and between contacts. 

The superior light absorption abilities of perovskites, imply that a fraction of solar light that the 

material absorbs, should be efficiently converted to charge carriers. However, the absorption 

coefficient as well as band gap, will vary for different compositions of perovskites. Therefore, 

depending on application, one should carefully select the composition of perovskite absorber. 

For example, devices with one of the highest PCE values as of now (exceeding 20 %) are 

fabricated using perovskites with mixed compositions, having three ions as A-site cation (MA, 

FA and Cs) and two halides as X-site anion (I, Br) [119, 120]. These devices have high Voc 

values (~ 1.1 V– 1.2 V) due to relatively large band gap of perovskite absorber (~ 1.6 eV – 1.7 

eV), and efficiently capture reasonable amount of solar light, resulting in high Jsc (~ 17 mA/cm2 

– 22 mA/cm2). The compositions yielding lower band gaps, such as FA-based, I-only 

perovskites [121], have also demonstrated high PCEs given their high values of Jsc, and have 

potential for application in single-junction or perovskite-perovskite tandem solar cells. Br-rich 

 

 

Figure 1.8. Current voltage characteristic of an ideal solar cell. Jm, Vm, Pm, Jsc, Voc denote 

maximum current, maximum voltage, maximum power point, short circuit current and open 

circuit voltage, respectively. 
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perovskite absorbers are popular for applications in tandem devices where utilization of wide-

band gap semiconductors is essential [44, 122, 123]. 

Even though hybrid perovskite solar cells have demonstrated a remarkable increase in efficiency 

over the past decade and are approaching efficiencies of conventional Si-based technologies that 

have been developing for more than 50 years now, perovskite solar cells still remain below the 

theoretically predicted values for PCE [10]. Moreover, over the recent years the efficiency 

values have been increasing rather slowly with each benchmark being slightly higher than 

previous, usually as a result of passivation of absorber layer or doping of charge transport layers 

[124-127]. This means that in parallel to trying out various strategies to polish up the efficiency, 

along with exploring the wide variety of material compositions and forms that hybrid perovskite 

family has to offer (such as 2D perovskite films [128], nanocrystals [129], single crystals [130]), 

we must turn into investigation of fundamental processes that limit the device performance. This 

will be the key to overcome any efficiency limitations and will provide a platform to further 

implement these materials for large scale, flexible and tandem applications. 
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1.4 Limitations of perovskite photovoltaics 

The viability of photovoltaic devices typically includes such parameters as power conversion 

efficiency, long-term stability and ease of fabrication [131]. While the last condition can be 

somewhat satisfied for perovskites with a wide variety of low-temperature and low-cost 

fabrication methods, these preparation routs typically result in device efficiencies that still 

require improvement, meaning that some fabrication parameters need to be changed in order to 

improve the PCE. Which exact parameters to tweak is not so obvious and therefore requires a 

detailed study of factors that are predicted to limit the PCE from various perspectives. Some of 

these factors, in particular presence of charge trapping defects in perovskite absorber layer and 

their impact on device efficiency, will be discussed further in this thesis. The outcome of this 

study will add to the knowledge base and we hope will facilitate future development of 

immediate working tools to improve performance of perovskite solar cells. The long-term 

stability of perovskite solar cells remains outside of the scope of this thesis, however, has been 

approached by us via collaborative work with colleagues from Stranks Lab at the University of 

Cambridge who have pursued this direction thoroughly, with us participating in important 

experimental assessments [132]. 

Since the perovskite thin films have been first employed in solar cells, the number of 

publications on perovskite photovoltaic devices has been increasing rapidly every year and the 

“perovskite fever” began. When typing “hybrid perovskite” in a Web of Science search engine, 

over 9,000 results are generated as of today. Most of these works report on various fabrication 

approaches or film passivation methods, many of which led to new benchmarks in performance 

of perovskite solar cells. However, in parallel to suggesting and employing potential strategies 

to improve efficiencies - which often times do not deeply investigate on the reasons why they 

appeared successful, but rather report the improved performance – it is critically important to 

understand the underlying limitations of perovskites and develop meaningful and successful 

strategies to overcome them based on this knowledge. Especially important are processes that 

occur on micro- or nanoscale – or on the level of grains in polycrystalline perovskite films [4], 

where the variations of optoelectronic properties, such as in photoluminescence intensity [5, 6], 

local strain [133, 134], composition [135-137] have been observed and related to the film 

performance. 

To understand how the research of hybrid perovskite thin films on grain level has been 

developing over years, we analyzed the number of articles published in peer reviewed journals 

in time frame from 2009 to 2021 (Figure 1.9, data acquired from [138-141] for 2014, [5, 79, 

142-156] for 2015, [82, 136, 157-178] for 2016, [7, 80, 95, 98, 179-206] for 2017, [46, 96, 207-

236] for 2018, [133, 134, 237-256] for 2019, [47, 94, 257-276] for 2020, [83, 114, 137, 277-

297] for 2021). The articles reporting on layered 2D perovskites, perovskite nanostructures, 

single crystals, as well as works reporting efficiency-only and review papers have been excluded 

from the search. Thus, only the works covering various nano- and microscale investigation 

approaches applied to hybrid perovskite thin films have been accounted for in the search. When 

analyzing such reports, we found that pronounced research in this area started around 2015 - 

2016. During this time, device efficiencies have already approached 20 % and initial rapid 

increase in efficiency began to slow down from approximately (3 - 4) % to about (1 - 2) % PCE 

improvement per year. Therefore, it was a high time to begin comprehensive assessment of 

limitations of perovskite photovoltaics on different length scales with the aim to improve 

efficiencies even further by overcoming crucial limitations. Similarly, the work on this thesis 
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has started with the goal to contribute to understanding of nano- and microscale processes that 

are acting as obstacles for perovskite photovoltaics from reaching their ideal performances. In 

our case, we have chosen a powerful approach that allowed us to directly probe the sites of poor 

performance. More details will be provided later on in following chapters of this thesis. 

 

1.4.1 Defects in hybrid halide perovskites 

Hybrid perovskite thin films are commonly processed using low-temperature solution-based 

methods that are known to result in formation of unintentional defects and impact performance 

of perovskite solar cells. Even films that are used to fabricate devices with high efficiencies, 

contain non-negligible amount of defects that result in inability of perovskite devices to reach 

their thermodynamically predicted efficiency limits [9, 13]. Typically, defects in 

semiconductors represent interruptions to perfect arrangement of atoms in crystal lattice. They 

can appear in a form of point- (vacancies, interstitial atoms, anti-site substitutions) or higher 

dimensional defects (dislocations, stacking faults, precipitates, grain boundaries). Energetically, 

defects can be categorized into shallow level- that open states closer to the band edges, or deep 

level defects that lay in the mid gap. Shallow defects in perovskites can cause doping, however, 

due to their fast charge trapping-de-trapping nature, they typically do not act as centers of non-

radiative recombination [18]. In turn, deep level defects are known to participate in charge 

carrier trapping and impact charge generation, separation and collection at contacts [15, 17, 87]. 

According to theoretical works that have calculated the energy-level positions of some common 

point defects that can form in hybrid perovskites, deep level defect states can be opened by I 

interstitials (Ii), Pb vacancies (VPb) [15, 20, 21] and various anti-site occupations (PbI, IPb) [19, 

 

Figure 1.9. Number of literature reports that researched properties of hybrid perovskite thin 

films on micro- and nanoscale (shown in time frame from 2014 to 2021). Data acquired from 

[5, 7, 46, 47, 79, 80, 82, 83, 94-96, 98, 114, 133, 134, 136-297]. 
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298]. In addition to common point defects that are usually heavily discussed from perspective 

of limiting perovskite efficiency, we cannot exclude formation of higher dimensional defects, 

such as twinning defects, stacking faults or dislocations, and their potential impacts on 

performance of the film. Given the high sensitivity of perovskite films to electron beam probes 

that are typically used to visualize structural defects, the relationship between presence of 

specific types of defects and perovskite performance remain poorly understood. Only recent 

works employing mild doses of electron beam probes in transmission electron microscopy, 

began showing very promising results in this direction [227, 269, 287, 299]. Given the variety 

of defects that can form in perovskite thin films, one important area of research is to understand 

and control these defects. 

 

1.4.2 Defect-induced limitations in perovskite thin films 

One of the unfavorable effects that deep level defects can introduce in perovskite thin films, is 

trapping of photo-excited charges. This means that upon photoexcitation, a portion of electrons 

or holes will not reach the charge transport layers and contacts, but will be trapped at defective 

sites. This leads to non-radiative recombination of trapped charges and directly reduces 

efficiency of devices. Moreover, deep level defects can impact band alignment at interfaces with 

charge transport layers, or create obstacles for charge transport, as they can act as scattering 

centers for charges that are accelerated by the electric field. 

When studying defect-induced limitations, it is important to use appropriate tools that allow to 

probe them directly. One common approach to investigate non-radiative recombination is to 

employ time-resolved photoluminescence spectroscopy (TR-PL) [5, 7, 14, 300-302]. In 

particular, TR-PL accounts for both radiative and non-radiative recombination, and fitting of 

TR-PL decay dynamics, allows to estimate both. If extend this model even further, third-order 

processes such as Auger recombination should be also considered. The non-radiative time 

constants can be extracted and compared for different films to estimate the contributions from 

defects. One challenge of this method, similarly as for many spectroscopy tools, is spatially-

averaged nature of results. Considering that perovskite thin films have polycrystalline nature, it 

is useful to employ tools with good level of spatial resolution to be able to compare different 

regions of the film, e.g., grains versus grain boundaries. 

When employing microscopy techniques for perovskite films, inhomogeneous 

photoluminescence intensity, as well as non-radiative decay parameters were found. For 

example, works by deQuilettes et al. [5-7, 157] combining photoluminescence- and scanning 

electron microscopies, first highlighted that perovskite films contain “bright” grains with good 

photoluminescence and “dark” grains showing poor photoluminescence intensity. Such spatially 

inhomogeneous behavior of perovskite films implies the presence of hidden centers of non-

radiative recombination that occur on grain level (nano- or microscale) and contribute to local 

limitations of perovskite performance. 

Furthermore, aside from inhomogeneous photoluminescence, spatial heterogeneities of other 

properties such as photo-response [164], open circuit voltage [184], contact potential difference 

[248, 255], crystallographic orientation [134], composition [135, 136, 238, 251], have also been 

reported for hybrid perovskite thin films. Many of these have been related either to presence of 

charge trapping defects, or were explained via other mechanisms such as ion migration, phase 

segregation, etc. For example, non-radiative defect-mediated photoluminescence losses have 
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been correlated with presence of local strain in perovskite thin films [133]. All this suggests that 

in order to understand the limitations of perovskite thin films, one needs to zoom in to micro- 

or even nanoscale and investigate defect-mediated processes. Moreover, given the ultrafast 

nature of charge trapping by deep level defects, having opportunity to employ time-resolved 

measurements, becomes equally as important. Therefore, when designing experimental 

methodologies to characterize defects in perovskites, both high levels of spatial and temporal 

resolutions are required. 

To study defects in hybrid perovskites with both spatial and temporal resolution, in our group, 

we have been developing application of time-resolved photoemission electron microscopy (TR-

PEEM) [47, 303]. TR-PEEM benefits from spatial resolution of photoemission electron 

microscope (about 20 nanometers) and temporal resolution of optical pulses (about a few 

hundreds of femtoseconds) that are used to create photo-excited state and monitor the response 

of selected energy states in material (more details in Chapter 2). 

By employing PEEM, we have previously shown that we were capable of imaging spatial 

distribution of defect states in perovskite thin films as nanoscale clusters [47, 303]. We have 

also correlated them with local photoluminescence losses and found general trends in trapping 

of photo-excited charges at these nanoscale defect sites. However, much remains unknown 

about these defects. In particular, more work is required to determine location of the defects 

with respect to surface microstructure, to categorize defects according to their types, to 

understand their exact roles in charge trapping and finally, to understand their response to 

passivation strategies. Such comprehensive assessment is important to design legitimate 

strategies to engineer the undesired defects and to improve the viability of perovskite solar cells. 
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1.5. Thesis objectives and overviews 

The main objectives of this thesis are: (i) to visualize nanoscale defects in polycrystalline hybrid 

perovskite thin films and to identify their formation sites; (ii) to categorize the visualized defects 

based on their morphological arrangement and spectroscopic signature into different types; (iii) 

to probe the spatio-temporal charge carrier trapping dynamics of different defect types upon 

photo-excitation, and relate this behavior to the role of defects in performance of perovskite thin 

films; (iv) to directly probe how specific strategies known to improve performance of 

perovskites, impact nanoscale defects and their charge trapping dynamics. 

In order to achieve goals of this thesis, we utilized time-resolved photoemission electron 

microscopy as a main characterization tool, and supported our work with the help of 

supplemental solid state characterization microscopy techniques, such as scanning electron-, 

atomic force-, and photoluminescence microscopies. 

In Chapter 3, we provide detailed description about imaging of the spatial distribution of 

nanoscale defects with photoemission electron microscopy. We found that the defects in triple 

cation mixed halide perovskite thin films ranged in sizes from few tens to few hundreds of 

nanometers. We also observed that these defects had very different spatial arrangement with 

respect to surface microstructure. The smallest defects of few tens of nanometers in sizes, were 

predominantly distributed at grain boundaries, while larger ones of few hundreds of nanometers 

in sizes, were associated with entire grains. In this Chapter we started classifying defects into 

different types based on their relation to surface microstructure. 

In Chapter 4, to further define different types of visualized defects, we employed energy-

resolved imaging with PEEM. This allowed to plot photoelectron spectra for individual defects 

and estimate their energy level positions and variation of work function at defective sites as 

compared to pristine regions. By relating spectral characteristics and spatial arrangement of 

defects, we were able to further categorize the observed defects. 

In Chapter 5, in order to understand behavior of nanoscale defects upon photoexcitation, we 

employed time-resolved PEEM. TR-PEEM allowed to visualize charge carrier trapping at 

defective sites in space and monitor the sub-nanosecond trapping dynamics in time. We found 

that grain boundary and one type of intra-grain defects participated in trapping of photo-excited 

holes, while another type of intra-grain defects, was relatively benign and did not trap charges 

when photo-exciting perovskite. Moreover, the types of defects that showed trapping behavior, 

had very different trapping dynamics, which implied presence of different mechanisms for 

charge trapping for each defect type. 

Finally, Chapter 6 describes how these different types of defects can be impacted when 

subjected to treatments known to improve performance of perovskite films. After exposing films 

to controlled amounts of oxygen under illumination, we found that even upon very mild 

treatments, trapping by the grain boundary defects was suppressed, while intra-grain defects 

remained largely unaffected. Additionally, we found that upon mixing specific additives to 

perovskite precursor solution, such as potassium iodide, some of the defects can be effectively 

passivated. We concluded, that given the varied response of defects to treatments, it is likely 

that a combination of approaches might be required to engineer defects, including careful 

control of film crystallization and application of targeted post-treatment strategies. 
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Through careful study and assessment, the work done in this thesis provides detailed knowledge 

about the nanoscale defects in perovskite thin films and their role in film performance. We hope 

that our results will benefit perovskite photovoltaic community and will provide more insights 

into improving film fabrication methodologies as well as other approaches to eliminate 

formation of undesired defects in hybrid perovskite thin films. We hope our work will help 

enhance viability of perovskite photovoltaics for successful commercialization in the near 

future.  
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Chapter 2 

Time-resolved Photoemission Electron 

Microscopy 
 

 

 

 

2.1. Abstract 

In order to achieve goals of this thesis, we utilized time-resolved photoemission electron 

microscopy as a main characterization tool. PEEM allows us to visualize electrons photo-

emitted from various occupied states in material. When coupled with time-resolution of optical 

pump-probe experiment, PEEM allows us to trace the evolution of photo-excited charges in 

space and time. In this chapter, we will introduce time-resolved PEEM (TR-PEEM) as a suitable 

technique for studying semiconducting thin film samples. In Section 2.2, we will discuss general 

aspects of our experimental set-up, main components of PEEM, optical set-up for generation of 

ultraviolet light required for PEEM experiments. In Sections 2.3 and 2.4, we will cover design 

and operation of TR-PEEM experiment and interpretation of TR-PEEM signal. 
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2.2. Photoemission electron microscopy 

Photoemission electron microscopy is a powerful technique that can be utilized to characterize 

electronic states of metallic and semiconducting materials [304]. In PEEM, electrons are photo-

emitted from sample surface with incident ultraviolet or X-ray photons and are imaged with 

electron optics of the microscope. PEEM is a surface-sensitive technique capable of studying 

properties of materials with high spatial and energy resolution. Nowadays, PEEM instruments 

are employed to study semiconductors [305-310], plasmonic surfaces [311-315], various 

magnetic materials [316-318] and even biological samples [319, 320]. Adding temporal 

resolution to PEEM experiments, opened a new field of time-resolved PEEM which allowed to 

visualize the excited state dynamics in space and time [306, 308, 310, 321]. 

 

2.2.1. General aspects of photoemission 

The basic principle of PEEM operation is photoelectric effect [304]. The photoelectric effect 

was discovered back in late 1880s by Heinrich Rudolf Hertz and since then the knowledge was 

gradually expanding and led to a Nobel Prize awarded to Albert Einstein in 1921. Photoelectric 

effect occurs when electrons are liberated from the surface of material upon shining light of 

energy that is enough to overcome material’s work function (Figure 2.1a). In particular, 

electrons that populate core levels and valence states are promoted to the free electron states in 

the vacuum level upon absorption of UV radiation, as shown in Figure 2.1b. Nowadays, 
photoelectric effect finds application in electronic devices (photodiodes, etc.) and also in 

electron microscopy such as PEEM, XPEEM and in spectroscopy including XPS and UPS. In 

particular, when illuminating material with photons of high energies one can obtain 

compositional information about the material [322]. 

 

Figure 2.1. Diagram of photo-emission process. (a) UV light (hν) causes photo-emission of 

electrons (e-) from the surface of a solid (photoelectric effect). (b) Upon absorption of UV 

photons, electrons (filled red circle) are promoted from the valence band, conduction band 

and core level states to free electron states above the vacuum level, leaving holes (hollow 

red circle) behind. 
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Photoemission from solids is typically described with a three-step model that was first 

introduced by C. Berglund and W. Spicer [323] (Figure 2.2). Those three steps are: (i) 

photoexcitation of an electron from the solid; (ii) propagation of the photo-excited electron to 

the surface; (iii) escape of the electron from the solid. For each of these steps strict conditions 

should be satisfied in order for the photoemission event to be successful. Step (i) can be 

described by quantum - mechanical selection rules and requires transition (with transition 

probability ω) between initial state (Bloch state of the solid Ψi) and final state (free electron 

state Ψf) to be favorable (Equation 2.1). During the (ii) step, when photo-excited electrons 

propagate to the surface, in order to be photo-emitted, electrons need to overcome scattering and 

collisions with other particles in the solid. The step (iii) for example, demands conservation of 

parallel component of momentum vector kII, and electrons also need to overcome work function 

of the material. This three step model is a commonly used approximation to explain complex 

photoemission processes to large audience in an intuitive manner. The description of a more 

“correct and accurate” yet far more complicated one-step model, that introduces a damped final 

state, can be found in the book by S. Hüfner [324]. 

The electrons that escape from the sample surface have kinetic energies (Ekin) defined according 

to the (Equation 2.2), where EB is the binding energy of the photo-emitted electron, Φ is a work 

function of the material and hν denotes incident photon energy. 

When performing photoelectron spectroscopy, kinetic energies of photo-emitted electrons are 

being recorded, which allows to extract their binding energies. In this way, one can obtain 
chemical information about material. Apart from measuring kinetic energies, by resolving the 

emission angle of photo-emitted electrons, one can employ technique called angle-resolved 

photoemission spectroscopy (ARPES) [325] to map electronic band structure of material. 

 

Figure 2.2. Three-step model of photoemission. Adapted from Hüfner S. “Photoelectron 

spectroscopy: principles and applications” [324]. 
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2.2.2. Photoemission electron microscope 

The development of photoemission electron microscopes started in 1930s with the work of E. 

Brüche, who designed the first system for imaging with photoelectrons, known as the first 

PEEM [326]. These first microscopes were used to study metallic and mineral samples. Such 

systems operated at poor vacuum conditions and suffered from sample contamination. This type 

of PEEM was followed by development of ultrahigh vacuum (UHV) microscopes. UHV PEEM 

was developed in 1970s with efforts of surface scientists [327]. This generation of PEEM 

allowed to reach vacuum of about 10-9 mbar, which prevented sample contamination and 

condensation. This improvement allowed to study adsorption of oxygen on metallic surfaces, 

growth of metals on polycrystalline substrates, chemical reactions on metal surfaces, as well as 

doping of semiconductors [328-330]. Since then the development of PEEM progressed to 

include different imaging regimes by introducing sets of electromagnetic lenses and a 

hemispherical energy analyzer [304, 327]. A modern spectroscopic PEEM (SPELEEM), which 

operates in imaging and spectroscopy modes, has been around since the end of 1980s. These 

instruments were used with synchrotron radiation to produce images of core and secondary 

photoelectrons, as well as to carry out micro-photoelectron diffraction (μPED) and micro-XPS 

(μXPS) experiments. In 2000s, the original spectroscopic SPELEEM was commercialized by 

Elmitec. Since then, modernized PEEM instruments, are used in various ways to realize 

XPEEM, μPES, μXPS and in combination with LEEM to study metallic, semiconducting, and 

even amorphous samples. 

The work in this thesis has been done using SPELEEM III microscope manufactured by Elmitec. 

The schematic of this instrument is shown in Figure 2.3. A typical microscope consists of a load 

lock, preparation chamber, main UHV chamber, illuminating-, imaging- and projective electron 

optics. The main chamber of the microscope is kept under high vacuum (10-10 – 10-11 Torr or 

better) and is connected with preparation chamber via an UHV gate valve. The sample is 

transferred between the chambers using a transfer arm. The preparation chamber is typically 

used for sample storage and preparation of sample for the PEEM measurements, such as heating 

or cleaving. SPELEEM III is also equipped with an electron gun for operation in low energy 

electron microscopy (LEEM) mode. When operating in LEEM mode, electron beam is directed 

to the sample through the beam separator that separates the incoming incident and outgoing 

backscattered electrons. In PEEM mode, an external UV photon beam that is coupled through 

an UV viewport, hits the sample under grazing angle. The photo-emitted electrons are then 

collected by a magnetic objective lens and directed to the imaging column of the microscope. 

In order to obtain high spatial resolution, high potential difference of 20 kV is applied between 

the sample and objective to accelerate photo-emitted electrons into the objective lens. After 

passing through the imaging optics, photo-emitted electrons enter hemispherical energy 

analyzer that disperses electrons depending on their kinetic energies. Finally, after the energy 

analyzer, electrons reach projective system and image detector (microchannel plate, 

phosphorous screen and camera). In this way, one can acquire energy-resolved images of sample 

with spatial resolution of about 20 nm and measure photoelectron spectra with energy resolution 

of about 125 meV. 
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PEEM contains many different apertures and slits that can be inserted in electron beam path. 

Illumination aperture is used to limit the electron beam size when operating in LEEM mode. 

Field limiting (selected area) aperture allows to limit the size of the image in the energy analyzer 

by selecting small region of the sample surface. This becomes important for angle-resolved 

spectroscopy of small samples, and also allows to improve energy resolution. Contrast 

(diffraction) aperture serves to improve the contrast and spatial resolution. This is a small-

opening that blocks electrons photo-emitted at large angles, and prevents them from contributing 

to aberrations. Energy slit is used for photoemission spectroscopy and serves to select electrons 

within a limited energy window. By scanning the whole energy spectrum of photo-emitted 

electrons through the slit, we can collect energy-resolved images. 

The typical modes of operation of the PEEM, are shown in Figure 2.4. Among them are: (i) 

imaging mode, (ii) spectroscopy mode and (iii) diffraction mode. The imaging mode allows to 

produce an image from photo-emitted electrons. By using spectroscopy mode, one can record 

energy-resolved images and collect photoelectron spectra. Finally, the diffraction mode is used 

to collect diffraction pattern from an area of interest. This mode requires the use electron gun as 

illumination source. Using a combination of different modes, other type of experiment such as 

angle-resolved photoemission spectroscopy can be realized. ARPES allows to visualize 

electronic band structure by recording the emission angles and kinetic energies of photo-emitted 

electrons. The work in this thesis heavily relies on a part of these capabilities, in particular, on 

PEEM imaging and photoelectron spectroscopy. 

 

 

Figure 2.3. Diagram of photoemission electron microscope. Electro-magnetic lenses are 

marked with ellipses. CL1, CL2, CL3, OBJ, TL, FL, IL, P1, RL, INL, ACL, P2, P3 denote 

Condenser lens 1, Condenser lens 2, Condenser lens 3, Objective lens, Transfer lens, Field 

lens, Illumination les, Projective lens 1, Retarding lens, Intermediate lens, Acceleration lens, 

Projective lens 2, Projective lens 3. 
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2.2.3. UV photon sources 

In PEEM, UV photons are typically utilized to liberate electrons from the sample surface. The 

energy of these photons should be sufficient to overcome work function threshold of materials 

(at least 4 eV for most materials). The most commonly used laboratory based photon sources 

for PEEM are mercury- (6.7 eV or 4.9 eV), deuterium- (10 eV) or He lamps (21.22 eV or 40.81 

eV). When used with synchrotron radiation with X-ray photons of much higher energies, 

XPEEM can be realized to photo-emit core-level electrons and obtain chemical information 

about the sample. 

Another source of UV light are pulsed lasers. Pulsed laser UV light sources were introduced in 

1980s by Jones et al. [331] who used a Q-switched Nd:YAG laser (1064 nm) and produced 

fourth harmonic radiation of 4.66 eV with nonlinear crystals. Their laser system operated in the 

kHz regime producing high peak power pulses. It was later on shown that high laser power 

decreases image resolution in PEEM due to space charge effects [332, 333]. Therefore, MHz 

laser systems with lower pulse energies have been reported to be better for PEEM imaging due 

to minimized space charge effects [304]. 

To generate UV probe photons for PEEM experiments in this thesis, we employed non-linear 

frequency conversion of fundamental output (800 nm) of a 4 MHz Ti:Sapphire laser (Femto 

Lasers XL:650) with pulse energy of 650 nJ and pulse duration of 45 fs. Via frequency mixing 

using nonlinear BBO crystals [308, 334], we generated about 5 mW of third (266 nm or 4.65 

eV) and about 0.5 mW of fourth (200 nm or 6.2 eV) harmonics by sending 500 mW of 

fundamental 800 nm. Such amounts of generated harmonics were sufficient for actual PEEM 

experiments, as will be discussed in Chapter 3. The schematic of the optical set-up is shown in 

Figure 2.5. The generated UV photon beam was coupled to the PEEM via a fused silica window. 

The design of the microscope allows to send the laser beam under a grazing angle θ of about 

17˚ for our setup. The reflected beam after the sample, passes through the window on opposite 

side and is blocked by a beam dump. 

 

Figure 2.4. Typical working modes of LEEM/PEEM photoemission electron microscope 

(adapted from Menteş T. and Locatelli A. [325]. 
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On a side note, early on, at the beginning of the work on this thesis, we have also employed 

similar design to generate 266 nm light via tripling fundamental output of an 80 MHz pulsed 

Ti:Sapphire laser system (Spectra Physics MaiTai) with pulse energy of 31 nJ. In order to induce 

nonlinear processes for frequency up-conversion with low pulse energy laser systems, it is 

important to achieve tight focusing and minimize losses via employing of achromatic lenses 

mounted on high precision lens mounts. Although it was challenging to generate 200 nm light, 

we have successfully generated 266 nm light with 80 MHz laser system. 

 

 

 

 

Figure 2.5. Diagram of PEEM experiment. Output beam of a femtosecond pulsed laser 

source enters the UV light generation set-up (highlighted with grey dashed line). 266 nm 

and 200 nm light is generated by frequency conversion using nonlinear BBO crystals (1, 2 

and 3). The UV beams are coupled to the PEEM through the side window. 
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2.2.4. PEEM resolution and probe depth 

The PEEM that was used in this thesis allows imaging with photoelectrons with spatial 

resolution below 20 nm. The spatial resolution will heavily depend on the sample surface, 

alignment of the microscope, the use of apertures and, importantly, on the dose of incident UV 

light. For example, for XPEEM experiments, the spatial resolution can be as good as few tens 

of nanometers due to high energy of the pulsed probe photons [335]. We used 84% 16% method 

to estimate the resolution of high quality PEEM images obtained in this work and found that for 

the best alignment with contrast aperture, we were able to achieve about 18 nm spatial resolution 

for perovskite samples (Figure 2.6a). PEEM image with poor spatial resolution (~ 46 nm) due 

to space charge effects and poor alignment is shown in Figure 2.6b for comparison. 

PEEM is known to be a surface-sensitive technique. Therefore, it is important to discuss the 

probe depth of the PEEM measurements. Here we will discuss two important parameters: 

inelastic mean free path of an electron escaping from the material and absorption depth of the 

optical probe beam in the material. The electron inelastic mean free path (the path electron 

travels before losing its energy) is described by the universal curve [336, 337]. This law was 

established in 1979 by compiling published data for inelastic mean free paths for elements, 

inorganic and organic compounds [336]. In our PEEM experiments we use probe photon 
energies of 4.65 eV and 6.2 eV, which result in low kinetic energies of photo-emitted electrons. 

Such electrons have escape depths of up to few tens of nanometers according to the universal 

curve [336, 337]. Based on optical constants for CH3NH3PbI3 perovskite, reported in refractive 

index database [338], we estimate the penetration depth of 266 nm UV photons to be on the 

order of 12.5 nm, and of about 14.7 nm for 200 nm photons. Therefore, the probe depth of our 

experiment will be mostly determined by the absorption depth of the UV photons in the material. 

Given the geometry of our experiment (e.g., incident angle of probe photons) and variation in 

optical constants for different perovskite compositions, we roughly estimate the probe depth of 

our experiment to be on the order of 10 nm. 

 

Figure 2.6. Spatial resolution of PEEM imaging. (a) 84 % 16 % profile for perovskite thin 

film sample with good alignment showing best resolution of 18 nm. (b) 84 % 16 % profile 

for perovskite sample with poor alignment and space charge effects showing decreased 

spatial resolution of 46 nm. 
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2.3. Time-resolve photoemission electron microscopy 

Time-resolved PEEM is a novel technique that allows to follow the spatio-temporal evolution 

of the excited state in materials. TR-PEEM is realized when nanometer spatial resolution of 

PEEM is coupled with femtosecond time resolution of optical pump-probe spectroscopy. The 

first attempts of TR-PEEM began in 1990s with works researching time dependence of melting, 

crystallization and alloying of Al films [339], electron excitations in GaAs covered with Ag 

patterns [340]. Among more recent applications are ultrafast carrier dynamics in two-

dimensional materials [310, 341], ultrafast electron dynamics in semiconducting nanowires 

[309], charge carrier trapping in hybrid perovskite thin films [47] and microcrystals [307]. 

 

2.3.1. General aspects of TR-PEEM 

During TR-PEEM experiment, sample in the PEEM chamber is photo-excited by the incoming 

pump pulses, similar to ultrafast optical spectroscopy [342]. However, instead of monitoring the 

changes in transmission or reflection of optical probe, in TR-PEEM we collect electrons photo-

emitted with the UV probe pulses (Figure 2.7a, b). By accurately controlling the time delay 

between pump and probe, we can record snapshots of electrons photo-emitted from specific 

energy levels in material at each time delay between pump and UV probe and create movies of 

electron motion in space and time (Figure 2.7c). 

 

Figure 2.7. Diagram of time-resolved photoemission. (a) The UV light (UV probe) arrives 

after the sample was photo-excited with pump pulse (pump) and causes photo-emission of 

electrons (e-) from the surface of a solid. (b) Upon absorption of pump photons, electrons 

(red circle) from the valence band states are promoted to conduction band leaving holes 

(hollow red circle) behind. The UV probe pulses photo-emit electrons from the conduction 

band to the free electron states above the vacuum level. (c) Snapshots of electron motion at 

selected time delays between pump and UV probe pulses in TR-PEEM. 
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To set up TR-PEEM experiment, the output of the laser was split into two paths (Figure 2.8): (i) 

probe beam that entered the UV generation setup and (ii) pump beam that was directed to the 

mechanical delay stage, similar to the geometry of optical pump-probe spectroscopy. The UV 

light was generated by frequency up-conversion using nonlinear BBO crystals, as was discussed 

in Section 2.2.3. Both pump and UV probe pulses were directed on the sample by passing 

through fused silica window of the main chamber of the microscope. The path lengths for both 

pump and probe should be precisely equal to achieve temporal overlap of pulses on the sample. 

In addition to temporal overlap, spatial overlap of pulses was also required. Due to the geometry 

of PEEM experiment, our photon beams were hitting the sample under an angle and therefore, 

were stretched along one axis. The spot size for the pump in our experiment was measured to 

be about 60 μm by 150 μm (full width of half maximum of the short and long axes of elliptical 

spot). The probe beams were measured to be 80 μm by 120 μm for 4.65 eV and 40 μm by 80 

μm for 6.2 eV. 

 

Figure 2.8. Diagram of TR-PEEM experiment. Output beam of a femtosecond pulsed laser 

source is split for the generation of UV light (highlighted with grey dashed line) and for the 

optical pump. Pump beam passes through a mechanical delay stage and is focused on the 

sample through the side window of PEEM. 
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The choice of pulsed laser system for TR-PEEM measurements is also important to discuss. 

Here, some of the aspects of ultrafast spectroscopy are applicable. For example, the repetition 

rate of the laser system which dictates the time separation between the pulses should be chosen 

according to the experimental requirements. For semiconducting materials, the lifetimes of 

photo-excited carriers span between few tens of nanoseconds to microseconds. This implies that 

in order to avoid introducing measurement artifacts, such as for example occurrence of 

subsequent photo-excitation event before the charge carriers fully relaxed back to the ground 

state, one needs to carefully select laser system with appropriate time separation between pulses. 

For example, a laser system with 2 MHz repetition rate has 500 ns separation between pulses 

and will be suitable to study materials with charge carrier lifetimes lasting for up to a couple of 

hundreds of nanoseconds. Although kHz systems with pulse separation up to millisecond would 

allow to study materials with long-lived charges, there are limitations to using such laser systems 

in TR-PEEM. One large issue are space charge effects that occur when exposing the sample to 

high probe doses. Typically, kHz lasers are amplifier systems, which means that they have very 

high energies per pulse. For example, a typical 1 kHz laser system (Spectra Physics Spitfire 

Ace) produces pulses with energy equal to 5 mJ, which will inevitably result in spectral 

broadening in PEEM due to Coulomb repulsions between the photo-emitted electrons. 

Therefore, it is generally better to use MHz lasers for TR-PEEM [305]. Moreover, MHz systems 

imply that electrons photo-emitted by each pulse will hit PEEM detector more frequently, thus 

resulting in moderately fast image acquisition times. 

In our TR-PEEM setup, we used Ti:Sapphire pulsed laser system (FemtoLasers XL:650) with 

45 fs pulse duration, operating at 4 MHz repetition rate and supplying pulses of 650 nJ in energy. 

Such parameters were suitable for TR-PEEM experiments on our hybrid perovskite samples and 

allowed to acquire data reasonably fast and avoid space charge regime when using moderate 

fluences for both pump and probe. The layout of our experiment follows the schematic 

introduced in Figure 2.8. We used the fundamental output of the laser system (800 nm or 1.55 

eV) as pump and frequency tripled and quadrupled photons (266 nm or 4.65 eV and 200 nm or 

6.2 eV) as probe. Details about generation of probe photons were discussed in Section 2.2.3. 

We used the delay stage allowing to achieve maximum time delay between pump and probe of 

about one nanosecond. 
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2.4. Interpretation of TR-PEEM signal 

TR-PEEM signal interpretation is another important aspect to discuss. Typically, in PEEM 

depending on the energy of the probe photons, we can image electrons photo-emitted from the 

onset of the valence band, or from core levels. By using energy slits, we can pre-select the 

particular energy range to image. When the pump pulse is introduced, electrons are promoted 

to the conduction band, and by sending follow-up UV pulses, we can image this photo-excited 

state. These processes can be explained on example of GaAs – a semiconducting material that 

we typically use to obtain temporal overlap between pump and UV probe pulses for TR-PEEM 

experiments. We will discuss here specifically the case of two probe energies (4.65 eV and 6.2 

eV) available in our experimental set-up. 

For TR-PEEM experiment, we first need to create a population of photo-excited electrons in the 

conduction band of GaAs. GaAs is a semiconducting material with band gap of about 1.4 eV. 

The pump photons of 1.55 eV in energy produced by our laser system, are sufficient to photo-

excite electrons from the valence band to the conduction band of GaAs. By choosing the energy 

of probe photons, we can study different electronic states of GaAs. For example, the probe 

photons of 6.2 eV in energy, couple to the transitions from the onset of the valence band of 

GaAs (Figure 2.9a), and therefore, can be used to visualize these transitions. This will provide 

information about population of valence band states of GaAs. After the photo-excitation with 

pump photons, electrons from the valence band states are promoted to the conduction band 

states, and the overall population of electrons at the onset of the valence band decreases. In TR-

PEEM, by utilizing 6.2 eV probe photons, we can visualize this reduction in population of 

valence band states, as seen from the sharp decrease in photoemission intensity after photo-

excitation (Figure 2.9b and c). In Fig. 2.9c, we show typical TR-PEEM images of GaAs acquired 

with 6.2 eV photons at several selected time delays between pump and probe after the photo-

excitation. For better clarity, we plot the difference signal [I(t) - I0] and color-code the negative 

change in photoemission intensity that indicates reduction in population of electronic states with 

blue, and the increase in photoemission intensity, or increased population of electronic states, 

with red. Since we are not using energy filter, the signal is dominated by the photo-emission 

from the valence band states, and the probe photons are either not coupling strongly to the 

transitions from conduction band states, or the population of photo-excited electrons is low. 

Figure 2.9b shows integrated photoemission intensity from Figure 2.9c as a function of pump-

probe time delay. It is clearly seen that photoemission intensity decreased at the instance of 

photo-excitation. 

In contrast to 6.2 eV probe photons, when employing 4.65 eV photon probe, upon arrival of 

pump pulse we observe a sharp increase in the photoemission signal (Figure 2.9e and f). This 

means that with photons of 4.65 eV in energy, we are capable of probing the photo-excited state 

created by the arrival of pump pulse. The 4.65 eV photon energy is not sufficient to probe the 

onset of the valence band of GaAs, as seen from the energy-level diagram in Figure 2.9d, 

however, is sufficient to couple to transitions from the conduction band states. This explains a 

growing population of conduction band states after the photo-excitation that is seen from the 

increase in photoemission intensity in Figure 2.9(e and f). For better visualization, we plotted 

the difference signal [I(t) - I0] and color-coded the increase in photoemission intensity with red 

(Figure 2.9f). The sharp increase of the integrated signal shown in Figure 2.9e indicates that at 

the instance of photo-excitation, the excited state population is created, which we probe with 

4.65 eV photons. 
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Similar approach can be applied for other semiconducting samples. The decrease in 

photoemission intensity will indicate the loss of electrons due to either photo-excitation or 

charge transfer, while increase in photo-emission intensity will be a signature of increased 

electron population. The exact interpretation of signal, of course, will depend on the material 

and the exact electronic states that are being probed. 
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Figure 2.9. Interpretation of TR-PEEM signal. (a) Energy level diagram of p-doped GaAs 

sample. Upon photo-excitation with pump photons (pump), electrons (filled red circles) are 

promoted from valence band (VB) to the conduction band (CB), leaving holes behind 

(hollow red circles). UV probe photons (6.2 eV probe) cause photo-emission of remaining 

electrons from valence band states to the vacuum level (EVac). By changing time delay 

between pump and probe pulses, the evolution of the population of valence band states can 

be traced. (b) TR-PEEM decay curve for the process described in (a). Because electrons are 

promoted from the valence band states to the conduction band states, the population of 

valence band decreases, and change in photoemission intensity is negative. (c) TR-PEEM 

images for selected time delays in (b), showing a clear decrease in photoemission intensity 

colored with blue. (d) Energy level diagram for GaAs sample when probed with photons of 

lower energy (4.65 eV probe). Again, pump photons (pump) cause photo-excitation of 

electrons from valence band (VB) to conduction band (CB). Here, however, the lower energy 

photons photo-emit the photo-excited electrons from the conduction band to the vacuum 

level (EVac). (e) TR-PEEM decay curve for the processes described in (d). Because here we 

are probing conduction band states that were populated after the photo-excitation, the change 

in photoemission intensity is positive. (f) TR-PEEM images for selected time delays in (e), 

showing clear increase in photoemission intensity after photo-excitation colored with red. 
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2.5. Conclusion 

In this Chapter we have discussed operational principles of photoemission electron microscopy. 

We covered operating modes of PEEM, general aspects of PEEM imaging that are important 

when planning photoemission microscopy experiments. Additionally, we discussed time-

resolved photoemission electron microscopy - a rather novel, yet very powerful approach to 

combine spatial resolution of PEEM with temporal resolution of optical pump probe 

spectroscopy. We provided considerations for successful TR-PEEM experiments, as well as 

showed some of the limitations of the technique that should be kept in mind when investigating 

particular properties of materials. We showed that PEEM and TR-PEEM can be applied to 

directly visualize electrons photo-emitted from various occupied states in the material. The work 

in this thesis will heavily rely on capabilities of PEEM and TR-PEEM to characterize nanoscale 

surface defects in hybrid perovskite thin films.  
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Chapter 3 

Photoemission Electron Microscopy of 

Hybrid Perovskite Thin Films 
 

 

 

 

3.1. Abstract 

The presence of defects in hybrid perovskite thin films has been reported to be a crucial 

performance-limiting factor for perovskite solar cells [9]. However, much remains unknown 

about these defects. In particular, more understanding is required about the nature of these 

defects, their formation sites, distribution and exact roles in performance of the film. In this 

Chapter, we employ photoemission electron microscopy to visualize nanoscale surface defects 

in triple cation mixed halide perovskite thin films. Via correlating PEEM images of defects and 

surface microstructure of the film, acquired with photoemission electron-, atomic force- and 

scanning electron microscopies, we will establish the location of defects with respect to the 

surface microstructure. 
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3.2. Nanoscale distribution of defects 

As discussed in Chapter 1, to study processes that occur on micro- and nanoscale but impact 

performance of the whole film, it is essential to utilize tools with high spatial resolution, such 

as microscopy techniques. This approach becomes very powerful when we want to understand 

defect-induced behavior in polycrystalline perovskite thin films. Here we employ photoemission 

electron microscopy to study hybrid perovskite thin films. By selecting appropriate energy of 

probe photons, in PEEM, we can directly probe the occupied mid gap (defect) states and study 

their spatial distribution. 

 

3.2.1. Sample preparation and mounting for PEEM 

Perovskite thin film samples have been prepared at the University of Cambridge by our 

collaborators from the group of Prof. S. Stranks, and shipped to Okinawa Institute of Science 

and Technology Graduate University in well-sealed packaging to avoid exposure to ambient air. 

During the preparation and subsequent mounting and transfer for PEEM imaging, samples were 

handled in N2-filled glovebox. 

To prepare the perovskite thin films with composition (Cs0.05FA0.78MA0.17)Pb(I0.83Br0.17)3, 

formamidinium iodide (FAI) (1 M), methylammonium bromide (MABr) (0.2 M), PbI2 (1.1 M), 

PbBr2 (0.22 M) were dissolved in anhydrous dimethylformamide/dimethyl sulfoxide 

(DMF:DMSO 4:1 (v:v)). CsI in DMSO (1.5 M) was then added to the precursor solution. The 

precursor solution was spin-coated on clean ITO substrates (up to 1 cm by 1 cm in size) in a 

two-step process: first 2,000 rpm for 10 s, then 4,000 rpm for 35 s, with addition of 100 μl of 

chlorobenzene 30 s before the end of the second step. After spin-coating, the films were 

annealed at 100˚C for 1 hour. Notice that for PEEM imaging, it is important to deposit samples 

on conductive substrates to prevent sample from charging. 

For PEEM imaging, sample was mounted on special PEEM sample holder (Figure 3.1a) that 

was kept in N2-filled glovebox. The mounting required careful attention, especially when 

working inside the glovebox. The sample on the sample holder (cartridge) was fixed and covered 

with a cap, leaving out an open region of approximately 0.8 cm by 0.8 cm, that could be explored 

in PEEM by moving the sample stage in X and Y directions with microscope manipulator. 

During sample mounting, it is important to keep the sample surface as flat as possible. This 

implies avoiding overtightening the screws on one side when fixing the cap, as this will 

introduce sample tilt, cause distortions and reduce resolution during PEEM imaging. Typically, 

the first step of PEEM imaging is tilt correction, which in done manually in the Elmitec 

SPELEEM III microscope that we utilized for the work in this thesis. Such tilt correction allows 

electron beam to go through the optical axis of the objective and prevents image distortions. 

Only a limited amount of tilt can be compensated in this way – therefore, it is important to make 

sure the sample was mounted as flat as possible from the beginning. In order to secure sample 

from moving on the cartridge, it is convenient to apply a little piece of carbon tape to the edges 

of the sample, as shown in Figure 3.1b, although is not a requirement. Small amount of carbon 

tape did not cause any outgassing issues in the imaging chamber of the microscope during the 

work on this thesis. 
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After the sample was mounted, the cartridge was transferred to the PEEM (Figure 3.1c) inside 

of a hermetically-sealed suitcase (Figure 3.1d). In this way we ensured no exposure to ambient 

environment that is known to have a negative impact on stability of perovskites [343]. 

One important step before mounting perovskite samples for PEEM imaging, was to assess the 

film surface with optical microscopy. Using optical microscope, we can quickly check the film 

coverage, as well as mark regions for PEEM imaging. A typical optical image of a good quality 

perovskite thin film, is shown in (Figure 3.2a). A sample with poor coverage and morphology, 

can be immediately identified from optical microscopy. 

To correlate the areas of interest after PEEM imaging with other imaging techniques, we 

deposited fiducial gold markers on the surface of perovskite films (Figure 3.2b). This approach 

appeared to be quite useful in multiple projects, and was first implemented and best described 

in the work by Jones et al. [133]. These uniquely-shaped micrometer-scale gold hexagons, 

pentagons and triangles were easily recognizable through different microscopy techniques and 

served for multiple purposes. Fiducial gold markers were used as guides to locate regions of 

interest, helped establish Fermi level for photoelectron spectroscopy measurements, and were 

used to remove laser intensity fluctuations in time-resolved measurements. The deposition of 

gold markers did not affect our measurements or interpretations of our results [47]. 

 

 

 

 

 

 

Figure 3.1. PEEM sample mounting. (a) Sample holder that consists of a cartridge and a 

cap. (b) Perovskite thin film sample on glass/ITO substrate positioned on the sample holder 

before covering with cap. (c) Sample holder with perovskite sample inside the preparation 

chamber of PEEM. (d) Hermetically sealed suitcase for transferring air-sensitive samples to 

PEEM. 
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3.2.2. Imaging of nanoscale defects in perovskite thin films with PEEM 

We performed PEEM imaging of perovskite thin film in the main chamber of PEEM, where we 

applied high voltage between the objective lens and sample. High voltage was raised in small 

increments from 0 to 20 kV to avoid discharge – an electric arc that can occur between the 

sample and objective lens. We used 4.65 eV photons as a probe to access mid gap states in 

perovskite (see Figure 3.3a for schematic). Upon absorption of probe photons, electrons were 

liberated from these mid gap states, and imaged with electron optics of the microscope. 

A typical PEEM image of defects in triple-cation mixed halide perovskite samples, is shown in 

Figure 3.3b. These defects appeared as nanoscale clusters of various sizes (defects colored with 

green in Figure 3.3b). These nanoscale defects were present in all measured perovskite films. 

Pristine areas that did not contain defects, remained dark in PEEM images. Excluding the areas 

with nanoscale defects, most of the surface area of perovskite thin films was pristine. 

To obtain high resolution images, it is recommended to use low dose of UV probe photons to 

avoid overexposing sensitive perovskite samples. We generally kept the fluences of 4.65 eV 

probe photons below 100 nJ cm-2 for all the PEEM measurements. Upon using such low probe 

fluences, we did not observe any obvious probe-induced sample damage throughout our 

experiments. High resolution PEEM images of defects were acquired at 10 μm field of view and 

with contrast aperture to optimize image resolution. PEEM images of defects have been taken 

with typical imaging conditions of 10 - 15 seconds exposure per frame, and averaged between 

25 - 35 frames. Each PEEM image has been processed with flat field method to remove 

inhomogeneity originating from detector part of the instrument. Multiple image frames were 

drift-corrected before averaging. 

 

 

 

 

 

Figure 3.2. Optical microscopy images of a perovskite thin film sample. (a) A uniform film 

surface, typically expected for good-quality perovskite films. (b) Gold fiducial markers 

deposited on the film surface for guidance in correlative measurements. 
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Alternatively, one can visualize defect states by performing energy-resolved imaging in PEEM 

(Figure 3.4) using photons with higher energies (see Chapter 4 for more details). Photons of 

higher energies allowed to access onset of the valence band, and photo-emit electrons from 

there. By energy-filtering contributions from only mid gap states using energy slit and 

hemispherical energy analyzer, we collected signal selectively only from the mid gap states in 

perovskite samples. Thus, via energy-resolved imaging with higher energy photons, we imaged 

occupied defect states as nanoscale clusters, similarly to Figure 3.3b. The acquisition time in 

this mode is typically longer, since with energy filter, we are only accessing a narrow portion of 

the energy spectrum. Therefore, signal to noise ratio for one frame is typically lower. Also, 

given the low signal-to-noise ratio, microscope alignment in this mode is more difficult, 

therefore the image resolution can be considerably lower comparing to Figure 3.3b. Throughout 

this thesis, all the high resolution images of defects were acquired using 4.65 eV probe photons, 

unless specifically indicated otherwise. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. PEEM imaging of nanoscale defects in perovskite thin films. (a) Energy-level 

diagram of perovskite sample: green arrow indicates transition from defect states (defects) 

below the Fermi level (EF) to vacuum states with EVac when probing of sample with photon 

energies of 4.65 eV; valence band states are indicated with EV, conduction band states with 

EC. (b) PEEM image visualizing nanoscale distribution of defect clusters (colored with 

green) on the surface of triple-cation mixed halide perovskite thin film. Pristine regions 

without defects, do not show PEEM intensity upon probing with 4.65 eV photons. 
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3.2.3. Considerations for PEEM imaging 

To obtain high quality PEEM images of nanoscale defects in hybrid perovskite thin films, a few 

important points need to be considered. 

(i) Space charge. Space-charge effects are very likely to occur during PEEM imaging if 

using high probe fluences. These effects originate from Coulomb repulsions between many 

photo-emitted electrons. This results into modification of their trajectory and kinetic energies 

[332, 333, 344] and causes spectral broadening (broadening of kinetic energy distribution) and 

energy shifts in photoelectron spectroscopy. In PEEM images, space charge effects can be seen 

as image blur and loss of spatial resolution. 

The laser system used in this thesis, was a 4 MHz Ti:Sapphire laser, the fundamental output of 

which was tripled and quadrupled to generate harmonics used for imaging (4.65 eV and 6.2 eV), 

as discussed in Chapter 2. In the reported estimations [332], the limit for space-charge-less 

imaging is on the order of (106 - 107) photons/pulse to stay within 1 electron/pulse regime. In 

our case, for a 4 MHz laser system, this corresponds to approximately 1013 photons/s. Our fourth 

harmonic generation set-up can output on the order of 108 photons/pulse for 6.2 eV photons, 

which implies that we should pay careful attention to use a low photon dose to avoid 

experiencing space charge effects. Therefore, for PEEM imaging, we used approximately 10 nJ 

cm-2 of 6.2 eV photons or ~ 105 photons/pulse. For the 4.65 eV, our setup is capable of 

generating 109 photons/pulse. During the PEEM imaging, we only used on the order of 100 nJ 

cm-2 of 4.65 eV photons, or ~ 106 photons/pulse to avoid space charge. These values of number 

of photons per pulse for both 6.2 eV and 4.65 eV photons in our experiments indicated that we 

 

Figure 3.4. PEEM imaging of nanoscale defects with energy-filtering. (a) Energy-level 

diagram of perovskite sample: grey arrow indicates transitions from valence states (EV), 

defect states (defects) below the Fermi level (EF) to vacuum states (EVac) when probing of 

sample with photon energies of 6.2 eV; conduction band states are marked with EC. (b) 

Energy-filtered PEEM image visualizing nanoscale distribution of defect clusters on the 

surface of triple-cation mixed halide perovskite thin film. The image was acquired using 

energy analyzer and with an energy slit to collect only contributions from mid gap states, as 

indicated with green dashed box in (a). 
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stayed below the space charge limit. Therefore, we do not expect space charge effects to 

influence our data analysis and interpretation. 

(ii) Image acquisition. Due to the low fluence of probe photons that is required to avoid 

space charge and loss of resolution, the image acquisition time becomes relatively prolonged. 

To obtain high-enough contrast for each image, exposure times far exceeding a few seconds are 

typically required for perovskite samples, especially when using contrast aperture for high-

resolution imaging. Even then, in order to obtain enough contrast and resolve small features, it 

is better to accumulate several images and average them together to enhance signal to noise 

ratio. In this case, it is advised to drift-correct each image in the sequence prior to averaging to 

remove small sample drift that can occur over time during multiple exposures. Alternatively, 

one can average images right away using image acquisition tools available in the instrument 

software without any drift correction. Although this method is faster (does not require post-

processing), it does not provide a chance to remove sample drift, which is an important part of 

obtaining high-quality images. For this thesis, sequences of PEEM images have been acquired, 

drift-corrected and averaged to generate each image frame. The spatial resolution of PEEM was 

measured to be about 18 nm for the best quality data (see Chapter 2). 

(iii) Image processing. As has been mentioned above, it is critical to apply drift-correction 

tools to the PEEM images to avoid losses in resolution due to sample drift. In this thesis, a home-

written Matlab script was used for this task. Alternatively, some open source software, such as 

ImageJ etc., can also be used for drift-correction. Additionally, we often applied flat field 

correction to our images to remove non-uniform response from the detection system of the 

instrument. 

 

3.2.4. Defects in triple cation mixed halide perovskite thin films 

In Section 3.2.2, we discussed general aspects of visualizing defect states in hybrid perovskite 

thin films with PEEM. In this Section, we aim to shed more light on the distribution of these 

nanoscale defects in triple cation mixed halide perovskite films. To achieve this, we have 

carefully analyzed our PEEM images, specifically looking at possible preferential location of 

defects and their related sizes. 

As has been revealed from our PEEM images, the triple cation mixed halide perovskite thin 

films with composition of (Cs0.05FA0.78MA0.17)Pb(I0.83Br0.17)3, contained defects that varied in 

sizes from few tens to few hundreds of nanometers (Figure 3.5a, b) [284]. We did not observe 

defects accumulating in specific parts of the film, but rather distributed throughout the entire 

film. We confirmed this by imaging multiple areas of one sample and by imaging multiple 

samples. 

The smallest defects we have imaged in PEEM, were about few tens of nanometers is sizes 

(Figure 3.5c, green box), which already approached the limits of our spatial resolution. We do 

not exclude presence of even smaller (point) defects, however these would be impossible to 

identify due to the spatial resolution limits in our PEEM instrument. Besides small defects, we 

also observed much larger defects of up to few hundreds of nanometers (Figure 3.5c, red and 

blue boxes). Given the average grain size in our films of up to few hundreds of nanometers, 

larger defects were likely approaching the grain size. 



40 
 

We did not observe any preferential spatial orientations of the imaged defects. In fact, the 

presence of some preferential orientation for all the features in image, could be a signature of 

stretch originating from astigmatism in the image which can result from poor alignment of 

PEEM objective stigmators or from uncorrected sample tilt (for example, circular features could 

appear elliptical in the image). 

After visualizing these nanoscale defects, the immediate question that appeared was regarding 

their origin. Given the polycrystalline nature of perovskite thin films, one particularly interesting 

question was how the observed defects were related to the surface microstructure. It would be 

especially beneficial to correlate the imaged defects with surface microstructure to shed more 

light on the contradicting question in perovskite community: whether the grain boundaries were 

defective, or the grains themselves were sources of electronic losses. Our results on such 

correlation, will be further discussed in Sections 3.4 and 3.5. 

As a side note, throughout the work on this thesis, we also studied other spin-coated triple cation 

perovskite samples with I-only compositions and double cation mixed-halide thin films 

deposited using evaporation methods. In both cases, we also imaged nanoscale defects of 

different sizes [132]. These studies are parts of ongoing projects led by our colleagues from the 

Stranks Lab at the University of Cambridge, and therefore will not be discussed in detail in this 

thesis. We briefly mention these results here to stress that according to our observations, the 

nanoscale defects appear in perovskite samples regardless of their composition and fabrication 

methods. 

 

Figure 3.5. Size distribution of nanoscale defects in perovskite thin films. (a) A typical 

PEEM image of defects. (b) Size distribution of defects (from a 6 μm by 6 μm area). (c) 

Magnified PEEM images of defects of different in sizes, from few tens to few hundreds of 

nanometers. 
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3.3. Surface morphology of perovskite thin films 

In general, we typically utilize scanning electron- or atomic force microscopies (SEM and AFM, 

respectively) to visualize surface morphology of materials. Due to the sensitive nature of 

perovskites towards electron beam probes [345] (for example, high doses of electron beam may 

cause structural changes to perovskite samples), scanning electron microscopy is usually 

conducted on samples as a last measurement. Additionally, mounting and transfer of perovskite 

samples to these microscopes, involve exposing samples to ambient environment, and may 

cause irreversible changes to the perovskite film. This is undesirable if there is a need to continue 

measurements on the same sample to correlate with previous experiments. 

In this thesis, we developed a protocol to image surface microstructure of perovskite thin film 

samples in PEEM. For this, we utilized probe photons of higher energies (6.2 eV) that allowed 

to photo-emit electrons from the onset of the valence band. The benefits of this approach are 

following: (i) we can avoid using SEM or AFM to obtain good quality images of surface 

morphology of perovskite samples (especially important given the sensitivity of perovskites 

towards electron beam probes and exposure to ambient environment, described above); (ii) this 

method is non-destructing – we use controlled dose of 6.2 eV photons for imaging and eliminate 

sample damage, unlike when using electron beam probe in SEM; (iii) this approach allows for 

more flexibility to conduct multiple PEEM experiments on the same sample (photoelectron 

spectroscopy, time-resolved PEEM); (iv) this method also provides ability to superimpose 

obtained images of defects and surface microstructure with high accuracy without facing issues 

of magnification and resolution of different instruments. Such characterization does not exclude 

possibility to utilize other types of microscopies on perovskite samples after PEEM. 

 

3.3.1. Imaging surface morphology in hybrid perovskites with PEEM 

In PEEM, in contrast to scanning electron microscopy, surface topography can be imaged 

without scanning, using a loosely focused UV probe photon beam to illuminate a wide area of 

the sample surface (typically, up to 100 μm). In the case of PEEM measurements on 

polycrystalline perovskite samples, electrons that are photo-emitted from the valence band states 

(Figure 3.6a), can be imaged as grains (Figure 3.6b). 

To image surface microstructure of perovskite films, we used 6.2 eV probe photons and utilized 

hemispherical energy analyzer to filter-out electrons that were photo-emitted from the mid gap 

states to image only electrons photo-emitted from the onset of the valance band. 

A high resolution PEEM image of surface morphology of perovskite sample, is shown in Figure 

3.6b. The overall image quality approaches the quality of an SEM image (see Figure 3.12 for 

comparison). Features, such as grain boundaries and grains, are visualized clearly. There is 

occasional loss of contrast that could be originating from local energetic heterogeneities or small 

variations in surface roughness, as will be discussed in Section 3.3.2. The images of surface 

microstructure will be later on used to correlate the spatial arrangement of defects with the film 

morphology. 
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3.3.2. Considerations for imaging polycrystalline films in PEEM 

There are a few important points to consider when we image surface microstructure of 

perovskite thin films in PEEM. 

(i) Interplay between the dose of probe photons and image acquisition. When the onset of 

the valence band is imaged in PEEM, a large number of electrons are photo-emitted from the 

valence states. These electrons can interact with each other via Coulomb repulsions and cause 

space charge. Therefore, it is very important to use low doses of probe photons to avoid loss of 

image resolution due to space charge. At the same time, upon using low doses of probe photons, 

it becomes very challenging to monitor image in real time, as prolonged exposure is required to 

acquire an image. This is important to keep in mind when aligning the microscope and adjusting 

the focus. Essentially, each time when the objective focus is adjusted, long exposure is required 

to visualize grains and assess the quality of the image, and therefore, many iterations are needed 

to find appropriate setting for the objective lens to bring the image in focus. Even though this 

process is time consuming, it is essential for energy-resolved imaging for photoelectron 

spectroscopy that will be discussed in Chapter 4. 

Typical image acquisition times when imaging grains, were about 60 seconds per frame. 

Multiple frames (typically, 15 - 20) were acquired, drift-corrected and averaged together to 

enhance signal to noise ratio of the final image. We used small energy-analyzer slit (125 meV) 

to avoid collecting signal from mid gap states, and a contrast aperture. Typically, when using 

energy slit and contrast aperture, the number of photoelectrons that reach the detector of the 

instrument is reduced. Due to this, the image acquisition time becomes prolonged. However, the 

fluence of probe photons should not be increased to compensate and reduce the image 

acquisition time, or else the space charge effects will occur on an overexposed sample. To avoid 

sacrificing image resolution, very careful attention must be paid to keep the dose of probe 

photons low, even on the expense of prolonged imaging time. 

 

Figure 3.6. PEEM imaging of surface microstructure of perovskite thin films. (a) Energy-

level diagram of perovskite sample: grey arrow indicates transitions from valence band 

states (EV) to vacuum states (EVac) when probing of sample with photon energies of 6.2 eV; 

Fermi level is indicated with EF, and conduction band states are indicated with EC. (b) High-

resolution PEEM image of grains of the same area that was shown in Fig. 3.3. 
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(ii) PEEM contrast. Perovskite thin films have polycrystalline nature, which means that 

samples are not uniformly flat, instead, the film grows forming grains. Since PEEM is widely 

known to work well for what is considered flat surfaces, it is worth briefly discussing what goes 

into PEEM contrast for polycrystalline films that have large density of grain boundaries. In 

particular, the edge contrast deserves attention here. While most of the contrast in PEEM image 

of perovskite films, is coming from electrons that are photo-emitted from the valence band 

states, the grain boundaries are visualized very clearly due to the so-called edge contrast. This 

contrast mechanism has been explained by Siegrist et al. [346]. The edge contrast can be 

explained with example of a sample having a step-wise morphology, such as patterned features 

on wafers. Lateral field develops in the vicinity of the step edge. Such effects appear due to 

strong acceleration field used for imaging when there is a potential difference between different 

grains. This lateral field is strong enough to deflect photo-emitted electrons, as it causes 

electrons that are photo-emitted from step edges (grain boundaries in our case) to be displaced 

from the image collection volume. The edge contrast will also increase with the step height, and 

in our case, the depth of grain boundary, as the lateral field strength increases. 

Besides contrast at the grain boundaries, variations of PEEM intensity have also been observed 

among grains. The PEEM intensity of grains, however, does not provide information about the 

heights of the features, as can be seen from AFM and PEEM images of the same regions (Figure 

3.7). Only the small local regions that showed obvious voids in AFM, also exhibited losses in 

PEEM intensity, likely because those areas were not in focus. Therefore, our PEEM contrast for 

perovskite thin films, consists of photoemission signal from the valence states that is imaged as 

grains, plus the edge contrast that outlines the grain boundaries. 

 

 

 

 

 

Figure 3.7. Topological contrast in PEEM and AFM imaging. (a) PEEM image of surface 

microstructure of perovskite thin film. (b) AFM image of surface height variation of the 

same region of perovskite sample as shown in (a). 
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3.4. Correlation of surface morphology with defect location 

The most essential part of being able to acquire PEEM images of surface morphology, is the 

ability to accurately correlate them with locations of defects. In PEEM, both images of grains 

and defects are taken under the same magnification and in the same instrument. This 

significantly simplifies the superposition of images, since image magnification and resolution 

issues are eliminated. 

To correlate the images of defects and images of grains, we utilized gold fiducial markers as 

position references. The unique shapes of markers served as guide points for overlaying between 

different PEEM images of defects and grains. 

Below we will discuss how surface morphology correlated with nanoscale defects, as seen from 

PEEM measurements. In addition to PEEM, we also performed SEM and AFM on the same 

sample regions and correlated the local morphology with the presence of defects. 

 

3.4.1. Photoemission electron microscopy measurements 

PEEM images of defects and grains have been collected according to the procedures described 

in Section 3.3.1, and overlaid using ImageJ software using gold fiducial markers as position 

references. 

PEEM image of defects taken with 4.65 eV probe, is shown in Figure 3.8a. The image shows 

nanoscale defects that are colored with blue. The dark areas in the image are pristine. The PEEM 

image of surface morphology taken with 6.2 eV probe photons from the same area in the sample, 

is shown in Figure 3.8b. This image visualizes morphology of polycrystalline perovskite sample 

as grains that are of about 100 nm – 300 nm in sizes. The grain boundaries in this image appear 

darker as compared to the grains, as has been discussed in Section 3.3.2. Since both images of 

defects and grains were taken from the same area of the sample, in the same microscope under 

the same magnification, it is convenient to superimpose these images to learn more about the 

location of the defects with respect to surface microstructure. For this, we utilized ImageJ 

software and used gold fiducial markers as position references for the overlay. In Figure 3.8c, 

we show a superimposed image, where the defects are colored with blue and grains are shown 

in grey contrast. From this overlay, we found that the smallest defects of just few tens of 

nanometers in sizes, appeared predominantly at boundaries of morphological grains [47]. For 

better visualization, in Figure 3.8d, we show a magnified area from the overlaid image in Figure 

3.8c that shows a nanoscale defect that is situated at grain boundary. 

To further emphasize the position of defects at grain boundaries, we plotted line profiles, where 

we extracted intensities from PEEM images of grains and defects through the locations of 

defects (Figure 3.8e) [47]. We clearly observed that the nanoscale defects had highest 

photoemission intensity at the junction between grains (grain boundary) where the photo-

emission intensity of grains was lowest. 

As has been discussed in Chapter 1, there are a lot of discrepancies in literature regarding the 

role of grain boundaries. While some reports emphasized on defective nature of grain 

boundaries, others reported them to be largely benign. In our study, we revealed that only 

specific grain boundaries were associated with nanoscale defects, which could be one of the 

explanations to the current inconsistent reports. Additionally, we observed that defects were not 
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distributed uniformly throughout all the grain boundary, but were rather found as localized 

clusters. In our study, we did not observe obvious relations between appearance of defects and 

specific morphological arrangement of grains. For example, we did not find defects to form at 

the junction of only small-sized grains, or only large grains. 

 

 

Figure 3.8. Spatial distribution of defects with respect to surface morphology. (a) PEEM 

image acquired with 4.65 eV probe photons showing nanoscale defects (blue). (b) PEEM 

image acquired with 6.2 eV probe photons showing grain morphology of the same region of 

the film as in (a). (c) Superimposed PEEM images of defects (blue) and grains (grey). (d) 

Magnified region from (c) showing a nanoscale defect situated at boundary between two 

morphological grains. (e) Line profile of the intensity from the 4.65 eV PEEM image (blue) 

against the intensity from the 6.2 eV PEEM image (grey). Numbering corresponds to regions 

of interest in (c). 
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We performed more in-depth analysis of the overlaid PEEM images and found that while very 

small defects (of about few tens of nanometers in sizes) were predominantly spatially situated 

at grain boundaries (“Grain boundary defects” in Figure 3.9a, b), this did not apply to larger 

defects of few hundreds of nanometers in sizes. We found that those defects were associated 

with morphological grains (Figure 3.9a, “Intra-grain defects”) [284]. For better visualization, in 

addition to superimposed images of defects and grains in Figure 3.9a, we show images of just 

grain morphology and mark the grains that were associated with defects with white dashed 

circles (Figure 3.9b, “Intra-grain defects”). We thus categorized these defects as intra-grain 

defects, implying that they were associated with morphological grains. 

 

3.4.2. Atomic force microscopy measurements 

In addition to PEEM imaging, we also utilized other conventional techniques to characterize 

surface of our perovskite thin films. One of these methods was atomic force microscopy (AFM). 

We utilized AFM to (i) image surface morphology of perovskite samples and compare it with 

PEEM images, and (ii) to assess the local morphological variations (for example, variations in 

local heights of features) and look for potential relationship to the appearance of nanoscale 

defects. 

By analyzing PEEM and AFM images, we found that morphological grains and grain 

boundaries imaged with PEEM (6.2 eV probe), correlated well with grains and grain boundaries 

imaged with AFM (see Figure 3.7). Further, by superimposing PEEM images of defects with 

AFM images of surface morphology using PEEM images of grains as a guide, we confirmed 

 

Figure 3.9. Spatial arrangement of nanoscale defect clusters. (a) PEEM overlays of 4.65 eV 

images of defects (green) and 6.2 eV images of grains (grey). Smaller defects were found to 

be located at specific grain boundaries (“Grain boundary defects”), while larger defects were 

associated with entire grains (“Intra-grain defects”). (b) PEEM images of grain morphology. 

White circles are showing the locations where defects are situated. 
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that the defects that appeared at specific grain boundaries in PEEM, indeed were located at grain 

boundaries as imaged with AFM (Figure 3.10) [47]. In general, AFM provides higher level of 

spatial resolution, on the order of one nanometer, compared to tens of nm in PEEM. It was 

interesting that in AFM images, we did not observe any clearly visible morphological features 

associated with grain boundary defects at their specific locations. This shows that grain 

boundary defects did not form as a result of external precipitation of materials on the surface. 

We speculate, that these defects, located at the interface of two grains, were very likely related 

to compositional or structural changes that occurred at the boundary of the adjacent grains. For 

example, a stressed point could appear and result in local buildup of defects. 

We also confirmed that larger defects that we categorized as intra-grain defects in Section 3.4.1, 

were indeed associated with morphological grains, as we highlight with white dashed circles in 

Figure 3.11(a and b) [284]. In Section 3.5, we will combine all these observations together with 

scanning electron microscopy to provide a much clearer and broader picture of various defect 

types and their origin. 

 

Figure 3.10. Correlation of grain boundary defects with atomic force microscopy. AFM 

images of grains overlaid with PEEM images of grain boundary defects for the same areas 

as discussed in Figure 3.8. 

 

 

 

Figure 3.11. Relation of local morphological variations and presence of nanoscale defects. 

(a) PEEM images of grain boundary (green box) and intra-grain (red and blue boxes) defects. 

(b) AFM images of the same regions as (a). White dashed circles mark locations od defects. 
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3.4.3. Scanning electron microscopy measurements 

Apart from PEEM and AFM, we also utilized SEM to study our perovskite thin films. SEM 

provides information about surface topography and composition of the sample. SEM typically 

uses high electron beam doses and is considered to be a damaging technique for perovskites. 

Therefore, for our perovskite samples, we conducted SEM characterization as the last 

measurement to avoid irreversible effects induced by electron beam. 

In Figure 3.12a, we show SEM image of perovskite thin film. For comparison, PEEM image of 

the same region is shown in Figure 3.12b. It is apparent that the topography of grains and grain 

boundaries imaged with PEEM closely resemble the SEM image. This allowed to easily 

correlate nanoscale defects and surface morphology in both SEM and PEEM images. Notice 

that, although we can trace the morphological features in both SEM and PEEM images without 

any difficulty, the intensity contrast in PEEM differs from the SEM, and should not be directly 

compared. 

To characterize the defects even further, we correlated PEEM images of defects and SEM 

images of surface morphology. Figure 3.13 shows this correlation for regions associated with 

grain boundary and intra-grain defects (same regions as shown in Figure 3.11) [284]. For the 

grain boundary defects, we did not observe any morphological features at the sites of the defects 

(Figure 3.13a-c, green box). This double confirmed our finding with AFM correlation. For the 

intra-grain defects, we found that while some of them corresponded to regular morphological 

grains (Figure 3.13a-c, blue box), other defects were associated with grains that showed brighter 

SEM contrast (Figure 3.13a-b, red box). Typically, features containing elements with higher Z-

numbers, appear brighter in SEM images. This implied compositional heterogeneity associated 

with these bright grains. From literature reports, it was well-established in perovskite field that 

such bright crystallites in the SEM images of perovskite films typically originate from inclusions 

of PbI2 that are known to form due to excess of PbI2 in precursor solution [347-349]. The amount 

of such bright grains has been reported to correlate well with intensity of characteristic PbI2 

XRD peaks [347]. These inclusions are richer in lead as compared to pristine perovskite and 

therefore, appear brighter in SEM as compared to pristine perovskite grains. Given the iodine-

rich composition of our perovskite samples, we attributed grains that showed brighter SEM 

 

Figure 3.12. Characterization of surface morphology with SEM and PEEM. (a) Images of 

surface morphology acquired with (a) SEM and (b) PEEM. PEEM topography of grains and 

grain boundaries follows the SEM image reasonably well. The parts of the film exhibiting 

low PEEM contrast or poor resolution, can be imaged in SEM with better quality. 
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contrast to precipitated PbI2. Through correlation of PEEM and SEM, we found that one type 

of intra-grain defects were associated with these PbI2 grains. We also observed that these PbI2 

inclusions were elevated in height above the perovskite grains, as shown with AFM line scans 

(Figure 3.13c, red box). In Section 4.4, where we summarize our findings regarding the nature 

of defects, we will put this finding in context of other measurements and will provide more 

discussion about defects associated with PbI2. 

 

 

 

Figure 3.13. Relation of local morphology imaged with SEM to spatial location of nanoscale 

defects. (a) PEEM images of grain boundary (green box) and intra-grain (red and blue boxes) 

defects. (b) SEM images of the same regions as (a) with locations of defects marked with 

white dashed circles for better visibility. (c) AFM images of the same regions as (a and b) 

with line profiles through the defect clusters indicating the raised height only for some of 

the intra-grain defects. Solid black line indicates mean height for the sample, with grey 

shaded area denoting the root mean-square bounds. 
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3.5. Conclusion 

In this Chapter, by employing PEEM, we imaged nanoscale defects in hybrid perovskite thin 

films. We found that these defects ranged in sizes from few tens to few hundreds of nanometers. 

We further employed PEEM to image surface microstructure of our perovskite films. By 

superimposing PEEM images of defects and surface morphology, we found that the smallest 

defects of just few tens of nanometers in sizes, were predominantly located at grain boundaries. 

We did not observe these defects to extend along the entire grain boundary, but rather as 

localized features at the junction between two grains. The larger defects of up to few hundreds 

of nanometers in sizes, were found to be associated with morphological grains and were 

categorized as intra-grain defects. Through correlation of PEEM images of intra-grain defects 

and SEM images of surface morphology, we found their different origins. While some of these 

defects were associated with regular morphological grains as seen from correlation of PEEM 

with SEM and AFM, other intra-grain defects corresponded to grains with brighter SEM 

contrast. Given that such bright grains in SEM images of perovskite films originate from 

inclusions of unreacted PbI2, we attributed one type of intra-grain defects to PbI2. In Section 

4.4, we will elaborate on this in more detail.  
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Chapter 4 

Photoelectron Spectroscopy of Hybrid 

Perovskite Thin Films 
 

 

 

 

4.1. Abstract 

In Chapter 3, based on PEEM imaging of nanoscale defects and surface morphology of the film, 

we identified grain boundary- and intra-grain defects in triple-cation mixed halide perovskite 

thin films. Moreover, we started obtaining insights about the nature of some of these defects and 

established that intra-grain defects had different origin. To further distinguish between these 

defects and to understand their energetic alignment, in this Chapter we employ photoelectron 

spectroscopy (PES) and obtain a nanoscale map of the photoemission spectrum and the local 

work function at defects sites. 
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4.2. Photoelectron spectroscopy 

With photoemission electron microscope, through spectro-microscopy measurements, we can 

learn about electronic structures and chemical states of materials. Unlike conventional 

ultraviolet photoelectron spectroscopy (UPS) that predominantly outputs spatially-averaged 

spectroscopic data, PEEM allows to map photoemission signal as an image with good level of 

spatial resolution. This allows to access spectroscopic information of individual small features, 

such as nanoscale defects. 

In order to collect photoelectron spectra in PEEM, one can either perform imaging and collect 

energy-filtered images, or collect spatially averaged spectrum from selected area at the 

dispersive plane of the energy filter (appears as a line with modulated intensity). The imaging 

mode has been briefly discussed in Chapter 3 for imaging defect states and grains in perovskites, 

and has been widely utilized throughout the work on this thesis. 

 

4.2.1. Energy-resolved imaging of perovskite thin films 

Energy-resolved images of perovskite thin films have been collected using photon pulses of 6.2 

eV in energy. This photon energy was enough to reach the onset of the valence band and photo-

emit electrons from there to the vacuum states. This imaging mode required the use of a 

hemispherical energy analyzer and an energy slit. The schematic of PEEM with hemispherical 

energy analyzer is shown in Figure 4.1. The photo-emitted electrons that have different kinetic 

energies travel between the two hemispheres of an electrostatic energy-filter that are kept at 

different potentials. Depending on their kinetic energies, electrons are dispersed differently in 

the analyzer to travel around optimal trajectories. An energy filter or slit, is placed at the end of 

the analyzer, and only electrons with specific kinetic energies that pass through the slit can arrive 

at the detector. To vary kinetic energy of the photo-emitted electrons and to control which part 

of the photoemission spectrum reaches detector, we adjust the sample bias (or start voltage) in 

the microscope. By varying the sample bias, we can collect images as a function of kinetic 

energy of photo-emitted electrons. By plotting the intensity modulation of different features 

from the energy-filtered images, we can analyze for example, the contributions from the valence 

states, mid gap states, etc. If the probe energy is sufficiently large (synchrotron radiation), it 

becomes possible to image contributions from specific chemical states and to obtain chemical 

information about the sample. 

Sequence of energy-resolved images of perovskite thin films have been collected with a step of 

100 meV in range from -1 to 3 eV (start voltage) around the valence band edge. The energy 

scale in our plots is corrected by the Fermi level, determined from the high energy cutoff of the 

photoelectron spectrum taken from fiducial gold marker. 
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Figure 4.1. Schematic of a spectroscopic PEEM. UV probe pulses cause photoemission of 

electrons from sample surface; electrons are then accelerated through hemispherical energy 

analyzer, dispersed in energy, and imaged on CCD camera for each energy. In this way a 

sequence of energy-filtered PEEM images can be collected. Inset shows energy level 

diagram of hybrid perovskite: grey arrow indicates transitions from valence band states (EV) 

through the defect states (defects) below the Fermi level (EF) to vacuum states (EVac) upon 

probing of sample with photons of 6.2 eV in energy. 
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A sequence of energy-resolved images of perovskite thin film sample, is shown in Figure 4.2. 

The energy here is presented on E - EF (eV) scale. At the energies that correspond to the onset 

of the valence band (from - 2.1 eV to - 1.4 eV), we clearly start observing surface microstructure 

appearing as grains (highlighted with grey box in Figure 4.2). At the energies closer to the mid 

gap region (- 1.3 eV to 0 eV), the mid gap states are being probed. These appear in the PEEM 

image as nanoscale defect-rich clusters, as has been discussed in Chapter 3. For better visibility, 

the images of defects are highlighted with green box. 

To collect energy-resolved images, we utilized the objective ramp script in the imaging software 

of the PEEM instrument. This script allows to program objective current to automatically adjust 

at each energy step during the scan to maintain image focus and resolution; otherwise, images 

at different kinetic energies can de-focus rapidly, which results in loss of spatial resolution. 

During photoemission spectro-microscopy measurements, it is important to keep the dose of 

probe photons low to avoid space charge, which can be seen as spectral broadening in 

photoemission spectrum and loss of resolution in the image. To avoid this, during the 

experiments in this thesis, we kept fluence of the 6.2 eV probe photons below 10 nJ cm-2, which 

we estimated in Chapter 3 to be below the space charge limit. The typical imaging conditions 

 

Figure 4.2. Energy-filtered PEEM images of perovskite thin film collected when probing 

samples with 6.2 eV photons. At the energies from -2.1 eV to -1.4 eV, the contrast shown is 

due to surface morphology (highlighted with grey box). Localized nanoscale defects appear 

in images from -1.3 eV to -0.1 eV below the Fermi level (0 eV), and are highlighted with 

green box. The intensity of each image is scaled independently for better visibility. 
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for collecting energy-filtered images were about 20 seconds exposure per frame, and 4 averages 

per image. 

 

4.2.2. Insights into the origin of defects from PES 

From the energy-resolved images of hybrid perovskite sample, we can extract photoelectron 

spectra that contain energy on one axis and photoemission intensity on another. These spectra 

provide information about energy distribution of the photo-emitted electrons. Given that energy-

filtered images are collected with a good level of spatial resolution, we can extract the 

photoelectron spectra even from nanoscale areas on the sample. For example, we can plot the 

photoelectron spectrum for a single grain of the polycrystalline film. This becomes especially 

useful for differentiating signal from different domains or grains that resulted from spatial 

heterogeneities in the sample. 

Figure 4.3(a, b) shows a typical photoelectron spectrum of pristine region of the triple cation 

mixed halide perovskite thin film sample. The spectrum represents photoemission from the 

valence band states starting at E - EF value of about -1.2 eV. Due to the limitations in probe 

energy in our setup, we are only able to collect signal from the onset of the valence band. Having 

even higher energy of probe photons would be useful to obtain chemical information about our 

samples. The photoelectron spectrum extracted from a single grain (Figure 4.3c), as indicated 

with red dashed circle in Figure 4.3a, follows well the averaged PES for a larger area. This 

means that the spectral features of grains are very similar and represent spectral features of 

pristine perovskite material. 

When extracting photoelectron spectrum for region that contains nanoscale defects, as shown 

from the overlay of PEEM images of defects and surface morphology in Figure 4.3d, we 

observed appearance of signal from the mid gap states, as indicated in Figure 4.3e. These 

regions, in addition to the main peak from the valence states, showed a broad spectral feature in 

the band gap, extending from the valence states edge up to the Fermi level. The magnified part 

of the PES of the defect-rich region is plotted in Figure 4.3f together with PES of the pristine 

region. The occupied states extending into the band gap for the defect-rich region, are clearly 

seen as a characteristic “shoulder” in PES. 
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By selectively plotting photoelectron spectra of intra-grain defects, we were able to further 

differentiate between them. In Figure 4.4(a, b and f, g), we show typical PEEM images of intra-

grain defects and corresponding SEM images of the same regions. From the photoelectron 

spectroscopy, we found that the sites of these defects were associated with very different 

densities of occupied mid gap states, as seen from their photoemission intensities in mid gap 

spectral region (Figure 4.4c and h). When we correlated these observations with our conclusions 

from Chapter 3, we found that the defects that we attributed to precipitated PbI2, (Figure 4.4 f, 

g), consistently showed lower photoemission intensity in the mid gap region, as compared to 

other intra-grain defects. This can be seen from a series of photoelectron spectra plotted for 

multiple defects of each type in Figure 4.4(d and i), as well as from averaged photoelectron 

spectra in Figure 4.6.We also found that photoelectron spectrum was characteristic to the type 

of defect and the sizes of these defects did not dictate their photoemission intensities in mid gap 

spectral region (Figure 4.4e and j). 

 

 

Figure 4.3. Photoelectron spectroscopy of perovskite thin film samples. (a) PEEM image of 

pristine grains. (b) Averaged PES extracted from the entire area shown in (a). (c) PES of a 

single pristine grain indicated with red in (a). (d) Overlaid PEEM images of defects (green) 

and surface morphology (grey contrast). (e) Photoelectron spectrum extracted for the region 

containing nanoscale defects shown in (d). PES contains contributions from both valence 

band and mid gap defect states. (f) Magnified part of PES in (e) shown with black line and 

square, and PES of pristine region in (b) shown with grey line and circle. 
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The photoelectron spectra of grain boundary defects, were distinctly different from the signal 

plotted for intra-grain defects, and had very low density of occupied states in mid gap region 

(Figure 4.5). Considering the very small sizes of the grain boundary defects, which were at the 

limit of our spatial resolution, it was rather challenging to collect photoelectron spectra from 

these small areas due to limited signal to noise ratio. Nevertheless, when comparing with the 

signal from the pristine regions (Figure 4.6), the mid gap features at their sites were clearly 

observed. 

 

Figure 4.4. Photoelectron spectroscopy of intra-grain defects. Typical (a) PEEM and (b) 

SEM images and (c) PES (blue line) of intra-grain defect associated with morphological 

grain. (d) PES of multiple defects as described in (a), showing consistent large density of 

mid gap states. (e) PEEM and SEM images of additional intra-grain defects similar to (a). 

Typical (f) PEEM and (g) SEM images and (h) PES (red line) of intra-grain defect associated 

with grain with brighter SEM contrast. (i) PES of multiple defects as described in (f), 

showing consistent lower density of mid gap states, compared to (d). (j) PEEM and SEM 

images of additional intra-grain defects similar to (f). 
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Figure 4.5. Photoelectron spectroscopy of grain boundary defects. Typical (a) PEEM and 

(b) SEM images of defects that appeared at grain boundaries. (c) PES of the grain boundary 

defect (green line). (d) PES of multiple grain boundary defects showing low density of mid 

gap states. 

 

 

 

Figure 4.6. Photoelectron spectra for intra-grain (blue and red) and grain boundary (green) 

defects averaged for multiple features of the same type, as compared to pristine areas (grey). 

Inset shows contributions from mid gap states on logarithmic scale. 
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By fitting the photoelectron spectra with Gaussian functions, we can estimate the energy-level 

positions of nanoscale defects. Typically, analysis of photoelectron spectroscopy data is 

performed in comparison with theoretical calculations of the partial density of states, as has been 

done in a number of works [42, 350]. Those reports utilized higher energies of probe photons 

and performed spatially-averaged conventional ultraviolet photoelectron spectroscopy. These 

works did not report on appearance of occupied mid gap states in perovskite thin films, likely 

because such signals would be very weak when compared to contributions from valence states 

in spatially-averaged spectroscopy. In conventional spatially-averaged UPS, most of the signal 

would originate from pristine perovskite, and a very low mid gap signal could be interpreted as 

background or noise. As a result, theoretical models do not usually account for contributions 

from the defect states when interpreting the photoemission spectroscopy data of hybrid 

perovskites. It would be useful to compare our data with theoretical models to understand more 

about the origin of nanoscale defects. However, compared to perovskite compositions with 

relatively simple unit cell, such as MAPbI3 or MAPbBr3, that are typically used in theoretical 

works, mixed compositions that we used in this thesis, are much more complex and lack 

theoretical calculations. Therefore, in this thesis, we used a rather straightforward approach to 

evaluate the energy distribution of defect states by fitting PES with multiple Gaussian functions. 

As an extension to current work, it remains an open and interesting direction for us to collaborate 

with groups who perform theoretical calculations of photoelectron spectra for triple cation 

mixed halide perovskite thin films. This would provide further qualitative information about the 

nanoscale defects we found through our PEEM measurements. For example, one could expect 

the mid gap signal to contain contributions from multiple discrete states. However, given the 

energy resolution of PEEM in our experiments (125 meV) and spectral signature of these mid 

gap states, we are likely observing them as a broad spectral features in our photoelectron spectra. 

When fitting photoelectron spectra extracted from nanoscale defects, we found that the best fit 

for all the features was achieved when applying three Gaussian functions. One Gaussian 

function was used to fit broad contributions from the mid gap states, and provided an estimation 

of energy level for different defect types, while the rest two Gaussians were used to cover the 

onset of the valence band. We found that grain boundary and two different types of intra-grain 

defects appeared at different energies, up to 1 eV above the valence band, as shown in Figure 

4.7. This further confirmed different origin of these defects. As briefly discussed in Chapter 1, 

deep level states in perovskites could be induced by iodine interstitials, lead vacancies and 

various anti-site substitutions [20, 21]. To fully understand the nature of the defects from our 

PES measurements, as a follow up to this work, we will require to correlate our results with 

theoretical calculations. Similarly, PbI2 has been reported to contain high density of Pb 

vacancies [351], that could be accumulating on the surface in a form of clusters that we 

eventually image in PEEM. 
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Figure 4.7. Estimation of energy distribution of defects. (a) Gaussian fits (red, yellow, 

purple) to the photoelectron spectra for selected defects used to estimate peak energy of the 

mid gap states. (b) Estimated E - EF of the mid gap states for different types of defects based 

on fitting: grain boundary-, PbI2 and another type of inra-grain defects are represented with 

green, red and blue bars, respectively. 
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4.3. Energetic variations at defect sites 

To further characterize the nanoscale defects, we looked into spectral differences between defect 

sites and surrounding grains. Interestingly, we found different energetic landscape associated 

with intra-grain defects as compared to the surrounding pristine regions. This can be seen from 

comparison of photoelectron spectra extracted from a defect site and from a grain located right 

next to it (Figure 4.8). By looking at the cutoff energies, that represent work function, we found 

shifts in local work function for the defect sites as compared to pristine grains. The work 

function shifts in surface science are typically related to differences in chemical composition, 

alternative phases, crystallographic orientation, or adsorption of molecules and gases. 

From photoelectron spectra, the work function (Φ) is calculated by subtracting the cutoff energy 

(Ecutoff) from the energy of the incident photons hν (Equation 4.1). 

We analyzed work function differences between the pristine grains and defect sites, and 

observed shifted values for local areas that correlated with intra-grain defects (Figure 4.8, blue 

and red boxes). This implied that very likely those defective grains were associated with local 

heterogeneities in composition, structure or orientation, and likely could not be considered 

pristine perovskite. The amount of this work function shift varied for different intra-grain 

defects. For example, the intra- grain defects that we prior attributed to precipitated PbI2, showed 

rather smaller changes in work function when compared to other intra-grain defects. For the 

much smaller grain boundary defects, given their small sizes which were at the limit of our 

spatial resolution, we did not observe obvious changes in work function, as compared with 

surrounding grains (Figure 4.8, green box). 

 

 

Figure 4.8. Photoelectron spectroscopy of grains and nanoscale defects. (a) Overlaid PEEM 

images of grains and defects. (b) Photoelectron spectra of defect sites and pristine grains. 

For some of the intra-grain defects shifted cutoff energy was observed. 
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In order to access the work function information on the spatial scale, we developed a way to 

map the changes in work function from the energy-filtered PEEM images. For this, we 

considered only a part of the photoelectron spectrum, to avoid contributions from the mid gap 

states, and developed a procedure to record value of cutoff energy, which we then subtracted 

from the incident photon energy to plot work function. 

To obtain maps of work function, we have extracted PES from each pixel from the stack of 

energy-filtered images, and performed fitting with a Gaussian function. We determined position 

of the secondary edge cutoff (Figure 4.9a, b) and calculated work function according to the 

Equation 4.1. The plotted two-dimensional image is shown in Figure 4.9c. As a control, we also 

plotted an amplitude map generated during Gaussian fitting (Figure 4.9d). This amplitude map 

is composed of the maximum intensity for each pixel and should match the PEEM image 

collected from the valence band edge. Our amplitude map followed the image of surface 

morphology reasonably well, which showed successful fitting for every pixel. The 2D maps of 

work function directly showed energetic heterogeneities in perovskite film and served as a 

helpful tool to analyze larger amounts of data, as we did not need to plot large amount of 

photoelectron spectra for each region of interest. 

 

Figure 4.9. Plotting two-dimensional work function maps. (a) Photoelectron spectrum 

extracted from energy-filtered images of perovskite thin film. (b) Processing steps to 

determine cutoff energy and calculate work function. (c) Work function map plotted for an 

area of perovskite thin film of about 3 μm by 3 μm. (d) Amplitude map that follows grain 

morphology, generated during the processing. 
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By comparing PEEM image of defects and map of work function, we found that the work 

function was relatively homogeneous for pristine regions (Figure 4.10a). In contrast, at the sites 

associated with intra-grain defects, we found clear variations in work function compared to the 

pristine regions, as has been prior identified from PES plots in Figure 4.8. In Figure 4.10b, we 

show overlaid PEEM images of defects and grains next to work function maps plotted for the 

same areas. The sites of the intra-grain defects were clearly associated with elevated values of 

work function, as marked with white dashed circles. We also confirmed that intra-grain defects 

that were associated with PbI2 (Figure 4.10b, red box), showed smaller increase in work function 

as compared with other intra-grain defects (Figure 4.10b, blue box). Given the small sizes of the 

grain boundary defects, and small local variations of the work function, we were not able to 

observe clear signatures of heterogeneities in work function associated with the grain boundary 

defects (Figure 4.10c). 

 

 

 

 

 

 

 

 

Figure 4.10. Correlation of defects and local work function. (a) PEEM image and work 

function map of a pristine region of perovskite thin film. (b) Overlaid PEEM images and 

work function maps of regions associated with intra-grain defects. (c) Overlaid PEEM 

images and work function maps of regions associated with grain boundary defects. White 

dashed circles are outlining locations of nanoscale defects. 
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4.4. Conclusion 

To conclude, in this Chapter, we employed energy-resolved imaging with PEEM to obtain 

photoelectron spectra of nanoscale defects. We found that intra-grain defects had very different 

spectral signatures, as seen from the photoemission intensity in mid gap region. In particular, 

we observed that defects that we previously attributed to PbI2, had consistently lower density of 

mid gap states, compared to other intra-grain defects, which further corroborated the different 

origins of intra-grain defects. We also plotted local work function variation and found that 

compared to pristine film, intra-grain defects were associated with local increase in work 

function which allowed us to gain confidence that all the intra-grain defects were associated 

with some compositional or structural heterogeneity. 

Before we move to the next chapter where we employ time-resolved measurements and discuss 

the roles of defects in charge carrier trapping, we will briefly summarize our findings about 

nanoscale defects in hybrid perovskite thin films we obtained thus far. By utilizing PEEM, we 

imaged nanoscale defects in hybrid perovskite thin films. Based on morphological location with 

respect to surface microstructure, we categorized the imaged defects into grain boundary and 

intra-grain defects. By combining PEEM and SEM, we attributed some of the intra-grain defects 

to precipitated PbI2. Via photoelectron spectroscopy measurements, we found that other type of 

intra-grain defects that were associated with morphological grains, showed elevated work 

functions and high density of mid gap states. The grain boundary defects appeared at the junction 

of two grains and based on SEM and AFM characterization, did not show morphological 

features associated with their locations, except of the grain boundary itself. 

Outside of the scope of this thesis, but nevertheless important, is the work done in parallel by 

our collaborators from Stranks group at the University of Cambridge, who worked on applying 

synchrotron-based microscopy tools, such as nano X-ray diffraction (nXRD) to study hybrid 

perovskite thin films. By combining PEEM and nXRD results, we correlated local structural 

information with nanoscale defects. We confirmed that some of the intra-grain defects 

corresponded to PbI2 and found that other intra-grain defects, were associated with 6H 

hexagonal polytype perovskite phases [284], consistent with energetic heterogeneity associated 

with these defects observed through our photoectron spectroscopy measurements. The grain 

boundary defects, due to their small sizes, could not be studied and indexed conclusively due to 

limitations in spatial resolution of both PEEM and nXRD. Accessing structural information at 

these sites would likely require utilization of techniques approaching atomic scale resolution. In 

the following Chapters of this thesis, with the purpose of differentiating between intra-grain 

defects, we will be referring to them as PbI2 and polytype defects, when applicable. 

It still remains interesting to further research these defects, especially by employing techniques 

with atomic scale resolution. In particular, correlation of PEEM with transmission electron 

microscopy would be an enlightening follow up to our work. Such measurements would allow 

to study atomic arrangements associated with grain boundary defects and to further understand 

structural information of intra-grain defects. Given that literature reports typically emphasize on 

large densities of point defects in hybrid perovskites that are involved in charge trapping, ion 

migration, likely even phase segregation in multi-cation and mixed halide perovskites [11, 298, 

352], it would be interesting to undestand whether through our PEEM measuremetns, we are 

imaging clusters of point defects, or higher-dimensional defects such as dislocations and 

stacking faults, or some combination of both.  
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Chapter 5 

Time-resolved Photoemission Electron 

Microscopy of Hybrid Perovskites 
 

 

 

 

5.1. Abstract 

After having uncovered the presence of multiple types of defects in triple cation mixed halide 

perovskite thin films, the next important question was addressing the roles of these defects in 

performance of perovskite films. In particular, we were interested in exploring the roles of these 

defects in charge carrier trapping that leads to non-radiative losses. Given that charge trapping 

is a very fast process, we would require utilization of techniques that allow us to obtain 

information in the temporal domain. At the same time, given the nanoscale nature of these 

defects, it is important to utilize tools with high spatial resolution. In this Chapter, we employ 

time-resolved photoemission electron microscopy that combines spatial resolution of 

photoemission electron microscope and temporal resolution of optical pulses to record spatio-

temporal charge trapping dynamics in hybrid perovskite thin films. We specifically look into 

response of different types of defects to establish their particular roles in non-radiative 

recombination. 
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5.2. TR-PEEM imaging considerations 

The presence of defects has been previously linked to non-radiative recombination due to charge 

trapping, and a number of studies have been conducted to understand this channel of 

performance losses [5, 6, 9, 13, 301]. The methodologies utilized, often report on spatially-

averaged dynamics or on spatially-resolved information in the steady state [5, 208]. For 

example, ultrafast spectroscopy measurements have no spatial resolution and typically attribute 

either changes in carrier dynamics or observation of spectral features to presence of 

performance-limiting defects [14, 15, 301]. Given the presence of various types of nanoscale 

defects in perovskite absorbers, it is important to utilize tools that allow to study recombination 

processes with good spatial resolution. Moreover, given the ultrafast nature of charge trapping 

that is expected to occur at nanosecond timescales or faster, it becomes equally as important to 

have access to probes that are very short in time in order to capture the charge trapping dynamics 

at defective sites. TR-PEEM that combines spatial resolution of PEEM and temporal resolution 

of optical pulses, will serve as an excellent tool to study charge trapping dynamics in hybrid 

perovskite thin films in both space and time. 

In TR-PEEM, as has been discussed in Chapter 2, prior to sending an ultrafast probe pulse, 

sample is photo-excited with a pump pulse that promotes electrons from the valence band states 

to the conduction band states. Following that, we can monitor the response from selected parts 

of the energy spectrum with time-delayed probe pulse. For example, we can record the response 

of either excited state or ground state of the material, or as in the case of our perovskite samples, 

we can trace the changes from the defect states. To do so, one would collect PEEM images of 

defects before and after the photoexcitation at different time delays between pump and probe. 

By further analyzing changes in PEEM intensities through this sequence of PEEM images, one 

can monitor the evolution of time dependent photoemission signal at regions of interest. 

A schematic of TR-PEEM experiment together with the energy-level diagram of perovskite 

sample at the instance of photo-excitation is shown in Figure 5.1. A near-infrared pump photons 

have been selected to photo-excite perovskite at the absorption edge. 

During TR-PEEM experiment, we recorded PEEM images of defects at each time delay between 

pump and probe. TR-PEEM images for each time delay have been generated by subtracting 

images acquired at negative time delays from images acquired at positive time delays. This 

allowed to visualize movies of charge carrier trapping at nanoscale defects in perovskite thin 

films. To ensure that the observed dynamics were not originating from instabilities of laser 

intensity during the measurement, we normalized the intensity of each of the recorded images 

by the signal from gold fiducial marker, which was found to show no dependence on delay 

between pump and probe. 

The typical imaging conditions for TR-PEEM images were 1 second exposure and 64 averages 

per frame (1 delay step). We found that given the sensitive nature of these measurements, and 

the very small signal we were expecting to observe, one required sufficient amount of averaging 

for each time delay and subsequently many repeated scans to ensure that we collected good 

quality signal. Scans have been repeated at least 4 times, and final images are result of 4 

averages. 
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The fluence of 1.55 eV pump photons for TR-PEEM measurements was chosen to be of about 

100 μJ cm-2. Given the rather low absorption at this wavelength for mixed-halide samples, this 

approximately translates to carrier density of ~ 1016 cm-3. The probe photon fluence was kept 

below 100 nJ cm-2 for 4.65 eV photons. It is very important to have a good control over pump 

and probe fluences to not overexpose sample with either UV probe light or near-infrared pump, 

which could damage the sample. For example, high doses of pump could cause heating of the 

sample and induce new defects or increase photoemission intensity from the mid gap states. 

Similarly, high dosages of UV light have been also reported to be harmful for perovskites as 

well [353]. Therefore, very careful attention should be paid to doses of both pump and probe 

photons while performing TR-PEEM. 

 

5.2.1. TR-PEEM imaging of perovskite thin films 

During TR-PEEM of hybrid perovskite thin films, by monitoring modulation of photoemission 

intensity from mid gap states after photo-excitation, we can track changes in their carrier 

population and thus follow the trapping dynamics. In particular, we expect one of the following 

three scenarios to take place: (i) no changes in PEEM intensity, (ii) increase in PEEM intensity 

and (iii) decrease in PEEM intensity. Each of these can be interpreted through the changes in 

population of mid gap states occurring due to charge trapping. 

The case of (i), when no changes in PEEM intensity have been recorded, implies absence of 

charge carrier trapping. When the population of states is invariant to the photo-excitation, we 

expect trapping to either not take place at all, or to take place at timescales far beyond the 

 

Figure 5.1. Schematic of time-resolved PEEM experiment of perovskite sample. Inset 

shows energy-level diagram of perovskite sample at the instance of photo-excitation. 

Incident pump photons (pump) promote electrons in perovskite from valence band states 

(EV) to the conduction band states (EC). The time-delayed UV probe photons (UV probe) 

photo-emit electrons from defect states (defects) below the Fermi level (EF) to the vacuum 

level (EVac). For each time delay between pump and probe, a PEEM image is recorded. 
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timescales measured in our experimental set-up. In the case (ii), an increased photoemission 

signal from the defect states, indicates a rise in population of electrons in those states, and can 

be interpreted as trapping of electrons. And finally, in case (iii), the decrease in photoemission 

signal can indicate reduced population of electrons in the mid gap states, and could be 

interpreted as trapping of photo-excited holes. 

To compare charge carrier trapping for various regions of interest, e.g., from pristine perovskite 

or from different types of defects, we constructed movies recording changes in photoemission 

intensity for specific time delay steps after photo-excitation (Figure 5.2). For better 

visualization, we colored negative change in PEEM intensity with blue, and positive with red. 

The first striking observation was lack of changes in photoemission intensity at pristine regions 

that did not contain mid gap states (Figure 5.2, “Pristine region”). In contrast, we detected very 

localized changes in photoemission intensity from nanoscale defects. In particular, the sites of 

intra-grain defects associated with polytype grains, showed pronounced hole trapping behavior 

as seen from the decreased photoemission intensity (Figure 5.2, “Polytype defect”). Similarly, 

we found that the grain boundary defects also demonstrated hole trapping behavior (Figure 5.2, 

“Grain boundary defect”). Moreover, despite their small sizes of just few tens of nanometers, 

grain boundary defects showed more pronounced trapping as seen from larger percent change 

in photoemission intensity. Interestingly, the intra-grain PbI2 defects, did not demonstrate 

obvious changes in photoemission intensity (Figure 5.2, “PbI2 defect”) making them relatively 

benign from perspective of trapping charges generated in pristine perovskite. The trapping by 

the PbI2 defects could be inhibited due to energetic or morphological/height barrier between 

PbI2 and perovskite. 
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Figure 5.2. Time-resolved PEEM images of perovskite thin film. For pristine regions that 

were not associated with nanoscale defects, no changes in photoemission intensity were 

observed after photo-excitation, implying absence of charge trapping. The defects associated 

with precipitated PbI2, did not demonstrate any obvious signs of charge trapping upon photo-

exciting perovskite, while the intra-grain polytype- and grain boundary defects, showed 

clear hole-trapping signal as seen from reduction of photoemission intensity at their sites. 

Color scale indicates change in PEEM intensity (I(t) - I0): blue color denotes reduction in 

photo-emission intensity, while red color – increase in photoemission intensity. 
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5.2.2. TR-PEEM trapping dynamics 

To evaluate trapping dynamics, we extracted photoemission intensities for different types of 

defects as a function of time delay between pump and probe. We normalized the extracted 

intensities to intensity of gold fiducial marker to remove laser fluctuations. Subsequently, the 

extracted signals were averaged between multiple defects of the same kind (grain boundary and 

intra-grain PbI2 and polytype defects, respectively) and plotted as percent change ((I(t) – 

I0)/I0×100) in photoemission intensity versus pump-probe time delay. 

The pristine regions of the film that where not associated with defects, did not respond to 

photoexcitation, as seen from Figure 5.3a. Similarly, we also did not observe response from the 

PbI2 defects upon photo-exciting perovskite (Figure 5.3b), as discussed in Section 5.2.1. The 

rest intra-grain and grain boundary defects, participated in carrier trapping as seen from 

reduction in photoemission intensity after photoexcitation. Moreover, there were important 

differences between the two. The grain boundary defects showed larger change in PEEM 

intensity after photoexcitation (Figure 5.3c), indicating their significant cross section for photo-

hole capture. For this defect type, we used double exponential decays (Equation 5.1) to estimate 

their trapping dynamics. We obtained two time constants of ~ 6 ps and ~ 290 ps, suggesting a 

local, fast trapping processes followed by a slower diffusion-assisted trapping, in agreement 

with our previous findings [47]. By attributing the fast time constant from TR-PEEM fitting to 

rapid trapping of charges nearby the defect site, and slower component to diffusion of charges 

to the defect site, we can estimate trapping diffusion length according to the equation 𝐿𝑇 =

√𝐷𝜏𝑇. Given diffusion coefficient D of about 0.2 cm2 s-1 [54] and τ2 of 290 ps, we can estimate 

the LT to be on the order of ~ 80 nm, which approaches the grain size. In contrast, polytype 

defects showed much smaller TR-PEEM response with only a fast exponential decay (Equation 

5.2) observed within our experimental window (Figure 5.3d). This indicates, that diffusion-

assisted processes here, if present, were weaker and slower. 
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Figure 5.3. Time-resolved PEEM dynamics. TR-PEEM decay curves plotted as percentage 

change in PEEM intensity after photoexcitation ([I(t) - I0]/I0 × 100) versus pump–probe 

time-delay for (a) pristine region, (b) PbI2 defects, (c) grain boundary defects and (d) intra-

grain polytype defects. Solid lines represent exponential decay fits. 
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5.3. Correlation with steady-state photoluminescence losses 

We employed confocal photoluminescence microscopy to understand how the defects imaged 

in PEEM would relate to local variations in photoluminescence. For this, we first imaged the 

defects in PEEM with 4.65 eV photons and subsequently performed photoluminescence 

mapping of the same area of the sample using 532 nm laser excitation source. We specifically 

looked into local variations of photoluminescence intensity associated with different types of 

defects. 

In Figure 5.4a, we show PEEM image of defects that was superimposed with map of 

photoluminescence intensity in Figure 5.4b. We immediately saw that photoluminescence 

intensity was inhomogeneous and regions with poor photoluminescence correlated reasonably 

well with locations of defects. In Figure 5.4c, we show magnified images for different regions 

of interest including one pristine region and several areas containing nanoscale defects. The 

pristine region of the film showed high photoluminescence count, consistent with absence of 

TR-PEEM signal, indicating lack of charge trapping processes. At the sites of PbI2 defects, we 

observed very small localized photoluminescence losses (Figure 5.4c, red box). Given that from 

TR-PEEM measurements, we established that PbI2 defects did not participate in trapping of 

photo-excited holes from perovskite, we attributed these photoluminescence losses to occur 

largely due to presence of non-perovskite material. We note, however, that there remains a 

possibility for electrons from perovskite to be trapped by PbI2 defects at time scales beyond our 

TR-PEEM measurements. Therefore, we cannot exclude this potential pathway of non-radiative 

recombination to also impact photoluminescence intensity at regions associated with PbI2 

defects.  

At the regions associated with the grain boundary defects (Figure 5.4c, green box), we observed 

the impact of diffusion assisted trapping that we established earlier through TR-PEEM 

measurements. The photoluminescence intensity here was depleted over a large area beyond the 

defect site, consistent with presence of slow trapping component in TR-PEEM measurements 

that we have attributed to diffusion of charges to defects. It is important to note that the probing 

depth of photoluminescence measurements is much larger than PEEM, therefore, we can expect 

carriers generated in bulk of material to also contribute to charge trapping and non-radiative 

recombination. This implies that to model the diffusion-assisted trapping, we would have to 

consider both lateral and vertical diffusion. Furthermore, it is also an interesting observation 

from different perspective: PEEM is a surface-sensitive technique and therefore, we cannot 

probe and make assumptions about the bulk of material. However, we cannot exclude possibility 

of charges from the bulk to diffuse to the defect sites that are close to surface. The 

photoluminescence depletion associated with defect sites, could be a reasonable experimental 

observation of such an effect. Therefore, being conventionally a surface-sensitive technique, 

TR-PEEM can still provide clues about bulk-related processes. 

Finally, the correlation of PEEM images of defects and photoluminescence microscopy maps 

showed that the intra-grain polytype defects were also associated with depleted 

photoluminescence intensity (Figure 5.4c, blue box). This was in agreement with TR-PEEM 

measurements that identified polytype defects to have charge trapping nature. 
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Note that the resolution of the PL microscopy here is at the diffraction limit, which can cause 

complications when correlating with PEEM images that have much better spatial resolution. 

However, in past, we also performed PL microscopy on perovskite samples with Leica STED 

super-resolution fluorescence microscope that can overcome the diffraction limit and achieve 

up 50 nm spatial resolution [47]. Using Leica STED microscope, we still observed extended PL 

losses correlating with defect sites [47]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Correlation of PEEM and photoluminescence maps. (a) PEEM image of 

nanoscale defects. (b) Photoluminescence intensity map overlaid with PEEM map of defects 

for the same region as (a). (c) Magnified regions of interest as indicated with color-coded 

boxes in (b), showing overlaid PEEM/PL maps of pristine region (black box), region 

associated with PbI2 defect (red box), intra-grain polytype defect (blue box) and grain 

boundary defect (green box). 
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5.4. Conclusion 

In this Chapter, we employed time-resolved photoemission electron microscopy to investigate 

the roles of the nanoscale defects in performance of perovskite thin films. By recording the 

spatio-temporal charge trapping dynamics for different defects, we found that depending on 

their nature, they played varied roles in photo-excited hole trapping. Grain boundary defects, 

despite their small sizes of about few tens of nanometers, exhibited large reduction in 

photoemission intensity after photo-excitation, indicating their significant cross section for 

capturing holes. Their TR-PEEM dynamics exhibited two time constants, suggesting a fast 

trapping process, followed by a slower diffusion assisted trapping process. Photoluminescence 

maps around the grain boundary defects showed the impact of diffusion assisted trapping – the 

photoluminescence intensity was depleted over the large area around the defect site. For the 

intra-grain polytype defects, the TR-PEEM response was weaker with only a fast-exponential 

decay observed within our measurement window. This indicates that diffusion-assisted 

processes here, if present, were weaker and slower. Consistent with this, photoluminescence 

maps at regions associated with intra-grain polytype defects, also showed photoluminescence 

losses. In contrast, the intra-grain defects associated with precipitated PbI2, did not show 

obvious changes in photoemission intensity after photo-excitation of perovskite, indicating that 

these defects were relatively benign from perspective of trapping photo-generated charges in 

pristine perovskite. Such processes could be inhibited at PbI2 defects due to the energetic and/or 

morphological height barrier with the surrounding perovskite grains.  
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Chapter 6 

Effects of Passivation on Defect Distribution 

in Perovskite Thin Films 
 

 

 

 

6.1. Abstract 

The presence of defects substantially hinders the optoelectronic performance of perovskite solar 

cells. To reduce defect densities and improve performance of hybrid perovskites, various 

strategies have been designed and implemented [124, 126, 127, 354, 355]. In this Chapter, we 

will discuss how some these passivation strategies that are known to reduce defect densities, 

impact nanoscale defects in perovskite thin films. We will utilize photoemission electron 

spectro-microscopy and time-resolved photoemission electron microscopy to monitor the 

distribution of nanoscale defects and their charge trapping dynamics after treatments that are 

known to reduce defect densities. 
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6.2. Passivation by post-treatment 

One of the common passivation strategies to reduce defect densities in hybrid perovskites, is 

passivation by post-treatment [356-358]. This approach typically involves introduction of 

functional molecules, Lewis acids or halogen ions on the surface of an already fabricated 

perovskite film [359-361]. Additionally, introduction of simple molecules, such as oxygen, has 

also been reported to enhance optoelectronic quality of perovskites [208, 362-365]. In particular, 

remarkable enhancements in photoluminescence intensity have been observed and related to 

reduction in trap densities upon illuminating perovskite films and microcrystals with visible 

light in the presence of oxygen [208, 366-369]. Given that oxygen has been reported to 

intercalate to perovskite via defects [370], in this work, by employing TR-PEEM to probe 

nanoscale defects in hybrid perovskite thin films, we were seeking to visualize the response of 

each defect type to illumination in oxygen environment. 

 

6.2.1. Light and environment effects 

To understand the very beginning response of defects under photo-exposure in the presence of 

oxygen, we have first performed PEEM measurements on perovskite sample, including mapping 

of defects, photoelectron spectroscopy and TR-PEEM (Figure 6.1). Following PEEM 

measurements, sample was exposed to light and controlled amounts of dry air inside of a small 

external chamber with fused silica window. The transfer suitcase containing perovskite sample 

mounted on a PEEM cartridge was attached to the chamber. The chamber was pumped and 

purged several times and filled with dry air to reach 1 mbar dry air pressure, which has been 

reported to be sufficient to begin observing improvements in photoluminescence [365]. The 

sample was introduced to the external chamber and exposed to He-Ne laser light (less than 1 

sun intensity) through the window for the duration of 1 hour. The laser beam was prior expanded 

to illuminate the whole area of perovskite film under the cartridge cap. After the treatment, 

PEEM measurements were repeated on the same areas. Having fiducial gold markers deposited 

on the sample, was very helpful for this experiment and allowed to easily locate the regions of 

interest. 

The exposure measurements could not have been conducted in situ in the imaging chamber of 

PEEM, because the oxygen pressures required for passivation, were higher than the PEEM 

system can tolerate. PEEM can only operate under ultrahigh vacuum conditions (at least 10-7 

Torr) that are required to reduce probability of electrical discharge on sample and to prevent 

scattering of photo-emitted electrons with gas molecules. Moreover, the microchannel plate that 

amplifies the detected electrons can be damaged if vacuum in the column of the microscope is 

poor. 
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We specifically tracked responses of different types of defects after the treatment, and found 

that grain boundary defects that prior to the treatment, demonstrated pronounced hole trapping 

signal, no longer acted as traps. TR-PEEM images in Figure 6.2a and TR-PEEM decay 

dynamics in Figure 6.2b, clearly show this deactivation of charge trapping at grain boundary 

defects, as seen from lack of changes in PEEM intensity after the photo-excitation. Given that 

in Chapter 5, we have identified grain boundary defects as one of the most detrimental channels 

of non-radiative recombination, this deactivation of trapping after treatment could nicely 

contribute to explanations of the reported enhancements of photoluminescence intensity after 

illumination of perovskite films in the presence of oxygen. 

This observation was also interesting in context of theoretical reports that discussed effects of 

defect-mediated oxygen absorption in perovskites. The density functional theory modelling by 

Meggiolaro et al. [21], proposed a mechanism of inactivation of deep hole traps associated with 

iodide interstitials upon interactions with oxygen. The report suggested that oxidation of 

interstitial iodine was favored over the lattice iodine and effectively deactivated deep hole traps 

introduced by iodine interstitials by forming moderately stable oxidized products. From our TR-

PEEM measurements, we observed that hole-trapping grain boundary defects cured readily after 

exposure to dry air, while pristine film did not demonstrate obvious changes. Our measurements 

do not provide access to structural information, and therefore, we cannot promptly attribute 

grain boundary defects to interstitial iodide. Nevertheless, our direct experimental visualization 

of the removal of an important channel of non-radiative recombination upon treatment with 

oxygen, remains in good agreement with proposed theoretical model. 

 

 

 

Figure 6.1. Schematic of photo-exposure measurements. Step (1) covers PEEM 

measurements including PEEM imaging of defects, PES and TR-PEEM; at step (2), photo-

exposure is conducted in an external chamber filled with dry air; at step (3), PEEM 

measurements are repeated again after the treatment. 
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Figure 6.2. TR-PEEM response of grain boundary defects to photo-exposure in dry air. (a) 

PEEM and TR-PEEM images of selected grain boundary defect before exposure 

(“Unexposed”) and after treatment with 1 mbar dry air (“After treatment”) upon 

illumination. (b) TR-PEEM dynamics before and after treatment for grain boundary defects 

plotted as percent change in PEEM intensity [I(t) – I0]/I0×100. 
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After we established response of the grain boundary defects, we turned into investigating 

response of the intra-grain defects. Surprisingly, these defects were largely unchanged after the 

treatment with 1 mbar dry air, as seen from comparison of PEEM images (Figure 6.3a, c) and 

photoelectron spectra (Figure 6.3b, d). The TR-PEEM signals of those, also remained largely 

unchanged after the treatment (Figure 6.4). The lack of response of the intra-grain defects could 

be related to slower rates of interaction of oxygen with defects occurring within hexagonal 

perovskite and PbI2 phases. It would thus be interesting to monitor the behavior of these defects 

upon more intense treatments. 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Response of intra-grain defects to photo-exposure under 1 mbar dry air. (a) 

PEEM images of a selected intra-grain polytype defect before (“Unexposed”) and after the 

treatment (“After treatment”). Images are plotted on the same intensity scale. (b) 

Photoemission spectra of the defects in (a) showing that density of occupied mid gap states 

was not obviously affected by the treatment. (c) PEEM images of a selected intra-grain PbI2 

defect before and after the treatment. Images plotted on the same intensity scale. (d) 

Photoemission spectra of the defects shown in (c). Similar to (b), the density of occupied 

mid gap states for PbI2 defects was not affected by the treatment. 
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Figure 6.4. TR-PEEM response of intra-grain defects to photo-exposure in dry air. (a) 

PEEM and TR-PEEM images of selected intra-grain polytype (blue box) and PbI2 (red box) 

defects before exposure and after treatment with 1 mbar dry air upon illumination. (b) TR-

PEEM dynamics before and after the treatment for intra-grain polytype (blue line) and PbI2 

(red line) defects, plotted as percent change in PEEM intensity [I(t) – I0]/I0×100. 
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To understand the response of defects to more intense dry air treatment, we filled the chamber 

to 10 mbar dry air pressure and repeated photo-exposure with subsequent PEEM measurements. 

Interestingly, after further exposure, we began detecting reduction in defect densities for the 

intra-grain defects, while the grain boundary defects remained suppressed. Figure 6.5 shows the 

response of intra-grain defects during photo-exposure upon increasing dry air pressure. The 

defect densities of intra-grain defects, reduced after the treatment with 10 mbar dry air, as seen 

from PEEM images in Figure 6.5a and photoelectron spectra in Figure 6.5b. From photoelectron 

spectroscopy, we can more clearly observe reduced photoemission intensity in mid gap region 

after the treatment, which indicated suppression of defect densities. For better visualization, we 

highlighted the “defect shoulder” in photoelectron spectra in Figure 6.5b with blue boxes. 

 

 

 

 

 

 

 

 

Figure 6.5. Response of intra-grain polytype defects to photo-exposure with different dry 

air conditions. (a) PEEM images of a selected defect before exposure and after treatments, 

shown on the same intensity scale. (b) Photoelectron spectra plotted for the defects shown 

in (a), with contribution from mid gap states highlighted with blue shaded boxes. 

 

 



82 
 

The response of PbI2 defects, showed similar trends to the intra-grain polytype defects. After 

mild dry air treatment, we did not observe obvious changes in their photoemission intensities. 

However, with more intense exposure to dry air, we also began detecting reduction in 

photoemission intensity of this defect type as seen from PEEM images and photoelectron spectra 

in Figure 6.6. This observation was very interesting, and allowed to suppose that reaction of 

intra-grain polytype and PbI2 defects with oxygen could be occurring via similar mechanisms. 

 

 

 

 

 

 

 

 

Figure 6.6. Response of PbI2 defects to photo-exposure with different dry air conditions. (a) 

PEEM images of a selected defect before exposure and after treatments, shown on the same 

intensity scale. (b) Photoelectron spectra plotted for the defects shown in (a), with 

contribution from mid gap states highlighted with red shaded boxes. 
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We also began observing electrostatic changes associated with defect sites after the treatment. 

By comparing the plots of photoelectron spectra of intra-grain defects versus pristine grains 

before and after the treatment, we found an extra shift in work function for these defects after 

the treatment (Figure 6.7). Such electrostatic shifts sustained even after further treatment with 

more intense dry air conditions. This could imply chemical changes at defect sites after 

interaction with oxygen. For example, formation of oxidized phases has been reported in 

literature to take place when superoxide that is formed between molecular O2 and an excess 

electron, reacts with perovskite surface forming by Pb-O covalent bond with surface Pb ion 

[125]. This further disintegrates the Pb-I octahedral structure. Such processes could be occurring 

even faster at defect sites, considering lack of order at the surface due to high defect density. 

Therefore, any changes in work function that we have observed even with mild treatments, could 

be an early indication of competitive processes of reduction of defect density, and formation of 

new oxidized phases. 

 

 

 

 

 

Figure 6.7. Evolution of photoelectron spectra of intra-grain defects and pristine areas 

before and after the treatment. (a) Photoelectron spectra of selected intra-grain polytype 

defect (blue line) and pristine grains (grey) before the treatment (“Unexposed”) and after 

photo-exposure with 1 mbar and 10 mbar dry air upon illumination, as labelled. By tracking 

cutoff energy, larger energy shift is observed between defect site and pristine grains after 

the treatment. (b) Evolution of photoelectron spectra of PbI2 defects, showing similar 

increased energy shift between defect site and pristine grains after the treatment. 
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Another interesting aspect is that reduction of trap densities upon exposure to light and oxygen, 

can be reversible. It has been reported that over time upon keeping perovskite samples in 

vacuum, the improved photoluminescence intensity observed after treatment, can revoke back 

[367]. To understand if we would observe such effects through our measurements, we kept the 

sample in vacuum chamber of PEEM for one day after the treatment, and repeated the PEEM 

measurements. We found that some of the intra-grain defects showed signs of recovery. Figure 

6.8 shows variation of PEEM intensity at defect sites as a function of treatment. Some of the 

intra-grain defects that were prior suppressed by photo-exposure in dry air, showed preferential 

brightening after resting in vacuum chamber of PEEM. We conclude that the defect density can 

revoke back over time due to the desorption of oxygen. 

It is worth discussing here that exposure to oxygen has been reported to not only enhance 

performance of perovskites, but could also contribute to beginning of degradation processes. In 

fact, prolonged exposure has been reported to result into film degradation caused by reaction of 

superoxide species with perovskite that overcomes the healing effect of defect annihilation and 

eventually destroys perovskite [343, 368, 371]. In order to observe such degradation effects, 

treatments lasting for multiple hours are required. During our measurements, we have not 

conducted such intense exposure experiments. Therefore, it remains an interesting and open 

question to understand how defects would react to such prolonged and intense exposure to 

oxygen. 

In this work, we focused our efforts extensively on studying mixed halide perovskite samples. 

Given that mixed halide perovskites are prone to phase segregation upon illumination, it is worth 

discussing these effects here. According to literature reports, phase segregation upon 

illumination of mixed halide perovskites, was suggested to proceed via formation of I-rich phase 

which dominates photoluminescence [372, 373]. In this thesis, we used triple cation mixed 

halide perovskite composition containing MA, FA and Cs cations with relatively low Br content. 

Such films have been reported to be more photo-stable compared to single cation, or Br-rich 

films [181, 374]. Therefore, we did not expect to observe the effects of phase segregation in our 

measurements. However, it would be relatively straightforward to observe phase segregation 

effects from photoelectron spectroscopy measurements and even formation of I-rich domains 

 

Figure 6.8. Evolution of defects after treatment. PEEM images of intra-grain defects before 

treatment (“Unexposed”), after photo-exposure in dry air (“After treatment”) and one day 

after the treatment (“1 day after treatment”). PEEM images were taken with same exposure 

conditions and are shown of the same intensity scale. 
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that were reported for Br-rich perovskite compositions by Bischak et al. [181]. Given that I-rich 

phase has a lower band gap compared to the mixed phase by about 250 - 300 meV, we would 

be capable of tracking such changes with photoelectron spectroscopy. 
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6.3. Passivation during perovskite formation 

Passivation of perovskite thin film samples via mixing various additives to the precursor 

solution became a viable strategy to enhance performance of perovskite solar cells. Such 

additives typically include metal cations such as Na+, K+, Rb+ [46, 375, 376], halogen anions 

such as Cl-, I- [377-379] or small molecules such as BQ, etc. [380], that are added to the 

precursor solution before the deposition of perovskite films. The passivated perovskites were 

reported to have suppressed non-radiative recombination and improved device efficiencies. In 

this work, given our capabilities to directly visualize defects in perovskite thin films, we aimed 

to understand how one of such treatments, in particular addition of potassium iodide, would 

impact the defect distribution. 

 

6.3.1. Passivation with KI additives 

Addition of potassium iodide (KI) to perovskite precursor has been reported to improve 

photoluminescence quantum efficiency of perovskite thin films and to enhance efficiency of 

perovskite solar cells [46]. Such improvements have been explained via passivation of defects 

with excess iodide and formation of potassium-rich species at grain boundaries and at the film 

surface. In order to test how addition of potassium impacts distribution of defects, we performed 

PEEM measurements on passivated triple cation mixed halide samples with 10 % potassium 

incorporation [46]. The passivated samples have been prepared by our colleagues from Stranks 

Lab at the University of Cambridge by depositing perovskite precursor solution with 

incorporated potassium iodide on ITO/glass substrates. The samples were shipped to Okinawa 

Institute of Science and Technology in well-sealed packaging to avoid exposure to ambient air. 

Through PEEM imaging (Figure 6.9a), we found differences in defect size and distribution in 

K-passivated samples as compared to un-passivated perovskite [381]. By comparing the size 

distribution of defects in K-passivated samples (Figure 6.9b) with un-passivated (discussed in 

Figure 3.5 in Chapter 3), we observed that the very small defects that we found in un-passivated 

films, were largely not present in passivated samples. The average size of defects in passivated 

samples was estimated to be on the order of 200 nm and most of the defects were larger than 

100 nm. For better visualization, we are showing PEEM images of defects in both K-passivated 

and un-passivated films in Figure 6.9c and d. From this comparison, it is evident that very small 

defects that are present in un-passivated films, were not observed in K-passivated perovskite. 

We further correlated distribution of defects in K-passivated samples with surface morphology 

of the film imaged with scanning electron microscopy (Figure 6.10a and b). Through this 

correlation, we identified that defects in K-passivated samples were associated with 

morphological grains, as marked with red dashed circles in Figure 6.10a and b. In these 

measurements, we did not observe any of the defects to be situated at grain boundaries. In Figure 

6.10c, for better visualization, we show magnified PEEM and SEM images of a selected defect 

(marked with blue boxes in Figure 6.10a and b). Our preliminary measurements thus showed 

that in contrast to un-passivated samples that contained both grain boundary and intra-grain 

defects, the defects in K-passivated samples had predominantly intra-grain nature. 
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Figure 6.9. Distribution of defects in K-passivated perovskite thin films. (a) Energy-level 

diagram of perovskite sample when using 4.65 eV probe photons. (b) Estimated defect sizes 

(analyzed within 5 μm field of view). (c) PEEM image of surface defects in K-passivated 

perovskite thin film. (d) PEEM image of defects in un-passivated sample. 

 

 

Figure 6.10. Correlation of defects in K-passivated samples with surface morphology. (a) 

PEEM image of defect in K-passivated samples acquired with 4.65 eV photons. (b) SEM 

images of the same area as (a). Red dashed circles are indicating defects in (a) that are 

associated with morphological grains in (b). (c) Magnified PEEM and SEM images from the 

areas marked with blue boxes in (a) and (b), showing intra-grain nature of defects in K-

passivated perovskite films. 
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Through photoelectron spectroscopy measurements, as shown in Figure 6.11(a, b), we found 

that defect sites in K-passivated samples were associated with high density of occupied mid gap 

states, similarly to intra-grain polytype defects in un-passivated samples. By comparing 

photoelectron spectra for defect sites and pristine areas, we observed similar work function 

shifts up to 100 meV associated with defect locations (Figure 6.11a, c), as were observed for 

intra-grain defects in un-passivated samples (Chapter 4).  

When employing TR-PEEM, upon photo-exciting passivated sample with near infrared pump 

photons, we found that defects in K-passivated samples participated in sub-nanosecond hole 

trapping, as seen from TR-PEEM dynamics in Figure 6.12. Moreover, their trapping dynamics 

followed those of intra-grain polytype defects in un-passivated samples (Section 5.2.2). 

 

Figure 6.11. Photoelectron spectroscopy of K-passivated perovskite thin film. (a) PEEM 

image of selected intra-grain defect. (b) Photoelectron spectrum of intra-grain defect 

highlighted with green circle in (a). (c) Photoelectron spectra of intra-grain defect 

highlighted with green circle in (a) and pristine area highlighted with grey circle in (a), 

showing energy shift towards higher work function values for the defect site. 

 

 

Figure 6.12. TR-PEEM signal of intra-grain defects in K-passivated perovskite thin film. 

1.55 eV photons with fluence of about 100 μJ cm-2 were used for photoexcitation. TR-PEEM 

response was recorded for intra-grain defects and averaged for multiple defects. 
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Our preliminary observations imply that passivation of perovskites with potassium seems to 

successfully passivate grain boundary defects. This is in agreement with report by Abdi-Jalebi 

et al. [46], who found formation of K-rich species at grain boundaries after addition of KI and 

reported them to effectively suppress non-radiative recombination arising from interstitial 

halides. However, according to our observations, K-passivation might not be sufficient to 

eliminate formation of intra-grain surface defects in mixed halide perovskites. Formation of 

such defects might require careful control of fabrication conditions during film deposition [77] 

and does not seem to be impacted by addition of metal cations. 
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6.4. Conclusion 

In this Chapter, we aimed to understand the behavior of nanoscale defects in hybrid perovskite 

thin films upon applying treatments known to suppress defect densities and to improve 

photoluminescence intensity of perovskites. We chose a common post-treatment strategy when 

perovskite thin film was exposed to dry air upon light illumination. We found that mild amounts 

of dry air appeared to be sufficient to suppress trapping by the grain boundary defects, while 

intra-grain defects remained largely unchanged and required more intense treatments to begin 

showing reduced densities. We also employed passivation during the film formation via addition 

of potassium iodide to the precursor solution before the film deposition. We found that small 

grain boundary defects were suppressed in passivated samples, while intra-grain defects 

remained present. We conclude that defect engineering in hybrid perovskites is a complex 

problem, and might require application of multiple targeted strategies, instead of designing one 

universal approach. We would also like to emphasize on the suitability of PEEM and TR-PEEM 

to act as very powerful tools to characterize performance losses in perovskite thin film samples.  
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Chapter 7 

Conclusion and Outlook 
 

7.1. Conclusion 

In this thesis, we aimed to shed more light on the defect structure of perovskite thin films. In 

Chapters 1 and 2, we provided detailed introduction to our research and explained 

methodologies used in this thesis. In Chapter 3, we employed photoemission electron 

microscopy to image occupied mid gap defect states in perovskite thin films. These defects 

appeared as nanoscale clusters of few tens to few hundreds of nanometers in sizes. By 

correlating the locations of the nanoscale defects with surface microstructure of perovskite thin 

films, we found that the smallest defects of just few tens of nanometers in sizes, formed 

predominantly at grain boundaries, while larger ones, of few hundreds of nanometers in sizes, 

were associated with entire grains. By further correlating our PEEM results with auxiliary 

microscopy techniques, we found that some of the intra-grain defects were associated with 

precipitated PbI2, while the rest of them formed within regular morphological grains. 

In Chapter 4, we employed photoelectron spectroscopy to access spectroscopic information 

about the defects as compared to pristine perovskite film. We found that some of the intra-grain 

defects were associated with local elevations in work function, suggesting that they might be 

originating from different material phase. The photoelectron spectra of these defects were also 

found to show higher defect density in mid gap region, as compared to PbI2 defects. 

In Chapter 5, by employing time-resolved photoemission electron microscopy, we turned into 

investigating particular role of each defect type in performance of perovskite thin films. TR-

PEEM combines spatial resolution of PEEM and temporal resolution of optical pump-probe 

experiment and allows to monitor spatio-temporal charge carrier trapping dynamics at defect 

sites in hybrid perovskites. Via TR-PEEM measurements, we found that depending on their 

types, the nanoscale defects showed varied roles in charge trapping – from highly detrimental 

to relatively benign. In particular, grain boundary defects and one type of intra-grain defects that 

were found to be associated with hexagonal polytype phases, exhibited clear hole-trapping 

behavior, while defects associated with PbI2 remained largely benign when photo-exciting 

perovskite. 

Finally, Chapter 6 is devoted to studying response of defects to strategies known to suppress 

defect densities. We focused on a common post-treatment approach when perovskite film was 

exposed to controlled amounts of dry air under illumination. We found that even very small 

amounts of dry air under illumination, were sufficient to suppress trapping by the grain boundary 

defects and remove an important channel of non-radiative recombination. We also employed 

another strategy known to suppress defects, such as passivation during film growth via addition 

of potassium iodide to the precursor solution. We found that addition of potassium can suppress 
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formation of the small grain boundary defects, while still leaving the intra-grain defects present. 

We showed that PEEM and TR-PEEM can serve as excellent tools to directly monitor the 

evolution of surface defects while applying different treatments. 

Our work on uncovering the presence of multiple types of nanoscale defects in perovskite thin 

films, their varied roles in film performance and varied response to passivation strategies brings 

important understanding about microscopic behavior of hybrid perovskites and we hope will 

help develop successful strategies to engineer the defects. This thesis work is one of the 

pioneering works applying PEEM and TR-PEEM to study hybrid perovskites [47, 132, 279, 

284, 307, 382] and we truly hope to inspire future researches applying such complex yet very 

rewarding techniques to keep exploring variety of perovskite- and other photovoltaic materials. 
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7.2. Outlook 

In this thesis, we showed that the nanoscale defects of just few tens of nanometers in sizes, 

formed at specific grain boundaries. However, given the very small sizes of these defects, it was 

challenging to extract any un-ubiquitous information about their nature. We therefore, 

concluded that employing techniques with atomic scale resolution, would be a useful follow up 

to our study and will allow to further understand structural or chemical information about these 

defects. In particular, structural information could be obtained via application of transmission 

electron microscopies (high resolution TEM, high-angle annular dark field scanning TEM, etc.) 

that have recently demonstrated outstanding results when employed to study hybrid perovskites. 

For example, via TEM measurements, the presence of amorphous phases at grain boundaries in 

FA-perovskites has been revealed [269]. Other works highlighted formation of intra-grain 

defects assigned to stacking faults that were also harboring point defects [287]. This makes it 

interesting to also correlate intra-grain defects observed by us in PEEM with TEM 

measurements to find out which exact types of perovskite defects (planar or clusters of point 

defects we have found through our PEEM measurements). When addressing chemical 

information, correlation of PEEM with energy-dispersive x-ray spectroscopy, cathodo-

luminescence microscopy [181], IR nano-spectroscopy [251], scanning tunneling microscopy 

and spectroscopy [98], would be of great interest, as their high level of spatial resolution and 

ability to obtain chemical information, would complement nicely our PEEM identification of 

defects. 

When employing time-resolved PEEM, we have demonstrated that some of the nanoscale 

defects in hybrid perovskite thin films participated in trapping of photo-excited holes. However, 

we did not observe the photoemission signal at defect sites to recover within the sub-nanosecond 

measurement window of our TR-PEEM experiment, which is in agreement with reported long 

lifetimes of trapped holes [22]. This implies that longer time window might be required to 

understand the trapping dynamics fully. Such TR-PEEM experiment will require more technical 

steps, such as adopting the experimental set-up to operate at the longer time delays (of about a 

few hundreds of nanoseconds [14]) via, for example, the use of electro-optic modulators to 

generate longer time delays between pump and probe. Here, however, the signal-to-noise and 

measurement time will require careful attention, as each image frame will require long exposure 

and many averages to collect good quality signal. On a side note, throughout our measurements, 

we only observed holes being trapped at the defect sites in perovskites and we did not detect 

any signs of electron trapping. Electron traps are another detrimental pathway of non-radiative 

recombination in perovskites and would appear in TR-PEEM measurements as an increase in 

photo-emission intensity in mid gap spectral region after the photo-excitation. However, we did 

not detect any of such signals so far. We were also not able to image the photo-excited state, 

which given the crystal symmetry of perovskite, could require higher energies of probe photons 

to photo-emit from the lowest conduction band and highest valence band edges. This implies 

that further work is required to develop and employ pulsed sources of higher photon energies to 

keep exploring photo-excited phenomena in hybrid perovskites.   

In this work, we extensively studied the state-of-the-art triple cation mixed halide hybrid 

perovskite composition. Besides this, perovskite family has many other compositional 

variations to offer, that are as well applied to manufacture highly efficient solar cells and light 

emitting diodes. Given that PEEM provides a direct visual of the defect-mediated processes 

occurring in thin film perovskites, it would be very useful to keep investigating many other 
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compositional variations of perovskites and establish composition-property relationship in 

terms of distribution of surface defects from PEEM measurements. 

Recently wide-band-gap perovskites for tandem application have been attracting more and more 

attention [123, 383]. These Br-rich compositions are known to be prone to phase segregation, 

the origin of which is still not well understood. At the same time various strategies are being 

offered to suppress phase segregation via e.g., incorporation of additives such as Cl, two 

dimensional materials, bulky metal cations (NMA) or interface passivation via post-treatments 

[44, 384, 385]. Given the great applicability of PEEM to directly probe how passivation 

strategies impact distribution of surface defects, it becomes a straightforward future direction to 

explore. 

Furthermore, the upscaling of devices is one of the most important requirements for 

commercialization of perovskite solar cells. Therefore, careful investigation and control of films 

prepared by methods allowing large-scale production of perovskite modules is of high 

importance. Keeping in mind that thus far spin-coating from solution allows to fabricate devices 

with highest efficiencies, further understanding of limitations of films prepared by scalable 

methods, remains critical. Being solution-, vapor-based or hybrid-, film deposition approaches 

can result in formation of various defects that can be readily identified with TR-PEEM. 

Apart from thin film perovskites, in recent years, two-dimensional perovskites [386] have 

become popular for opto-electronic applications. These materials due to dimensionality effects, 

possess a plethora of interesting properties. One of those, is excitonic character of photo-excited 

state, unlike for three-dimensional perovskites where free carriers are formed after photo-

excitation due to the low exciton binding energies. It would be interesting to visualize the photo-

excited state in 2D perovskites and TR-PEEM here would serve as a convenient tool to achieve 

this. 

Finally, the study of perovskite heterojunctions with other materials such as electron- or hole 

transport layers deserve attention. Time-resolved spectro-microscopy here would allow to 

visualize the movement of charges through the layers after the photo-excitation. In this way, in 

addition to losses in perovskite absorber, the losses at heterojunction can be studied. An 

important limitation here would be the surface-sensitive nature of PEEM measurements. 

Therefore, only ultrathin layers of material should be deposited on perovskite in order for the 

experiment to succeed. Alternatively, investigation of 2D perovskites deposited on a thin 

transport layer can be considered. 

Lastly, although this thesis was focused on hybrid perovskites, same arguments and 

methodologies can be applied to other photovoltaic materials. The ability of PEEM to resolve 

nanoscale- and microscale information, coupled with visualization of charge transfer in space, 

time and energy achieved via TR-PEEM, creates a valuable characterization rout to understand 

and further improve the properties of materials. 
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