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Organic-inorganic halide perovskites (OIHPs) have emerged as excellent solution processable 

semiconductors for a new generation of potentially printable and efficient optoelectronic devices 

in recent years, including photodetection, energy harvesting, and light-emitting devices. The rise 

to prominence for this class of materials is fueled by their superior properties, such as tunable 

bandgap, high carrier mobility, outstanding optoelectronic merits, and low-cost solution 

processability. Given all exciting properties, solution-processed perovskite thin film also shows 

very challenging characteristics including difficult morphology control and substantial defects at 

film surface and grain boundaries (GBs). In this dissertation, integrated morphological and 

interfacial approaches have been utilized to overcome the above-mentioned challenges and further 



 

enhance performance of OIHP optoelectronic devices. Chapter 1 briefly overviews basics of 

perovskite material, current status of various perovskite optoelectronic devices, and remaining 

challenges for obtaining high quality solution processed perovskite thin film. Chapter 2 introduces 

common experimental details involved in this work including material preparation, material 

property characterization, device fabrication and performance test. Chapter 3 demonstrates a fast 

(<1s) and simple post deposition chemical treatment during which crystal reconstruction induced 

by a methylamine (MA0) vapor greatly improves perovskite film coverage, crystallinity, and 

perovskite solar cell (PSC) performance. In Chapter 4, another method to improve perovskite film 

morphology is proposed. An ion exchange method for conversion from two-dimensional (2D) to 

three-dimensional (3D) perovskite is developed to grow highly oriented methylammonium lead 

bromide (MAPbBr3) thin films with much-improved substrate coverage. The enhanced film 

quality leads to ultra-narrow electroluminescence spectra (15.3 nm full width half maximum 

(FWHM) and 98.10% color purity) and demonstrates immense potential of the ion exchange 

method for achieving ultrahigh resolution displays. Chapter 5 presents a simple defect passivation 

method by post-treating CH3NH3PbI3 (MAPbI3) film with diammonium iodide NH3I(CH2)8NH3I 

(C8). Bilateral ammonium iodide end of C8 can simultaneously passivate perovskite layer and 

dope adjacent electron-transporting layer in derived PSCs. Consequently, the thin-film PSC 

passivated by C8 show reduced recombination loss and a much-improved power conversion 

efficiency (PCE) of 17.2% compared to 14.7% of the control device. 
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Chapter 1. INTRODUCTION  

1.1 INTRODUCTION TO HYBRID PEROVSKITE MATERIALS 

1.1.1 Crystal Structure 

Perovskite refers to a crystallographic family with general ABX3 3D structural framework. (Figure 

1.1a) Monovalent cation A is either inorganic (Cs+) or organic (CH3NH3+ (MA+) or HC(NH2)2+ 

(FA+)), and the relative sizes of B and X, where B is a divalent metal cation (Pb2+ or Sn2+) and X 

is a halogen anion (Cl-, Br-, or I-).1  

Space filling ionic size constraints dictate whether a certain set of “A”, “B”, or “X” ions may 

adopt the perovskite framework, which involves a corner-sharing network of BX6 octahedra, with 

the “A” cations occupying 12-fold coordinated holes within the structure and counterbalancing the 

charge of the BX3 extended anion.2 Therefore, the A cation is limited by the space of the hole and 

a too large A cation cannot be accommodated into it. To predict the perovskite formability, 

tolerance factor t and octahedral factor μ were introduced.3 (Equation 1.1), where RA, RB, and RX 

are the ionic radii for the corresponding ions and the tolerance factor must satisfy t ≈1, empirically 

it is found that 0.8 ≤ t ≤ 1.0 for most 3D perovskites. If t locates in the range 0.89-1.0, a more 

symmetric cubic structure would be formed. Tetragonal or orthorhombic structures are preferred 

if a lower t value derived. Calculated and estimated t and μ factors for a range of perovskites are 

shown in Figure 1.1b. 

 

t = #$%#&
√((#*%#&)

  (1.1) 

µ = #*
#&

  (1.2) 

 



 

 

2 

 

 

 

 
 

 
 

Figure 1.1. (a) Crystal structure of metal halide perovskite with a chemical formula of 

ABX3. (b) Calculated tolerance factor t and octahedral factor μ for 12 halide perovskites. 1 

 
When ionic size of cation A is too large to fit into the hole, low-dimensional (LD) perovskites 

(2D, 1D, 0D) can potentially form; structure shown in Figure 1.2. Most common large organic 

cation A is aliphatic or aromatic ammonium salt. It can be monoammonium R-NH3+ or 

diammonium (NH3+- R-NH3+) cations that either one or both ends of the organic molecules is 

ammonium group.4 For 2D perovskites, each [PbI6]4- octahedron is connected with four halides 

forming a 2D network layer that is sandwiched between two organic layers. For the 1D case, each 

octahedron is connected at two opposite corners with its neighbor forming separate infinite chains. 

In the quantum dot (0D) analogue, where each [PbI6]4- complex is neutralized by four cations to 

form a molecule.5  



 

 

3 

The great chemical flexibility of lead halide perovskites enables great structural tunability for 

functional material design, which provide a rich material database with varying physical properties 

for different applications. 

 

 
Figure 1.2. (a) The <100>-oriented hybrid perovskite series with general formula of 

(RNH3)2An-1MnX3n+1. The thicknesses of inorganic slabs increase and toward 3D structure with 

increasing n.4 (b) Crystal structures of  CH3NH3PbI3, (CH3NH3)2PbI4, (C10H21NH3)2PbI4, and 

(CH3NH3)4PbI6×2H2O corresponding to 3D, 2D, 1D and 0D networks. The 1D network extends 

into the plane of the document.5 

 

1.1.2 Electronic Structure 

Optoelectronic properties including recombination mechanisms, mobility, and intrinsic carrier 

concentration are highly related to material’s band structure and density of states (DOS). Figure 

1.3a is a bonding diagram for the [PbI6]4- cluster (zero-dimensional system). Figure 1.3b is the 

bonding diagram of the valence band (VB) and conduction band (CB) for 3D perovskite MAPbI3 

and 2D perovskite (C4H9NH3)2PbI4 crystals based on first principle density function theory (DFT) 

calculation.6 The VB for the 3D crystal consists of the Pb 6s-I 5p s-antibonding orbital, while the 

Pb 6p–I 5s s-antibonding and Pb 6p–I 5p p-antibonding orbitals form the CB. It can be learned 
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that both organic cation MA+ and C4H9NH3+ can effectively stabilize this perovskite structures, 

but do not make considerable contribution to the electronic structure of both 3D and 2D perovskites 

around the band edge. Figure 1.3c more clearly shows that MA molecule do not have any 

significant contribution around the band edge but donate one electron to Pb-I framework.7 Thus, 

by tuning the composition of metal and halide sites, optoelectronic properties can be effectively 

tailored. Even though organic cation doesn’t contribute to band edge, going from MA+ to 

C4H9NH3+ thus 3D to 2D structure, band width is narrowed and band gap (Eg) is enlarged. Thus, 

composition engineering and structure tuning has been effective approaches to adjust perovskite 

properties which will be covered in later sections. 

 

 
Figure 1.3. Bonding diagram of (a) [PbI6]4- cluster (0D system), (b) 3D crystal MAPbI3, and 

2D crystal (C4H9NH3)2PbI4 at the top of the VB and the bottom of CB.6 (c) Band structure of 

MAPbI3. Sub-figures are total DOS and MA+, Pb, I partial DOS, respectively. The zero in DOS 

is referred to VB maximum. The Pb partial DOS has enlarged by five times for clear indication 

of s orbital contribution.7 
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1.2 TUNABLE OPTOELECTRONIC PROPERTIES OF PEROVSKITES  

Perovskite materials possess flexible bandgaps that can be easily tuned through composition 

engineering. Within the three A, B, and X lattices sites, solid-solutions can be readily created by 

mixing different elements in each site.  

 

Figure 1.4. (a) Photoluminescence of CsPbX3 (X = Cl, Br, and I) nanocrystals showing their 

broadband tunability.8 (b) Energy-level diagrams of the compositional MAPb1−xSnxI3 

perovskites.9 (c) band gap vs perovskite composition for the CsxFA1−xPb(BryI1−y)3 compositional 

space, showing a change in Cs along the x axis and a change in Br from 5-30% as separate 

lines.11 (d) Kubelka–Munk spectra of MAxFA1-xPbI3, where α is the absorption coefficient and 

Ephoton is the photon energy.10 (e) Illustration of the structures of LD perovskites with different 

numbers of perovskite layers n. (f) Absorption spectra of quasi-2D BA2MAn−1PbnI3n+1 

perovskites (where BA+ = butylammonium).12 

 

As shown in Figure 1.4a, by mixing I, Br, Cl in different ratio, the Eg energies and emission 

spectra can be tuned over the entire visible spectral region of 410−700 nm,8 showing great potential 

of perovskites as emitters. B-site alloying, taking the example of partial substitution of Pb with Sn 

in MAPbI3 (Figure 1.4b), has been widely used to reduce the Eg from 1.5-1.6 to 1.2-1.4 eV.9 When 
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replacing MA+ with FA+ (Figure 1.4d), going from 0% to 100% FA+ substitution the Eg reduced 

from 1.61 to 1.51eV.10 MA+ substitution with Cs+ (Figure 1.4c) can instead increase the Eg.11 

Above two examples of A-site alloying still keeps the 3D framework. Through incorporating larger 

organic cations thus breaking 3D into 2D structure (Figure 1.4e), Eg can be greatly enlarged 

(Figure 1.4f).12 The compositional versatility of perovskites opens up a significant opportunity to 

develop perovskite-perovskite tandem which requires both large and small Eg components. 

The binding energy (Eb) of MAPbI3 is comparable to or well below thermal energy at room 

temperature (kb @ T298 K =25.7 meV).13 The majority photogenerated species in MAPbI3 are free 

carriers, which is highly beneficial for photovoltaic (PV) applications. Excitonic contributions are 

generally more prominent in larger band gap materials as a result of reduced background screening, 

thus ABBr3, ABCl3, and their associated solid solutions.14,15 In the case of LD OIHPs, quantum 

and dielectric confinement effect dramatically increase Eb. (Figure 1.5) Thus, utilizing Br-based 

perovskites and incorporation of large cation to introduce LD perovskites have been two common 

methods to increase radiative recombination efficiency for light emitting diodes (LEDs) 

applications. 

 
Figure 1.5. Empirical relationship between Eg and Eb in a number of 3D and LD OIHPs and 

selective conventional compounds. Inset shows the same data on a semi-log plot. 
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The charge diffusion length (LD) and charge mobility are key parameters of a light absorbing 

material for application in solar cells. Thin films of 3D OIHPs possess extremely high charge-

carrier mobility values considering its facile processibility. For mixed halide MAPbI3-xClx 

polycrystalline thin film, the electron and hole diffusion length were characterized to be both over 

1 μm with transient absorption and photoluminescence-quenching measurements.16 MAPbI3 and 

MAPbBr3 single crystals showed a value of as long as 10 and 4.3 μm respectively.17 In the same 

year, Dong et al achieved a diffusion length of 175 µm from MAPbI3 single crystal under 1 Sun 

illumination.18 The  µm scale charge-carrier LD under solar illumination densities highly exceeds 

the absorption depth of photons with energy larger than the band gap of perovskites, and this 

directly contributed for the high efficiency of perovskite thin film PV devices.  

 

 
Figure 1.6. (a) Time-resolved PL measurements taken at the peak emission wavelength of 

MAPbI3-xClx with an electron (PCBM; blue triangles) or hole (Spiro-OMeTAD; red circles) 

quencher layer. (b) Transient absorption of MAPbBr3 and MAPbI3 crystals. 

 
Due to their outstanding optoelectronic merits as mentioned above, OIHPs are shown to be 

promising materials in various optoelectronic applications including PV, LED and photodetection 

devices. For 3D OIHPs especially, they possess high absorption coefficient, small exciton Eb (~kT), 

ambipolar charge mobility, and long charge carrier diffusion lengths. As shown in the National 

Renewable Energy Laboratory best solar cell efficiency chart (Figure 1.7a), perovskite solar cells 
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have seen a remarkable rise in PCE over a period of only a few years, now exceeding 22% (Figure 

1.7b).19,20 OIHPs have also demonstrated wide color tunability, size-insensitive high color purity, 

and good mechanical flexibility.21 Within the last 2 years, external quantum efficiency (EQE) of 

perovskite LEDs have been boosted from 0.76% to 20.1% (Figure 1.7c).22,23 Perovskites have also 

obtained tremendous attentions in lasers (Figure 1.7d) and photodetectors (Figure 1.7e).24–26 

 
Figure 1.7. (a) National Renewable Energy Laboratory best solar cell efficiency chart (b) 

Histogram of the average power conversion efficiency determined for 80 perovskite solar cell 

devices with best device exceeds 22% PCE.20 (c) EQE–current density characteristics of the best 

PPBH LED (peak EQE = 20.1%).23 (d) Emission spectrum of a vertical microcavity with the 

structure as shown in the inset using a perovskite film as the gain medium.25 (e) Transient 

photocurrent response at a pulse frequency of 1 MHz with a photodetector device area of 0.1 

cm2 (blue line) and 0.01 cm2 (red line).26 
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1.3 CURRENT CHALLENGES AND RESEARCH FOCUS 

 
Figure 1.8. The preparation of MAPbX3 films using different deposition methods: (a) dual 

source co-evaporation using PbCl2 and MAI sources; (b) vapor-assisted solution process using 

MAI organic vapors to react with pre-deposited PbI2 films (c) single-step solution processes 

based on a mixture of PbI2 and MAI, and sequential coating of PbI2 and MAI; (d) sequential 

deposition by dipping the PbI2 film into MAI solution.27 

 
Although OIHPs possess low-cost solution processability, a factor that makes them serious rivals 

for existing photovoltaic materials, this facile processing comes at the cost of complex and 

competing growth processes that frustrate control of film quality and coverage. Pin-hole formation, 

low crystallinity, and phase inhomogeneity are common obstacles to carrier transport and ultimate 

device performance. Crystallization is a complex process that involves two main steps – nucleation 

and growth. Nucleation from a continuous phase can occur homogeneously or heterogeneously. 

Nucleation barrier is much lower for heterogeneous compared to homogeneous nucleation. Thus, 

nucleation and growth of perovskite crystals will occur more easily when the solution is deposited 

on substrates with larger surface area. Compared to the mesoporous-structure based device 

configuration, morphological control is more challenging for the planar heterojunction (PHJ) 
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structure because of its lower surface area caused by the lack of porosity. Nevertheless, the PHJ 

configuration still attracts significant research interests due to the versatility of emerging low-

temperature fabrication techniques and materials. Therefore, effective ways to manipulate 

nucleation and growth of perovskite crystals in solution-processed systems, particularly in planar 

systems, in order to achieve optimum film morphology are highly sought after.  

Apart from the standard one step spin-coating process, several methods have been developed 

(Figure 1.8) to better control perovskite nucleation and growth.27 Sequential deposition from 

solution,28-29 dual-source evaporation,30 and the vapor-assisted solution process31 all use a variety 

of phase transformations to circumvent direct perovskite growth from solution. For example, 

solution and vapor-based two-step deposition methods both utilize a compact lead halide template 

to encourage uniform growth, eliminating the complexities inherent in direct MAPbI3 growth.  

 
Figure 1.9. (a) SEM images of methylammonium lead iodide made using PbCl2 (1), PbI2 (2), 

and PbAc2 (3) as the lead source.34 (b) Schematic diagram for the transient chelation of 

Pb2+ with DIO, and solubility of the PbCl2 and PbI2 in DMF with or without additives.35 (c) 

Solvent engineering procedure for preparing the uniform and dense perovskite film.37 
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To control this complexity rather than avoid it, techniques have focused on thermal 

processing32 and compositional tuning of the precursor solution through spectator ions (Figure 

1.9a),33-34 additives (Figure 1.9b),35,36 and co-/anti-solvents (Figure 1.9c),37 all of which provide 

improved film morphology through kinetic control of competing growth processes.38  

Despite the significant improvements these strategies offer, the complexity of competing 

processes implicit in growth hinder reproducibility and mechanistic understanding. These 

challenges have motivated the development of many post deposition treatments that expand upon 

simple thermal annealing,39 such as solvent annealing,40 multi-cycled dimethylformamide (DMF) 

vapor treatment (Figure 1.10b),41 and hot-pressing (Figure 1.10a).42 While these post treatments 

markedly improve film morphology, they are relatively time-consuming and complex. Efficient, 

reproducible techniques are necessary to access the high throughput fabrication the material’s 

solution processability enables.  

 

 
 

Figure 1.10. (a) Preparation procedure of perovskite CH3NH3PbI3 on FTO/mesoporous 

TiO2.42 (b) Schematics of the interdiffusion approach and solvent-annealing-induced grain size 

increase. Two SEM images on the right compares film morphology before and after solvent 

annealing.40 
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Besides morphology control being a challenging aspect, substantial structural disorder and 

crystallographic defects (Figure 1.11a) inside polycrystalline perovskite thin film as a 

consequence of solution process is also crutial.43–45 Several reports have identified the prevalence 

of vacancy and interstitial defects in OIHP thin films due to their low formation energies.7,46–48 In 

an ionic crystal such as OIHP, dangling bonds at the surface and GBs introduce trap states and 

non-radiative recombination centers. Polycrystalline nature of solution-processed OIHP films 

further aggravates this issue because of increased GB density and structural disorder, in contrast 

to a single-crystalline perovskite that shows an extremely long electron-hole diffusion length of 

175 µm.18  

 
Figure 1.11. (a) Defects in a perovskite crystal lattice (blue, black, and purple dots represent 

the A-, B-, and X-site ions, respectively.45 (b) Fluorescence image of CH3NH3PbI3(Cl) film on 

glass showing PL intensity variations at a bright grain (red square), grain boundary (blue circle), 

and dark grain (green triangle), and time resolved photoluminescence traces showing grain 

boundaries (blue circle) quench PL significantly more than dark (green triangle) and bright 

regions (red square).52 
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Several studies have manifested that surface defects and GBs can serve as photoluminescence 

(PL) quenching sites (Figure 1.11b)  and thus result in loss of photo-generated carriers.49–52 

Additionally, vacancy defects provide a pathway for ion migration, which adversely affects the 

charge collection and results in current-voltage hysteresis.53–56 Ion migration become more 

pronounced in a at GBs due to higher diffusivity of ions across these extended defects.57 Therefore, 

effective mitigation of defects in the solution-processed perovskite films is an important research 

subject to further enhance the performance of PSCs towards their thermodynamic limits.  
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Chapter 2. METHODOLOGY 

This chapter describes the experimental details including materials and thin film preparation, 

device fabrication and characterization methods commonly shared by chapter 3,4 and 5 in this 

thesis. 

2.1 SYNTHETIZATION OF PEROVSKITE FILMS 

2.1.1 Purchased material sources 

Indium tin oxide (ITO) glasses were purchased from TFD Inc. (for 6.08mm2 devices) and Colorado 

Concept Coatings LLC. (for 3.14mm2 and 14mm2 devices). PEDOT:PSS were purchased from 

Heraeus (Clevis P VP Al 4083). TPBI and poly-TPD were purchased from Lumtec. All other 

materials were purchased from Sigma-Aldrich.  

2.1.2 Synthesis of ammonium salts 

CH3NH3I (MAI) was synthesized by reacting 33 wt% CH3NH2 in ethanol with 57% HI in water 

solution at a 2:1 molar ratio of CH3NH2 to HI and 0ºC for 2h.58 The product was collected by 

removing solvent through rotary evaporation, followed by diethyl ether washing until colorless 

and recrystallized twice in methanol. The crystalline white powder was finally dried in a vacuum 

oven at 60 ºC for 24 h. 

CH3(CH2)3NH3I (C4-mono-I) and C6H5(CH2)2NH3I (PEAI) were synthesized and purified in a 

similar way except that C4-mono and PEA are mixed with HI at a 1:1.1 molar ratio in ethanol.  

NH3I(CH2)4NH3I (C4-di-I2), NH3I(CH2)8NH3I (C8-di-I2), NH3I(CH2)2O(CH2)2O(CH2)2NH3I 

(EDBE-di-I2) are synthesized and purified in a similar way except that NH2(CH2)4NH2, 
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NH2(CH2)8NH2 and NH2(CH2)2O(CH2)2O(CH2)2 NH2 are mixed with HI at a 1:1.2 molar ratio in 

ethanol respectively. 

2.2 DEVICE FABRICATION 

2.2.1 Substrate cleaning 

ITO glass substrates were cleaned sequentially with detergent, deionized water, acetone, and 

isopropanol under sonication for 10 min each. After drying under a N2 stream, substrates were 

further cleaned by a ultraviolet (UV) ozone treatment for 10 min.  

2.2.2 Fabrication of PSCs 

PSC processed from MA0 vapor treatment: PEDOT:PSS solution filtered through a 0.45 μm 

nylon filter was first spin-coated onto the ITO substrates at 5k rpm for 30 s and annealed at 150 

°C for 10 min in air. To avoid any possible influence from oxygen and moisture, the substrates 

were transferred into a N2-filled glovebox. The perovskite precursor solution was made by 

dissolving an equimolar ratio of PbI2 (1 M) and MAI (1 M) in DMF at 60°C and filtering through 

0.45µm PTFE filter. Perovskite layers were formed by spin-coating the precursor solution at 6k 

rpm for 45s and then annealing at 100ºC for 15 min. After annealing, MA0 vapor treatment was 

conducted by holding the perovskite film upside down right above a 20 mL open vial (28 mm outer 

diameter x 61 mm height and 22 mm aperture diameter) with 6 mL of 33 wt% CH3NH2 solution 

in ethanol at room temperature. Upon turning clear (less than 1s), the film was immediately 

removed vertically. Rapid vertical removal of the film from the MA0 vapor source is important to 

prevent inhomogeneities that develop when the film is moved laterally through a MA0 

concentration gradient. The film was annealed again at 100 ºC for 15 min to further increase thin-

film crystallinity. Atop the MAPbI3 film, C60 (15 mg/ mL in ortho-dichlorobenzene (DCB)) and 
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C60-bis surfactant (2 mg/mL in isopropyl alcohol) were sequentially deposited by spin coating at 

1k rpm for 60 s and 3k rpm for 60 s, respectively. Silver electrodes with a thickness of 120 nm 

were finally evaporated under vacuum (<2 x 10−6 Torr) through a shadow mask. The device area 

was defined as 3.14 mm2. 

PSC processed from solvent washing method: Cu-doped NiOx precursor59 were spin coated 

onto the cleaned ITO substrate at 3000 rpm for 60 s and annealed at 400 °C for 1 h in air. The 

perovskite precursor solution was made by dissolving an equimolar ratio of PbI2 (1 M) and MAI 

(1 M) into a mixed solvent of dimethyl sulfoxide (DMSO) and gamma-butyrolactone (GBL) 

(volume ratio of 3:7) at 60°C and filtering through 0.45µm PTFE filter. Perovskite layers were 

formed by spin-coating the precursor solution at 1000 rpm for 15 s and 4000 rpm for 45 s 

sequentially. During the last 15 s of the second spin-coating step, the substrate was treated with 

toluene drop-casting (0.7 mL). The resulting thin films were annealed at 100oC for 10 min. After 

annealing, the film was cooled down to room temperature. C4-di-I2, C8-di-I2 and EDBE-di-I2 were 

dissolved in isopropyl alcohol (IPA) in a concentration of 1 mg/mL, 2 mg/mL and 2 mg/mL 

respectively. 20mL vials with 3mL solution in it were used for post treatment through 10s 

immersion. Following that the substrate was blow dried by N2 blow gun and further immersed in 

a 20mL vial containing 3mL IPA for 2s washing followed by N2 blow gun drying. Atop the 

MAPbI3 film, PCBM (15 mg/ mL in chloroform (CF)) and C60-bis surfactant (2 mg/mL in IPA) 

were sequentially deposited by spin coating at 4k rpm for 30 s and 3k rpm for 30 s, respectively. 

Silver electrodes with a thickness of 150 nm were finally evaporated under vacuum (<2 x 10−6 

Torr) through a shadow mask. The device area was defined as 3.14 mm2. 
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2.2.3 Fabrication of perovskite LEDs 

After PEDOT:PSS solution were spin coated onto the cleaned ITO, the substrates were then 

transferred to N2 filled glovebox for further fabrication process. 0.3M (PEA)2PbBr4 solution in 

DMF was then spin-coated on top at 5k rpm for 50s followed by thermal annealing at 100oC for 

10 min. The thin films were then treated with ion exchange processing as described above, except 

that 10mg/mL MABr was used here instead of MAI. Thickness of (PEA)2PbBr4 and MAPbBr3_ex 

thin film is ~170nm and ~100nm respectively. Atop the MAPbBr3, 30nm TPBI and 1nm LiF were 

sequentially evaporated under vacuum (< 1 x 10−6 Torr).  Aluminum electrodes with a thickness 

of 120nm were finally evaporated under vacuum (<4 x 10−7 Torr) through a shadow mask. 

2.3 CHARACTERIZATION METHODS 

2.3.1 Characterizations of perovskite materials and films 

1D XRD: X-ray diffraction (XRD) experiments with 1D detector were performed using a Bruker 

F8 Focus Powder XRD operating at 40 kV and 40 mA with a Cu K-alpha (1.54 A) X-ray source.  

2D XRD: XRD experiments were performed using a Bruker D8 Discover Microfocus operating 

at 50 kV and 1000 µA with a Cu K-alpha (1.54 A) X-ray source. Gamma scans were performed 

by setting the incidence angle to half of the 2q value for the diffraction peak to be analyzed. After 

the measurement, we use EVA Software to integrate the diffraction intensity over the selected 2q 

range which covers the whole diffraction peak. 

UV-vis absorption: The absorbance spectra were measured by a Varian Cary 5000 UV–vis-NIR 

spectrometer. The absorptance spectra (equivalent to fraction of absorbed light, FA) measured in 

Chapter 5 used the internal diffuse reflectance accessory (integrating sphere) on a Cary 5000i UV–

vis-NIR spectrometer. The integrating sphere was used to measure the near-normal incidence total 
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reflectance (R) and normal incidence transmittance (T) spectra of films on glass substrates, and FA 

was calculated as 1-R-T. The absorptance data is shown only in the spectral region where FA of 

the glass substrate ≈ 0.   

Time-resolved photoluminescence (TRPL): TRPL decay traces were acquired by a time-

correlated single photon counting (TCSPC) system (FluoTime 100, PicoQuant GmbH). Samples 

were photoexcited using a 467 nm laser beam (LDH-P-C-470, PicoQuant GmbH) pulsed at 

frequencies between 0.5-10MHz, with a pulse duration of 60 ps and fluence of ~10 nJ/cm2. The 

lifetime was obtained by fitting the PL measured from perovskite films with a bi-exponential decay 

function of the form: 

I(t) = 𝐴/ exp 3−
5
6/
7 + 𝐴(exp	(−

5
6(
)  (2.3) 

 

Steady state photoluminescence: For steady state PL measured in chapter 3, a 470 nm pulsed 

diode laser (PDL-800 LDH-P-C-470B, 300 ps pulse width) was used for excitation at a fluence of 

10 nJ/cm2 (n0 ~ 1015 cm-3) with a repetition rate of 500 kHz for time resolved measurements and a 

continuous-wave 532 nm (CrystaLaser, GCL532-005-L) at a power density of 90 mW/cm2 (~1.5 

sun) was used for steady state measurements. Samples were excited face-on (not through the 

substrate) and the emission was filtered through a 700-850 nm bandpass filter (700 LP and 850 

SP). Photoluminescence from the sample was directed to a Micro Photon Devices (MPD) PDM 

Series single photon avalanche photodiode with a 50 μm active area for TRPL measurements or a 

portable charge coupled device spectrometer (USB2000, Ocean Optics) for steady state PL 

measurements.  

In chapter 5, the PL spectra were measured on a home-built set up consisting of a LN2 cooled 

Si CCD detector (Princeton Instruments Spec-10) coupled with a spectrograph (Princeton 
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Instruments 2300i). For PL measurements, the films were excited using a 488 nm CW laser 

(CrystaLaser DL488-020-O) with a 1mm diameter collimated beam at an intensity of ~30mW/cm2. 

PL was measured with the samples mounted in a custom built optical vacuum chamber, and the 

set up was aligned such that emission at the excitation spot was imaged onto the spectrometer 

entrance slit using lenses matched to the f/# of the spectrograph. The PL spectra were spectrally 

corrected for the spectrometer response using a calibrated white light source (Ocean Optics HL-

3P-CAL-EXT). 

Secondary electron microscopy (SEM) images were taken with a FEI Sirion scanning electron 

microscope at 5 kV. 

Transmission electron microscopy (TEM): TEM samples of MA0 treated perovskites (chapter 

3) were prepared by first adhering a finder TEM grid with a Carbon B coating to a cleaned ITO 

glass substrate (specifically EF400-Ni from Electron Microscopy Services). Before mounting, 

grids were glow discharge treated for 30 seconds with an oxygen/hydrogen plasma with a Solarus 

950 Gatan Advanced Plasma System. The grid is mounted in slight tension on a glass slide with 

scotch tape to ensure intimate thermal contact. The same deposition and heat treatment procedure 

for first PEDOT:PSS then the desired perovskite are followed as above with the exception of the 

use of a 0.4 M perovskite precursor solution. Vapor exposure was also identical except for the use 

of a MA0 vapor source with a smaller aperture (4 ml vial with a 10 mm diameter neck rather than 

20 ml with a 22 mm diameter neck) for high vapor pressure exposure. When the grid is removed 

from the glass slide for characterization, the points of contact between the tape and the grid are 

carefully cleaned with IPA to prevent contamination of the high vacuum environment of the TEM. 

A Tecnai G2 F20 transmission electron microscope was used at 200 kV for all TEM measurements.  
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Ultraviolet photoelectron spectroscopy (UPS): UPS measurements were performed by a Kratos 

Axis Ultra DLD photoelectron spectrometer with an incident radiation of He I (21.2 eV).  

X-ray photoelectron spectroscopy (XPS): XPS spectra were generated using a PHI Versaprobe 

system with an Al Kα X-ray source and a 100μm beam size. Measurements were taken while the 

sample was under ultrahigh vacuum (10-10 Torr).  

Computation Methods: The VASP60,61 code is employed to optimize the structures and calculate 

the related energies of the MAPbI3 and (C4-di)-, (C4-mono)2-, (PEA)2- and (EDBE)-PbI4 

perovskites. The Perdew-Burke-Ernzerhof (PBE) exchange correlation functional and the 

projector-augmented wave (PAW) method are used.62,63 The wavefunctions are expanded in plane 

waves with an energy cutoff of 500 eV. K-meshes have been used to sample the Brillouin zone 

during the optimization. The convergence criterion of the total energy is set to 10-8 eV. The total 

force on each atom in the system need to be less than 5*10-3 eV/Å. 

2.3.2 Characterizations of PSCs 

All J–V curves were recorded using a Keithley 2400 source meter unit. The device photocurrent 

was measured upon illumination from a 450 W thermal Oriel solar simulator (AM 1.5G) calibrated 

with a standard Si photodiode detector equipped with a KG-5 filter, which can be traced back to 

the standard cell of the National Renewable Energy Laboratory.  

2.3.3 Characterizations of perovskite LEDs 

The electroluminescence (EL) spectrum was measured using a Konica Minolta spectroradiometer 

CS-2000. LED EQE, J-V-L, and current efficiency measurements were made using a homebuilt 

set up that consisted of a large area calibrated Si photodiode (Hamamatsu S3204-08) mounted in 

a light-tight enclosure inside of a N2 glovebox. The LED EQE set up was designed based on the 
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principle of “under filling” a large area detector. The device holder was designed such that 

waveguided emission was effectively blocked from the detector. A Keithley 2400 source meter 

unit was used to bias the LED and measure the current density (J), while a Keithley 237 source 

meter simultaneously measured the short circuit photocurrent from the Si photodiode. Luminance, 

EQE, and current efficiency were then calculated considering the EL spectrum and spectral 

responsivity of the detector.64  
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Chapter 3. METHYLAMINE VAPOR BASED HYBRID 

PEROVSKITE POST DEPOSITION TREATMENT 

This chapter presents a facile post deposition treatment utilizing coordination between MA0 vapor 

and MAPbI3 perovskite that rapidly improves film quality, enhancing PCE by ~9%. The following 

material is reproduced from the article titled Design Rules for the Broad Application of Fast (< 1 

s) Methylamine Vapor Based, Hybrid Perovskite Post Deposition Treatments.65 This publication 

is co-first authored with Spencer T. Williams. 

3.1 INTRODUCTION 

As been discussed in the chapter 1, different processing methods or post-treatment techniques have 

been developed to optimize perovskite layer morphology. While these post treatments markedly 

improve film morphology, they are relatively time-consuming and complex. Efficient, 

reproducible techniques are necessary to access the high throughput fabrication the material’s 

solution processability enables. In this work, we describe a fast (<1s) and simple post deposition 

chemical treatment in which crystal reconstruction induced by a MA0 vapor greatly improves 

perovskite film coverage, crystallinity, and device performance. We not only demonstrate the 

efficacy of this chemical treatment in improving the photovoltaic performance of a PHJ device, 

we also mechanistically study the process to reveal the role of hydrogen bonding between 

methylamine vapor and the perovskite’s organic sublattice in mediating the material’s reactivity 

toward the vapor through the exploration of a variety of hybrid perovskite systems. Furthermore, 

through detailed microscopy, we also demonstrate that the nature of MA0-perovskite coordination 

and its microstructural consequences are a function of MA0 vapor pressure, interaction time, and 

composition of the organic sublattice. Ultimately, we offer design rules for amine vapor-based 

hybrid perovskite post chemical treatments.  
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3.2 RESULTS AND DISCUSSION 

3.2.1 Vapor treatment and its physical consequences 

Inspired by work reported by Zhu et al.66 in which a reversible perovskite phase transformation 

upon exposure to amine gas was revealed, we speculated that this kind of chemistry can be utilized 

to establish a facile post deposition treatment to improve perovskite crystallinity and quality 

through the recrystallization responsible for the regeneration of the perovskite phase from a similar 

transparent intermediate state. To explore this concept, we used methylamine rather than amine 

vapor because of its increased similarity to species (MA+) already within the MAPbI3 lattice. To 

apply this in a device context, we fist prepared a MAPbI3 film through simple one-step spin coating 

from DMF atop PEDOT:PSS, and then exposed this film to MA0 vapor (Figure 3.1a). Immediate 

loss of pigment was observed in the perovskite upon introduction to a MA0-rich environment 

followed by rapid reversal back to perovskite upon removal of the film from the vapor. Herein, 

PEDOT:PSS serves as a hole-transporting layer (HTL) in our devices, but it also provides the 

necessary interfacial energy to prevent film dewetting during vapor treatment. This is an important 

component of this treatment’s success in the PHJ architecture as compared to the findings of Cui 

et al. reported on a mesoporous growth substrate where capillary action helps direct material 

diffusion.67  

This technique potentially enables the use of one-step solution processing without the 

meticulous control typically required for high quality material growth. To apply this methodology 

broadly at many scales with many materials, we need a rigorous physical and chemical 

understanding of the process as a whole. Macroscopically, XRD suggests that perovskite 

crystallinity markedly increases upon vapor exposure and subsequent annealing at 100 °C for 15 

min (Figure 3.1b). SEM of the film before and after vapor treatment (Figure 3.1c-f) reveals 
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massive material diffusion resulting in almost complete film coverage, a huge improvement over 

the very poor coverage generated by unmodified 1-step perovskite growth from solution. It should 

be noted that ethanol itself does not induce any color or morphology change of the prepared 

MAPbI3 thin film, thus the reaction results solely from MA0. While key to the utility of the process, 

these two insights leave a significant hole in our understanding: What within the material is 

changing and how is it affecting performance and photophysical properties?  

 

 
 

Figure 3.1. Comparison of a MAPbI3 film before and after the vapor process in (a): (b) 

XRD, (c)-(d) SEM low magnification, and (e)-(f) SEM high magnification. 

 

To address this, we first generated PHJ devices with the configuration in Figure 3.2a. Control 

devices fabricated with unmodified 1-step perovskite growth from DMF showed a low PCE of 

~3%, but after the simple vapor treatment devices reached 12% PCE through marked increases in 

all photovoltaic parameters (Figure 3.2b, Table 3.1). From XRD and SEM (Figure 3.1), this is 
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likely due to a combination of shunt pathway elimination through improved film coverage and 

possible material enhancement.  

 

Table 3.1. Photovoltaic performance values of the control and treated devices shown in 

Figure 2d (outside the parenthesis) and the average value with deviation calculated from 10 

representative devices (inside the parenthesis). 

 

 Voc (V) Jsc (mA/cm2) FF PCE (%) 
Control 0.62 (0.63 ± 0.06) 11.23 (11.73 ± 1.64) 0.47 (0.48 ± 0.01) 3.27 (3.46 ± 0.30) 

Treated 0.85 (0.83 ± 0.02) 17.59 (16.48 ± 1.17) 0.81 (0.80 ± 0.01) 12.08 (10.92 ± 0.81) 

 

To better understand how MA0 vapor treatment affects the photophysical properties of 

MAPbI3, we studied the PL decay kinetics from perovskite films on glass. Figure 3.2c shows 

representative PL decays of the perovskite before and after MA0 vapor exposure on glass measured 

in air. After MA0 treatment, the PL decay is faster and the PL intensity is slightly decreased 

(Figure 3.2d). Since we do not see an increase in the PL lifetime or integrated intensity indicative 

of defect annihilation or surface passivation we conclude that while MA0 vapor treatment may 

improve device performance by removing macroscopic film defects (e.g. pinholes) as observed in 

SEM (Figure 3.1), it does not effectively eliminate the structural defects responsible for non-

radiative recombination losses.  
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Figure 3.2. The J-V curve of the planar heterojunction photovoltaic device architecture in (a) 

with and without MA0 vapor treatment is in (b) MAPbI3’s photophysical quality as an absorber 

before and after vapor treatment is analysed with (c) transient and (d) steady state PL 

spectroscopy. With transient PL spectroscopy, we examine both the material on glass and on C60. 

(e)-(f) and (g)-(h) are bright and dark field TEM images, respectively, of an identical region 

before and after vapor exposure. 

 

 In the steady state PL spectrum in Figure 3.2d, MA0 treated films show a slight reduction in 

the PL intensity, consistent with the lifetime measurements.  We also observe a ~ 7 nm blue-shift 

upon vapor treatment, and also ~10% reduction in the FWHM (Figure 3.3). We observed similar 

trends for films encapsulated with poly (methyl methacrylate) (PMMA) in a nitrogen atmosphere, 

suggesting that the reduction in PL is intrinsic to the MA0/perovskite interaction and not a result 
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of improved diffusion to (and quenching at) the perovskite/air interface. The correlation with 

improved crystallinity in the films studied and the PL shift may suggest a link between disorder 

and emissive states within the band gap, but the shift is small enough to have multiple possible 

origins.68 

 
 

Figure 3.3. Gaussian fitting of the steady state PL spectra yields a parameter plot of the PL 

peak position and FWHM of MAPbI3 films on glass before treatment (black), before treatment 

with PMMA on top (red), after treatment (green), and after treatment with PMMA on top (blue). 

 

While intrinsic material properties are important, comparison of PL quenching before and 

after interfacing the material with a charge extraction layer is more immediately relevant to device 

performance. We constructed a perovskite/C60 bilayer film and found that vapor treated films 

quenched photogenerated charges more efficiently (~ 90 % quenching) than untreated films (~ 75 

% quenching), which is evidenced by the faster PL decay (Figure 3.2c). In the treated films, these 

data suggest the charge transfer process to C60 is more efficient in treated films and likely 
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outcompetes any additional non-radiative pathways introduced after MA0 vapor treatment. We 

attribute faster PL decay to the increased interfacial quality between perovskite and C60 in vapor 

treated films. In contrast, Cui et al.67 observed an increase in photoluminescence intensity after 

vapor treatment for films on compact TiO2, which is opposite to what one would expect for more 

efficient charger transfer in MA0 treated films.  

These data illustrate an important device relevant consequence of MA0 vapor treatment, but 

it leaves significant questions about the microstructural consequences of this process. Thus, we 

fabricated perovskite thin-films for TEM via a methodology identical to that used for device 

fabrication with the exception of using a diluted perovskite solution and a PEDOT:PSS coated 

TEM grid substrate. 

Although it may be tempting to conclude from SEM that grain size doesn’t change greatly 

upon MA0 vapor treatment (Figure 3.1e-f), bright and dark field TEM (Figure 3.2e-f and g-h 

respectively) reveal that vapor treatment induces gain size reduction rather than growth by more 

than an order of magnitude. Final microstructure after MA0 vapor treatment can be best described 

as a densely packed distribution of nanoscale crystallites. This microstructural change correlated 

with a decrease in PL intensity (Figure 3.2c) and points to increased grain boundary area as a 

limitation of this process.69 Grain size reduction initially seems contradictory to the increase in 

crystallinity (Figure 3.1b) and the suggestion of less disorder in the steady state PL of the vapor 

treated film (Figure 3.2d). 

A closer analysis of perovskite grain structure before vapor exposure with dark field TEM 

reveals a variety of morphological features that are persistently unapparent both in SEM and often 

even in bright field TEM (Figure 3.4).  
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Figure 3.4. (a) Bright- and (b) dark- field TEM of a region before vapor treatment showing 

the microstructural complexity of MAPbI3 grown by 1-step deposition. Regions that are 

highlighted show: (1) difficult to detect polycrystallinity, (2) highly strained and defective grains, 

and (3) dense and highly oriented grain boundaries. This technique cannot directly detect truly 

disordered domains. 

 
Generally, we find (1) buried polycrystallinity, (2) highly strained and defective single 

crystals, and (3) densely packed, highly oriented grain boundaries throughout films grown from 

unmodified 1-step deposition. This is in addition to the predominantly disordered regions that 

remain undetectable and “dark” in dark field imaging. This level of microstructural complexity is 

unsurprising because of the existence of both MAPbI3·DMF70 and inherently disordered43,71 phases 

prominent in spin-cast film growth, compounded with the transformation from cubic to tetragonal 
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MAPbI3 in the temperature window typical annealing traverses that is known to induce grain 

boundary formation in similar materials through processes like twinning in previously single 

crystalline domains.72 This complexity makes it challenging to define an exact grain size, as there 

is a continuum of disorder and a variety of grain and grain boundary sizes and aspect ratios. 

Ultimately, the shift from this microstructure to the nanocrystalline microstructure shown in 

Figure 3.2f & h is beneficial for device function, but this analysis reveals the important 

diminishing returns implicit in the application of this process. There is a short discussion of the 

interpretation of these dark field data. 

 

 

3.2.2 Chemical sources of reactivity toward MA0 vapor  

To broaden the application of this process to the expanding family of hybrid organic-inorganic 

perovskites, factors determining lattice reactivity toward MA0 vapor must be established. The 

coordination chemistry between MAPbI3 and neutral molecules such as DMF,73 DMSO,74 and 

H2O75 has garnered a great deal of interest because of its importance in growth and degradation. 

Amine gases like NH3,66 MA0, and larger analogues67 demonstrate the ability to disrupt the 

MAPbI3 lattice with differing degrees of readiness and reversibility. Van der Waals interaction, 

hydrogen bonding, water bridging, ion-dipole coordination, and electron transfer have all been 

proposed to govern host-guest interactions during the intercalation of neutral species in a solid.76 

The diverse coordination chemistry of lead halides and their hybrid analogues in both solution77,78 

and the solid state66,67,70,75,79 makes the mechanisms that govern MA0 vapor’s interaction with the 

lattice somewhat difficult to pinpoint. It has been suggested that Lewis bases, specifically pyridine 

and thiophene, preferentially coordinate Pb dangling bonds80 which points to the metal ion’s 

potential reactivity. The MAPbI3·DMF crystal structure70 suggests that DMF, also a Lewis base, 
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preferentially hydrogen bonds with MA+  which points to the potential reactivity of the organic 

sublattice. While this at first seems to simplify the matter, the halogen ion’s reactivity toward the 

vapor cannot be neglected by virtue of the key role bonding between the halide and the organic 

cation plays in stabilizing the hybrid perovskite’s 3D inorganic sublattice over the 2D lattice of 

PbI2.81 

To build an understanding of how these competing factors determining hybrid perovskite 

reactivity toward MA0 vapor, we systematically varied each component of the lattice and examined 

the response to vapor exposure. First, and most importantly, exposure of PbI2 to MA0 vapor causes 

a transition to a transparent state followed by the brief formation of brown perovskite before most 

of the film reverts to yellow PbI2 which is accompanied by a drastic change in microstructure 

(Figure 3.5a-b). This is unsurprising as the PbI2 · xMA0 system is essentially analogous to MAPbI3 

· xMA0 with an iodide deficiency. The fact that MA0 vapor does not possess the formal positive 

charge of methylammonium while demonstrating a similar capacity for transformation and even 

perovskite formation is an excellent illustration of the importance of hydrogen bonding in the 

formation and cohesion of MAPbI3 itself. This is a simple but poignant demonstration of the core 

importance of the nature of the inorganic halide polyhedra in determining reactivity, and the rapid 

generation of the 3D perovskite analogue from the 2D PbI2 lattice shows that interaction between 

MA0 and the lead halide framework is not limited to intercalation.  
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Figure 3.5. These SEM images show the effects of MA0 vapor treatment on (a)-(b) PbI2, (c)-

(d) MAPbBr3, (e)-(f) MASnI3, (g)-(h) FAPbI3, and (i)-(j) CsPbI3 at scales necessary to see 

relevant microstructural detail. 

 

Bonding within each hybrid perovskite lattice is unique, and thus the intrinsic reactivity of the 

metal halide framework toward MA0 vapor is likely altered by changes in components of the 

crystal. We first addressed the influence of halogen and metal ions by fabricating MAPbBr3 and 
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MASnI3 films respectively. Upon vapor exposure, we found the same rapid, reversible 

transformation to the transparent intermediate state and subsequent rapid reversion to the original 

perovskite that is characteristic of MAPbI3, and again this transformation is accompanied by 

dramatic microstructural changes (Figure 3.5c-f). As such, we more closely investigated the role 

of the organic cation by fabricating FAPbI3 and CsPbI3 films. As both the capacity to hydrogen 

bond and the cohesivity offered to the lattice as a whole vary as a function of the composition of 

the organic sublattice, we expected significant differences between each system’s response to MA0 

vapor exposure. In keeping with the other systems, FAPbI3 rapidly becomes transparent upon 

vapor exposure, but reverts back to its initial state from this transparent intermediate state much 

less readily, even after annealing at 100 ℃ for 15 min. Even though the intermediate phase is far 

more stable in the case of FAPbI3 exposed to MA0 vapor, there are still huge microstructural 

changes that occur (Figure 3.5g-h).  Finally, we explore the more extreme case of CsPbI3 in which 

we find no reactivity toward the vapor by virtue of no change in the film’s pigment. SEM reveals 

no significant microstructural changes upon vapor exposure which, when combined with the 

behavior of FAPbI3, indicates that the nature of bonding within the organic sublattice strongly 

mediates the reactivity toward MA0 vapor that is initially imparted to a hybrid perovskite lattice 

by the nature of the inorganic polyhedra contained within. This means that Cui et al.’s assumption 

that the source of reactivity is the presence of lead halide polyhedra is reasonable, and the organic 

sublattice determines the final nature of this reactivity after a hybrid lattice has been established.  

  By virtue of the fact that in MAPbI3 the conduction and valence band edges are composed 

primarily of I 5p and Pb 6s orbitals,48 the transparency of the intermediate state in these various 

systems likely results from a complete loss of structure within the inorganic sublattice. This loss 

of pigment upon vapor exposure can point both to a solvation event67 or a dramatic but coherent 
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change in structure via the formation of a crystalline intermediate. Although Cui et al. did an 

excellent job of showing the accessibility of the solvated state and its prevalence under a high 

concentration of MA0 vapor, they also demonstrated that although a transparent state can be 

established under NH3 vapor,66 complete solvation is not feasible. This illustrates the potential 

existence of multiple intermediate states within a single system, the nature of which likely playing 

a decisive role in determining the morphological consequences of the process. 

 

3.2.3 Mapping vapor induced phase transformation 

It has been demonstrated that in solution the nature of perovskite formation depends upon MA+ 

concentration.82 Specifically, low concentrations allow topotactic transformation preserving 

structural elements of PbI2, while at high concentrations dissolution occurs resulting in structure 

determined by the precipitation event rather than the nature of the starting material. Because of the 

dramatic but unique responses of MAPbI3 and FAPbI3 to the vapor, we compared their 

transformations under high and low methylamine vapor pressure to more completely map MA0 

induced hybrid perovskite transformations. High vapor pressure exposure is identical to the vapor 

treatment process discussed above and enabled by the high volatility of MA0 in ethanol at room 

temperature. Low vapor pressure exposure entails placing MAPbI3 and FAPbI3 films in chambers 

with a slow leak of MA0 vapor for three hours. (Figure 3.6)  
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Figure 3.6. Schematic outline of the low MA0 vapor treatment process illustrating: (a) 

inserting capped, 20 ml vials, one with methylamine solution in the center and empty vials 

around it for support; (b) placing perovskite films in a closed petri dish resting on the vials, 

centered on the vapor source; (c) sealing of the chamber. 

 

Although direct analysis of intermediate states during vapor exposure is complicated by the 

incredible rapidity of transformation under high vapor pressure and the necessity of a closed 

system under low vapor pressure, we conducted XRD analysis of each perovskite film before vapor 

exposure, after exposure, and after annealing at 100 °C for 15 min. For MAPbI3 exposed to a high 
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concentration of MA0 vapor (Figure 3.7a), the intermediate state is too transient to be observed 

after vapor removal. But based on the work of Cui et al. it is clear that solvation occurs under these 

conditions. Perovskite crystallinity dramatically increases immediately after vapor exposure and 

increases relatively little upon subsequent annealing. Exposure of MAPbI3 to a low concentration 

of MA0 vapor results in a relatively long lived, structurally coherent transparent state characterized 

by reflections marked as I1 in (Figure 3.7b). The solitary strong reflection at low 2θ of the 

intermediate’s primary peak (~7.2°) suggests a swelling of the lattice consistent with the 

perturbation of the inorganic sublattice implicated by the intermediate’s transparency, but we lack 

sufficient detail to solve the structure. Annealing almost completely regenerates MAPbI3, but with 

less crystallinity than in the case of high concentration MA0 vapor exposure. For continued 

reference to the vapor treatments with high and low MA0 vapor concentration, we will use the 

terms high [MA0] treatment and low [MA0] treatment. 

 
 

Figure 3.7. Phase evolution through XRD analysis of MAPbI3 under (a) high [MA0] and (b) 

low [MA0] treatments, as well as FAPbI3 under (c) high [MA0] and (d) low [MA0] treatments. 

Although detail is limited, the phases indicated are listed in the legend located in the center right 

of the figure. FAPbI3 (y) and FAPbI3 (b) indicate the yellow and black FAPbI3 polymorphs 

respectively. 



 

 

37 

 

Intermediate states formed by FAPbI3 are distinct between high and low [MA0] treatments, 

and one is long lived even after annealing. Because of the well-known instability of the black 

polymorph at room temperature.83 the FAPbI3 film contains both yellow and black polymorphs 

before vapor exposure. Upon high [MA0] treatment (Figure 3.7c), the black polymorph disappears 

and is replaced by the yellow polymorph and an intermediate phase distinct from I1 with a primary 

peak at ~11° 2θ which we have marked as I2. Annealing causes little change in this phase 

distribution. Low [MA0] treatment (Figure 3.7d), leads primarily to a greater fraction of stable I2 

and an phase bearing the same solitary strong peak at ~7.2° 2θ as I1. This intermediate was labeled 

as I1’.  

  As a function of time (Figure 3.8), low [MA0] treatment of FAPbI3 initially causes I2 

formation followed by I1’ formation over time. This indicates that while I2 forms more rapidly 

under MA0 vapor, the state analogous to MAPbI3’s preferred state under low concentration MA0 

is the same eventual fate of FAPbI3. Annealing primarily causes elimination of I1’ and the 

generation of only a small amount of MAPbI3 while the fractions of the yellow FAPbI3 polymorph 

and I2 remain relatively unchanged. This suggests that while the primary product of I1’ is MAPbI3, 

the readiness with which the transformation proceeds is significantly reduced compared to I1, 

which is part of the reason we draw a distinction between them. Although detail in Figure 3.7 is 

limited, the structural similarities between I1 and I1’ suggest that atomic spacing may primarily be 

determined by the neutral MA0 molecule’s interaction with the lattice. MAPbI3 formation within 

FAPbI3 is a demonstration of the proton transfer between cations in the lattice and MA0. The stark 

kinetic differences in the transformation of each intermediate discussed above shows that bonding 

within the hybrid perovskite organic sublattice plays a significant role in determining the readiness 
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with which vapor induced intermediate states regenerate the desired perovskite, and in the extreme 

case of CsPbI3 prevents reaction entirely.  

 
 

Figure 3.8. XRD showing the phase evolution of FAPbI3 during low [MA0] treatment as a 

function of time. Phases indicated are listed in the inset legend with FAPbI3 (y) and FAPbI3 (b) 

indicating the yellow and black polymorphs respectively. 

 

While the phase evolution presented in Figure 3.7 illustrates the role of vapor concentration 

and organic sublattice composition in mediating available transformations, we cannot directly 

discern whether these intermediate phases persist exclusively during exposure or they are the result 

of equilibration after vapor removal. That said, through the microstructural consequences of each 

transformation just discussed, we can gain increased mechanistic insight as well as improved 

intuition in the rational design of vapor-based post deposition treatments. To this end we correlated 

SEM and detailed TEM analysis (Figure 3.8 and 3.9) of regions in each system before vapor 

exposure, after vapor exposure, and after subsequent annealing. Because films for SEM analysis 

are fabricated under conditions identical to device fabrication, we can directly see the macroscopic 

consequences of the vapor treatments in a device context. As TEM samples are fabricated via an 

identical method with the only exception of a diluted perovskite precursor solution, we have 
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analogous growth conditions with reduced coverage and film density enabling us to more easily 

define microscopic differences in material diffusion and grain reconstruction inherent to each 

process.  

 
 

Figure 3.9. SEM of (a-c) MAPbI3 and (d-f) FAPbI3 before and after MA0 vapor exposure for 

both high and low [MA] treatments. 

 

  SEM characterization of each transformation shows a great degree of diffusion in all cases. 

Both high [MA0] cases (Figure 3.8 a-b, d-e) result in excellent film coverage. Both low [MA0] 

cases (Figure 3.8 a & c, d & f) result in coarsening which generated thick and barren regions. 

Even though plentiful pin-holes are in the initial films (Figure 3.8 a & d), the density of material 

is great enough so that a reasonably large amount of material surrounds any given point in the film. 

This is not the case in the TEM samples in which coverage was sparse enough to isolate individual 

features and observe their microscopic transformation upon vapor exposure, a key distinguishing 

feature between the data sets in Figures 3.9 and 3.10. Each pane of Figure 3.10 correlates bright 

field TEM images (top), select area electron diffraction (SAED) patterns (inset), and one 



 

 

40 

representative dark filed image (bottom) of a region before and after vapor treatment. For MAPbI3 

high [MA0] exposure, the phase purity confirmed by SAED (Figure 3.10a, inset) and the dramatic 

reduction in grain size apparent in the dark field images (Figure 3.10a, bottom) were already 

discussed in detail at the beginning of the manuscript. The bright field images (Figure 3.10a, top) 

show a great deal of diffusion unconstrained by the initial physical bounds of the material 

consistent with the liquid intermediate discussed by Cui et al. In contrast, diffusion in MAPbI3 

during low [MA0] exposure (Figure 3.10b, top) remained constrained to the physical extent of the 

material before vapor exposure. Although coarsening still drives large scale diffusion which 

thickens some regions and depletes others, we can more clearly see the way diffusion is facilitated 

by the preexisting solid framework, an issue distinguishing low [MA0] treatment from the high 

[MA0] case. The dark field images (Figure 3.10b, bottom) show that although grain size is still 

reduced compared to the initial state, final average grain size is slightly larger than in the high 

[MA0] treatment. This is likely due both to grain growth within the solid intermediate and the 

reduction of perovskite nucleation rate caused by the more gradual change in MA vapor pressure 

upon process completion inherent to the low [MA0] treatment.  



 

 

41 

 
 

Figure 3.10. Each pane compared an identical region before and after MA0 vapor exposure 

with bright field imaging (top), select area electron diffraction (inset), and dark field imaging 

(bottom) with transmission electron microscopy of (a-b) MAPbI3 and (c-d) FAPbI3 at both (a & 

c) high and (b & d) low [MA0] treatments. 

 

  Even though transformation back from the intermediate state is incomplete in high [MA0] 

treated FAPbI3, grain size revealed by dark field imaging (Figure 3.10c) is quite comparable to 

that of high [MA0] treated MAPbI3 indicating that dramatic disruption to the original perovskite 

grain structure occurs upon initial intermediate formation, an issue related to the swelling of the 

lattice. That said, diffusion is once again constrained by material distribution before exposure, 
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implicating the prevalence of a solid intermediate and suggesting that pervasive lattice disruption 

occurs regardless of solvation.  

  Low [MA0] treatment of FAPbI3 leads to diffusion that is again facilitated by the solid 

framework existing before exposure (Figure 3.10d). Coarsening facilitated by large scale diffusion 

similar to MAPbI3 under low [MA0] vapor can be observed. Also, in keeping with MAPbI3, 

average grain size is smaller than it was initially but larger than the high [MA0] analogue. Coupled 

with the distinctly different phase content of each system (Figure 3.8), this points to MA0 vapor 

pressure as a function of time as a dominant determinant of final grain size even though the nature 

of accessible phases and their transformations are largely determined by the composition of the 

organic sublattice. This slight increase in grain size comes at the cost of coverage and overall 

perovskite crystallinity in the low [MA0] treatment of both systems. The dramatic changes in 

morphology evident in Figure 3.9 show that regardless of intermediate state, MA0 vapor facilitates 

massively enhanced diffusion. The subtler distinctions apparent in Figure 3.10 suggest that 

MAPbI3 can readily reach an essentially solvated state under high MA0 vapor pressure, but both 

reducing the vapor pressure and altering composition of the organic sublattice (i.e. FAPbI3 and 

CsPbI3) impedes the formation of this truly solvated state. Combining this with the sharp kinetic 

distinction between the intermediates and the complete transformation back to perovskite from 

this solvated state versus the slow and incomplete transformation after structurally coherent 

intermediate stabilization under low [MA0] vapor, it becomes apparent that circumventing the 

formation of metastable states during vapor based post deposition treatment may be an important 

component of gaining the full value the process offers in increased film quality. The solvation 

event thus has the dual purpose of facilitating diffusion and kinetically excluding metastable, 

crystalline intermediates that frustrate transformation.  
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3.3 CONCLUSION 

From our physical and chemical analysis of hybrid perovskite MA0 vapor post deposition 

treatment, we offer the design rules summarized in Figure 3.11 for the broad application of this 

process in contexts involving different materials and scales. In general, obliteration of original 

perovskite grain structure occurs regardless of solvation. The cost of massively improved film 

coverage is greatly reduced grain size regardless of the nature of the intermediate formed during 

vapor exposure and promoting grain growth is a challenge because of a dependence on vapor 

removal and coarsening processes. Our PL results show the utility this process offers in 

establishing a perovskite interface with more intimate contact for charge extraction, as well as the 

diminishing returns inherent in the process. Taken together, this work demonstrates the successful 

implementation of this process in PHJ architecture. Using the mechanistic insight generated here, 

it is clear that these microstructural trends and physical insights have very little dependence upon 

initial perovskite growth route and thus starting morphology. While it is clear that a variety of 

amine vapors can induce massive material changes, choice of vapor determines both accessible 

phases and how the system can move through them. 

The methodology of this facile and high throughput post deposition treatment is potentially 

useful for translation to industry, and sensitivity to the issues summarized in Figure 3.11 may 

minimize the detriments and maximize the benefits it entails. Ultimately, this comes down to 

controlling the microstructural consequences of the process and ensuring phase purity upon 

completion. These issues quickly become complex when large scale systems with implicit 

inhomogeneities and non-ideal time scales are implemented, especially with materials with more 

complex phase behavior like FAPbI3. We hope to extend the understanding here to such processes.  
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Figure 3.11. Design rules for MA0 vapor-based post deposition treatments for OIHPs in 

general. 
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Chapter 4. DEFECT PASSIVATION OF ORGANIC-INORGANIC 

HYBRID PEROVSKITES BY DIAMMONIUM 

IODIDE TOWARDS HIGH-PERFORMANCE 

PHOTOVOLTAIC DEVICES 

 

This chapter presents a simple defect passivation method by post-treating MAPbI3 film with a 

rationally selected diammonium iodide. The following material is reproduced from the article titled 

Defect Passivation of Organic-Inorganic Hybrid Perovskites by Diammonium Iodide towards 

High-Performance Photovoltaic Devices84 and the supporting information of this publication has 

been integrated into the main text.  

 

4.1 INTRODUCTION 

 
The polycrystalline feature of solution-processed perovskite film and its ionic nature inevitably 

incur substantial crystallographic defects, especially at the film surface and GBs. Recently, several 

approaches have been reported to be able to passivate the surface/interfaces and GBs of solution-

processed OIHP films. For example, PbI2 preferably formed at GBs through high temperature 

annealing creates a type I band alignment at GBs, resulting in defect passivation and retardation 

of carrier recombination.85–87 Meanwhile, small molecules have also been employed to passivate 

dangling bonds in OIHPs by exploiting the associated intermolecular interaction.88–90 Lately, we 

and several groups have discovered that the commonly used fullerene-based electron-transporting 

layers (ETLs) can also passivate surface trap states and GB defects in OIHPs to eliminate trap 

states and suppress device hysteresis.91–93  
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However, the role of fullerene in eliminating the dominant vacancy defects is limited. We and 

several groups have found that iodide in perovskites has the propensity to dope fullerene at the 

perovskite/fullerene interface.91,94,95 In this case, iodo radicals would be inevitably generated after 

doping and then form iodine that can potentially sublime easily. As a result, new VI defects can 

possibly be generated inside the perovskite film. Thus, for fullerene-based inverted PSCs, it would 

be ideal if the perovskite surface and GBs can be passivated without generating new defects due 

to perovskite fullerene interaction. 

In this study, a series of diammonium iodides namely NH3I(CH2)4NH3I (C4), 

NH3I(CH2)8NH3I (C8), and NH3I(CH2)2O(CH2)2O(CH2)2NH3I (EDBE) were explored to passivate 

perovskite surface and GBs considering their bilateral ammonium iodide end can simultaneously 

passivate perovskite layer and dope adjacent electron-transporting layer (PCBM herein) in derived 

PSCs, as illustrated in Figure 4.1. In pursuing the suitable materials for defect passivation, we 

surprisingly discovered that the molecular structure of diammonium iodide plays a critical role in 

affecting perovskite’s surface morphology and phase purity. We found that both C4 and EDBE 

can induce 3D to 2D perovskite phase transformation during post treatment. However, the 

activation energy for such transition can be modulated by tailoring the molecular structure of the 

diammonium iodides. The C8 can successfully passivate perovskite surface and GBs without 

causing 2D phase transformation of MAPbI3 due to its unique anti-gauche isomerization, which 

may elevate the activation energy for the 3D to 2D phase transformation. Consequently, the thin-

film PSC passivated by C8 shows a much-improved PCE of 17.60% compared to 14.64% for the 

control device. 



 

 

47 

 
 

Figure 4.1. Summary scheme for left: the possible defects existing in MAPbI3 thin films with 

PCBM on top as electron transport layer and right: defects passivation mechanism after 

introducing diammounium iodide through post treatment. 

4.2 RESULTS AND DISCUSSION 

4.2.1 Diammonium iodides for Perovskite Passivation 

In order to effectively passivate above-mentioned defects, three diammounium iodides with 

different molecular structures, C4, C8, and EDBE (Figure 4.2a), were selected since their bilateral 

ammonium iodide group is capable of simultaneously passivating perovskite surface/GBs and 

inducing PCBM doping without consuming iodides from bulk perovskite (Figure 4.1). We first 

try to investigate the effect of alkyl chain length on electron transfer from perovskite to PCBM by 

comparing C4 and C8. The EDBE is included in our exploration to study whether the hydrogen 

bonding between adjacent EDBE molecules96 will influence the self-assembly kinetics between 

the organic species and perovskite for better passivation effects. 

The post-treatment procedure is illustrated in Figure 4.2a and detailed in Chapter 2. It is 

important to note that similar surface topology and bulk properties such as crystallinity and 
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absorption coefficient of perovskite films should be retained if the diammonium iodide only 

distributes at perovskite surface or in the GBs. To examine this, the evolution of surface 

morphology of post-treated perovskite films is investigated by SEM (Figure 4.2b). As clearly 

shown, only the C8-treated film showed similar surface morphology to the pristine film, which 

encompasses a compact and uniform film with grain sizes ranging from tens of nanometers to 200 

nm. Whereas, the C4- and EDBE-treated films showed distinct morphology with strip-like and 

branch-like features, respectively.  

The enormous change in surface morphology of C4- and EDBE-treated films prompt us to 

speculate the possibility of 3D to 2D perovskite phase transformation due to the tendency of large-

sized diammonium iodides to form 2D hybrid perovskites,96,97 which induce the morphological 

changes through dissolution-recrystallization.82 To probe this, XRD and UV-vis absorption of 

post-treated films were measured to study if the relatively larger organic cations diffuse into the 

pristine perovskite film and partially convert the perovskite from 3D to 2D.  

As clearly evidenced from the XRD data shown in Figure 4.2c, the characteristic diffraction 

corresponding to {200} planes of (C4)PbI4 and (020) plane of (EDBE)PbI4 are apparent in the C4- 

and EDBE-treated films, respectively. In addition, their corresponding UV-vis absorption spectra 

(Figure 4.2d) clearly show the excitonic absorption peak, affirming the formation of 2D perovskite 

due to the intercalation of C4 and EDBE cations into the perovskite films. However, the C8-treated 

film seems to uniquely preserve its morphology and phase purity without going through such 

transition (Figure 4.2b-d).  
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Figure 4.2. (a) Three kinds of diammonium iodide salts (abbreviated to C4, C8 and EDBE) 

selected for perovskite passivation and the processing details. (b) SEM images, (c) XRD, and (d) 

UV-absorption of control film (MAPbI3), C8-, C4-, and EDBE-treated films. 

 

 
The 3D to 2D perovskite phase transformation induced by C4 and EDBE cations can be 

explained by the tendency of forming more thermodynamically stable 2D hybrid perovskite.98–101 

The reaction rate for such 3D to 2D phase transformation is in principal determined by its 

associated activation energy. Therefore, the inhibited phase transformation observed in C8-treated 

films might be due to two possible reasons: i) the phase transformation from 3D MAPbI3 to 2D 

(C8)PbI4 occurs too slow to be effectively observed during the fast 10 s treatment period; ii) the 

(C8)PbI4 in nature has a higher Gibbs free energy than MAPbI3.  

The distinction in morphological variation between C4/EDBE- and C8-treated films further 

triggered us to ponder about the structural difference of their corresponding 2D perovskites. 
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Interestingly, Lemmerer et al.97 have found that, among all of their studied 2D lead-halide based 

perovskites incorporating diammonium cations, C8 is the only material that has gauche 

conformation in the middle of the alkyl chain while other diammomium cations consist of only 

anti conformation. This gauche conformation has higher energy compared to the anti conformation 

and the associated local energy minimum is metastable. Thus, it can be inferred that the middle 

part of C8 diammonium cation needs to convert from its energetically stable anti form into the 

gauche conformation in order to intercalate into the 2D perovskite film. Such anti-gauche 

isomerization necessitates additional energy barrier for 3D to 2D phase transformation, thereby 

slowing down the conversion.  

To prove this hypothesis, the 2D hybrid perovskite (n=1) thin films based on C4, C8, and 

EDBE were prepared accordingly by a simple spin-coating procedure. The 2D hybrid perovskite 

precursor solution was made by dissolving an equimolar ratio of PbI2 (0.3 M) and ammonium 

iodide (0.3 M) in DMF at 60°C and spin-coated at 3000 rpm for 60 s. The resulting thin films were 

annealed at 100oC for 10 min. As shown in Figure 4.3a, both spin-coated C4 and EDBE films 

convert immediately into yellow color after placing onto the pre-heated (100 °C) hotplate, whereas 

the C8 film remains clear after being annealed at 100 oC for 10 min. As previously reported by 

Lemmerer97, the single crystal of (C8)PbI4 possesses a yellow color as well, which is typical for 

lead-iodide based 2D hybrid perovskites. Therefore, we can conclude that the elevated activation 

energy for forming the corresponding 2D (C8)PbI4 perovskite phase is the reason for forming the 

clear intermediate state (Figure 4.3c and will be discussed later). Interestingly, it was discovered 

that exposing the C8 films in air facilitates the 2D phase transformation. As shown in Figure 4.3b, 

the C8 film turns into yellow color after being stored in air overnight.  
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Figure 4.3. (a) Photos of C4-, C8-, and EDBE-PbI4 thin films after the spin-coating and 

annealing process. (b) Photo of C8-PbI4 thin film transferring from clear state to yellow state 

after being put in air for overnight. (c) Schematic demonstration of why EDBE and C4 treatment 

can induce respective 2D hybrid perovskite formation, while C8 only stays at the surface or grain 

boundaries without affecting bulk properties. 

 
The corresponding XRD and UV-vis absorption of clear and yellow (C8)PbI4 thin films are 

presented in Figure 4.4, where the yellow phase is clearly identified to be the 2D (C8)PbI4. 

However, the C8 film remains in the clear state even after being stored in N2 for a week. This result 

suggests that moisture or/and oxygen play a critical role in lowering the activation energy for this 

phase transformation and the exact mechanism is still under investigation.  

Since the 2D (C8)PbI4 film can be eventually formed (Figure 4.3b) and is quite stable in air, 

we hypothesize that although anti-gauche isomerization may also raise the 2D (C8)PbI4 phase’s 

Gibbs free energy, it is still lower than that of 3D MAPbI3 phase. Hence, the change in Gibbs free 
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energy should play a less important role than the elevation of activation energy in mediating 3D 

to 2D perovskite phase transformation in C8 post treatment. A scheme demonstrating the reaction 

mechanism of the studied diammonium salts is illustrated in Figure 4.3c. Our results thus manifest 

that owing to the higher thermodynamic stability of 2D perovskites relative to the 3D counterparts, 

most organic salts with relatively larger cations introduced for perovskite passivation will induce 

fast 3D to 2D phase transformation (within 10 s) due to the low activation energy of this process. 

However, the anti-gauche isomerization for realizing 3D to 2D phase transformation required for 

C8 slows down the process and thus limits itself to be only distributed at perovskite surface and 

GBs. 

 

 
 

Figure 4.4. (a) UV and (b) XRD characterization for clear and yellow (C8)PbI4 thin films. 

The clear film is obtained right after the annealing process and the yellow film here is obtained 

by exposing the same clear film to air under dark for overnight. 
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4.2.2 Defect Passivation Characterization 

After elucidating that only C8 can successfully interact with pristine perovskite without affecting 

its bulk properties, we next examined its efficacy in defect passivation. Scanning kelvin probe 

microscopy (SKPM)102,103 is employed to investigate the perovskite films before and after C8 

treatment. Figure 4.5A illustrates the topography (left column) and surface potential (SP) (right 

column) images of the perovskite films before (top row) and after (bottom row) treatment. The 

root-mean-square (RMS) roughness of perovskite films before and after treatment are 7.99 nm and 

5.99 nm, respectively. As can be clearly seen, both films showed similar morphology, affirming 

no surface reconstruction of perovskite film after C8 treatment which is consistent with the SEM 

image shown in Figure 4.2b. Notably, the small decrease in surface roughness of the treated film 

indicates that C8 did fill in the GBs and thus reduces the height difference between grain surface 

and GB.  

Despite the similarity in surface morphology, two films showed distinctly different SP. For 

the control film without treatment, most GBs showed higher SP than that of the interior grains, 

indicating a downward band-bending in the GBs which will cause electron trapping.69,85 However, 

the SP difference between GBs and interior grains is significantly reduced after treatment, 

indicating negligible band bending at this corresponding interface. This will facilitate electron 

transport across the GBs. It clearly validates effective perovskite passivation. In addition, the 

average SP of the treated film (-0.10 V) shows an increase of 0.24 V compared to that of pristine 

film (-0.34 V). This suggests a larger downward surface band-bending of the treated film, which 

can benefit charge carrier separation and facilitate the electron collection toward ETL in derived 

devices.104  
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Figure 4.5. (A) 2D topology (a, c) and surface potential maps (b, d) for control and C8-

treated perovskite films. (B) PL decay for control and C8-treated films on glass. 

 

TRPL has also been utilized to further examine the effects of defect passivation on resulting 

photo-physical properties, as shown in Figure 4.5B. The average lifetime of perovskite film 

increased from 24 ns to 40 ns after C8-treatment with both improved fast and slow component, 

revealing the suppressed charge recombination in the treated film. The fitting and detailed 

parameters are summarized in Table 4.2.  
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Table 4.2. Fitted lifetime results of control and C8 treated films, where t1 and t2 refer to fast 

and slow decay lifetime respectively, and taverage is intensity weighted. 

 

 t1 (ns) t2 (ns) taverage (ns) 
Control 7 29 24 

C8 treated 9 50 40 

 

4.2.3 Photovoltaic Performance Characterization and Recombination Kinetics Study 

To examine how C8-passivation affects the photovoltaic properties, PHJ devices were fabricated 

in the configuration shown in Figure 4.6a. The detailed fabrication procedure is described in 

chapter 2 and the statistical device performance with standard deviation for control, C8-, C4-, and 

EDBE treated devices are shown in Table 4.3. As expected, the PCE of the derived PSC is 

significantly improved from 14.64% to 17.60% after C8-treatment (Figure 4.6b) with a marked 

increase in all photovoltaic parameters (Table 4.3). Different to the C8-treated device, the C4- and 

EDBE-treated PVSCs showed inferior PCEs with a much lower short-circuit current (JSC) and fill 

factor (FF). This can be attributed to the formation of bulk 2D perovskite, in which the intercalated 

insulating alkyl chains block electron transfer from perovskite to PCBM and thus impede efficient 

charge collection.  
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Figure 4.6. (a) The device architecture used in this study. (b) The J-V characteristics of 

control and C8-treated devices. The dependence of (c) JSC and (d) VOC on light intensity. 

 

Table 4.3. Photovoltaic performance values of the control and treated devices. The results 

include average values with deviation calculated from 8 representative devices. 

 

 Voc (V) Jsc (mA/cm2) FF PCE (%) 
Control 1.09±0.01 17.89±0.40 0.75±0.02 14.70±0.22 

C8 treated 1.11±0.01 19.37±0.55 0.79±0.01 17.02±0.33 
C4 treated 1.10±0.01 12.10±2.38 0.72±0.04 9.75±2.22 

EDBE treated 1.12±0.004 3.69±0.64 0.69±0.02 2.84±0.60 
 

To better understand the charge carrier dynamics and enhanced performance, we have studied 

the device recombination kinetics by measuring the dependence of J–V characteristics on light 

intensity.105 Figure 4.6c shows the dependence of JSC on light intensity of the studied devices, in 

which the fitted slope (in accordance to power law) is 0.918 and 0.944 for the control device and 
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C8-treated device, respectively. This result clearly indicates that the reduced charge recombination 

loss for the C8-treated device is due to effective defect passivation. Figure 4.6d shows the 

relationship between open-circuit voltage (VOC) and light intensity of the studied devices. Notably, 

the control device possesses a slope of 1.186 kT/q throughout the entire range of light intensity, 

showing a bimolecular recombination dominant kinetics. This supports the respectable high PCE 

of the control device. Neverthelessly, the C8-treated PVSC showed a further reduced slope of 

1.006 kT/q, suggesting a minimized trap-assisted recombination in device. In addition to the 

effective defect passivation, this significantly reduced recombination loss can also be attributed to 

the interfacial doping at the C8/PCBM interface.91,92,106 The other end of C8 ammonium iodide 

can dope PCBM without the need of creating further VI defects inside the perovskite film, leading 

to a much improved device performance. 

4.3 CONCLUSION 

 
In summary, we have successfully developed a simple and effective method to passivate the 

surface and GB defects of MAPbI3 films by employing alkyl diammonium iodide. It was 

discovered that the molecular structure of used diammonium salt has a profound effect on 

influencing the surface morphology and phase purity of perovskite. Both C4- and EDBE-

diammonium salts induce 3D to 2D hybrid perovskite phase transformation during treatment, 

which is unfavorable for charge transport and device performance due to their insulating nature. 

However, the 3D to 2D transition is inhibited in C8-treated film due to its unique anti-gauche 

isomerization, which elevates the activation energy of this transition. Therefore, the C8 

diammonium iodide treatment can successfully passivate perovskite films as evidenced by the 

SKPM and PL measurements. Further investigations on device recombination kinetics also 
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showed reduced charge recombination loss in the derived device, indicating that the C8 salt can 

also potentially dope PCBM. As a result, the C8-treated PSC show a much-improved PCE of 

17.60% compared to that of the control device with a PCE of 14.64%. This study highlights the 

importance of rational molecular design for perovskite surface modification and passivation. 
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Chapter 5. REALIZATION OF HIGHLY ORIENTED MAPBBR3 

PEROVSKITE THIN FILM VIA ION EXCHANGE 

FOR ULTRAHIGH COLOR PURITY GREEN 

LIGHT EMISSION 

 
This chapter presents growth of highly oriented MAPbBr3 films through ion exchange from 2D to 

3D perovskite. The following material is reproduced from the article titled Realization of Highly 

Oriented MAPbBr3 Perovskite Thin Film via Ion Exchange for Ultrahigh Color Purity Green Light 

Emission107 and the supporting information of this publication has been integrated into the main 

text.  

 

5.1 INTRODUCTION 

Organic-inorganic hybrid perovskites are promising materials for optoelectronic applications. The 

morphology of perovskite thin films is a key determinant for the performance of functional 

devices. During the advancement of perovskite photovoltaics, various processing techniques108 

have been developed to control the morphology of iodide-based perovskites. Morphological 

control is even more crucial for bromide-based perovskites (attractive for green-light emission) 

because of their tendency to form large isolated crystals.109–114 Besides morphology, grain 

orientation or texture also has profound effect on transport properties.110,115–118 Better film quality 

facilitated by these advances in processing has been vital in the improvement of OIHP LED 

performance, and the reported emission spectra have shown high color purity with ~20nm EL 

FWHM.21,119 High color purity is desired to realize a wide color gamut in high resolution displays. 

We believe with new processing to further improve perovskite film quality, the EL line width can 



 

 

60 

be further narrowed to approach the 100% color purity limit. Recently, ion exchange has been used 

in perovskites for facile composition engineering, morphology and crystallinity control.120,121 

Thus, ion exchange can be a promising new method to further improve bromide-based perovskites 

film quality and realize ultrahigh color purity emission. 

In this work, we have developed an ion exchange method for conversion from 2D to 3D 

perovskite to grow highly oriented MAPbBr3 thin films. We found out that the transition between 

2D and 3D perovskites through ion exchange is not reversible for all 2D perovskites. The 

thermodynamics and kinetics of this reaction can be affected by intermolecular interaction and 

ammonium functionality of 2D perovskite organic cations. A monoamine-based 2D perovskite 

PEA2PbBr4 was selected as a growth template and successfully exchanged into MAPbBr3. The 

resulting MAPbBr3 thin films show much improved substrate coverage, and preservation of the 

highly-aligned orientation of the original 2D perovskite. Improved film characteristics lead to 

extremely narrow green EL with a record 15.3 nm (67 meV) FWHM compared to ~20 nm reported 

so far, and thus possessed 98.10% color purity. This elucidates the potential of ion exchange in 

conjunction with 2D perovskite growth template as new a processing method to fabricate high 

quality OIHP thin films for optoelectronic applications. 

 

5.2 RESULTS AND DISCUSSION 

5.2.1 Mechanism of Ion Exchange Reaction between 2D and 3D Perovskites 

A new growth method of multi-dimensional perovskites has been reported by Mhaisalkar et al. for 

photovoltaic applications,120 where a 2D perovskite thin film was dipped into MAI solution to 

grow 2D/3D hybrid perovskites. This example shows the potential of using 2D perovskites as a 

growth template for 3D perovskites and facilitates morphology control. To take advantage of this 
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approach, it is critical to pinpoint the governing reaction mechanism. In this regard, there are 

several key questions: 1. Is this reaction reversible and applicable to all kinds of 2D perovskites? 

2. Will the strong texture of 2D perovskite affect the grain orientation feature of the resultant 3D 

perovskites? 3. Can this method be extended to improve the thin film quality of MAPbBr3 and 

associated light emission characteristics? To answer these questions, understand the underlying 

reaction mechanism and uncover design rules, we employed a combination of experimental and 

theoretical studies.  

Four different ammonium iodides, which can all form 2D perovskites when mixed with lead 

iodide, were selected to study the ion exchange reaction mechanism between the corresponding 

2D perovskites and MAPbI3.97,122,123 They are CH3(CH2)3NH3I (C4-mono-I), C6H5(CH2)2NH3I 

(PEAI), NH3I(CH2)4NH3I (C4-di-I2), and NH3I(CH2)2O(CH2)2O(CH2)2NH3I (EDBEI2); their 

molecular structures are shown in Figure 5.1A. All four 2D perovskite thin films were dipped into 

MAI solution in IPA to test if the 2D perovskites can be converted into MAPbI3 (Figure 5.1B). 

Similarly, the reverse-reaction was initiated by dipping MAPbI3 thin films into C4-mono-I, PEAI, 

C4-di-I2 and EDBEI2 solution in IPA, respectively.  

Going from 3D to 2D, after ion exchange the film color changed from brown to yellow, with 

the appearance of exciton absorption peaks at 490-520 nm and the disappearance of MAPbI3 band-

edge absorption at 780 nm. (Figure 5.1C) Both features indicate successful conversion from 3D 

MAPbI3 to 2D perovskites. Surprisingly, under these conditions, the conversion from 2D to 3D 

perovskite does not happen to all four materials as observed in the bottom part of Figure 5.1C. 

The failed transition from (C4-di)PbI4 and (EDBE)PbI4 to MAPbI3 indicates a significant 

difference between monoamine and diamine-based 2D perovskites with regard to this ion 

exchange process. To uncover the origin of observed selectivity for ion exchange reaction, we 
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subsequently performed theoretical calculations of the thermodynamics and kinetics for the ion 

exchange process. 

 

 
 

Figure 5.1. (A) Molecular structure of four ammonium iodides: C4-mono-I, PEAI, C4-di-I2 

and EDBEI2. (B) Schematic illustration of the ion exchange process in this study. (C) Color 

change and UV-vis absorption feature evolution of thin films before and after ion exchange. The 

top and bottom correspond to 3D to 2D conversion, and 2D to 3D conversion, respectively. 
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The formation energy (Ef) of (C4-mono)2PbI4, (C4-di)PbI4, (PEA)2PbI4 and (EDBE)PbI4, 

(Equation 5.4-5.7) and the Gibbs free energies (DG) of the following four (Equation 5.8-5.11) 

ion exchange reactions were calculated using DFT simulations. 

 

𝐸< = 𝐸(=>?@ABA)CDEFG − 𝐸DEFC − 2𝐸(=>?@ABA)F  (5.4) 

𝐸< = 𝐸(=>?IJ)DEFG − 𝐸DEFC − 𝐸(=>?IJ)FC  (5.5) 

𝐸< = 𝐸(DKL)CDEFG − 𝐸DEFC − 2𝐸(DKL)F	 	 (5.6) 

𝐸< = 𝐸(KMNK)DEFG − 𝐸DEFC − 𝐸(KMNK)FC  (5.7) 

𝑀𝐴𝑃𝑏𝐼S + 2(𝐶4 −𝑚𝑜𝑛𝑜 − 𝐼) → 𝑀𝐴𝐼 + (𝐶4 −𝑚𝑜𝑛𝑜)(𝑃𝑏𝐼> (5.8) 

𝑀𝐴𝑃𝑏𝐼S + (𝐶4 − 𝑑𝑖 − 𝐼) → 𝑀𝐴𝐼 + (𝐶4 −𝑚𝑜𝑛𝑜)(𝑃𝑏𝐼> (5.9) 

𝑀𝐴𝑃𝑏𝐼S + 2(𝑃𝐸𝐴𝐼) → 𝑀𝐴𝐼 + (𝑃𝐸𝐴)(𝑃𝑏𝐼>  (5.10) 

𝑀𝐴𝑃𝑏𝐼S + 𝐸𝐷𝐵𝐸𝐼( → 𝑀𝐴𝐼 + 𝐸𝐷𝐵𝐸𝑃𝑏𝐼>  (5.11) 

 

During calculation of Ef, the energies of each components in the equations are all based on the 

optimized geometries. The (MA)PbI3 cell of optimization has the lattice constants a=8.8960, 

b=8.8960, c=12.6370, a=90.0000, b=90.0000, g=90.0000. The Brillouin zone is sampled using a 

3*3*2 K-space grid. (Figure 5.2A) The (C4-di)PbI4 cell of optimization has the lattice constants 

a= 8.4736, b=8.4736, c=11.0722, a=76.6790, b=70.2470, g=89.2350.  The Brillouin zone is 

sampled using a 3*3*3 K-mesh. (Figure 5.2B) The (C4-mono)2PbI4 cell of optimization has the 

lattice constants a=8.8764, b=8.6925, c=27.6014, a=90.0000, b=90.0000, g=90.0000. The 

Brillouin zone is sampled using a 3*3*1 K-mesh. (Figure 5.2C) The (PEA)2PbI4 cell of 

optimization has the lattice constants a=12.3279, b=12.3279, c=32.2770, a=90.0000, b=94.3110, 

g=90.0000. The Brillouin zone is sampled using a 2*2*1 K-space grid. (Figure 5.2D) The 

(EDBE)PbI4 cell of optimization has the lattice constants a=6.4940, b=29.4610, c=9.2621, 
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a=90.0000, b=91.7770, g=90.0000. The Brillouin zone is sampled using a 3*1*2 K-space grid. 

(Figure 5.2E) 

 
 

Figure 5.2. Optimized geometry for (A) MAPbI3 (B) (C4-di)PbI4 (C) (C4-mono)2PbI4 (D) 

(PEA)2PbI4 and (E) (EDBE)PbI4.   

 

As expected, all four 2D perovskites show large Ef value ranging from 4.44 eV to 5.96 eV 

(Figure 5.3A), confirming their higher thermodynamic stability than MAPbI3.124 (EDBE)PbI4 has 

~0.5 eV higher Ef value than others. This is attributed to the strong hydrogen bonding between 

adjacent EDBE molecules that significantly stabilizes the structure.123 From the comparison of 

DG, it shows that the reverse-reaction of Equation 5.11 is most unfavorable thermodynamically, 

which correlates well with the exceptionally large Ef value of (EDBE)PbI4. Based on similarity of 
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DG value for other three reactions (Figure 5.3A), their reverse-reaction should have a similar 

tendency to proceed thermodynamically. However, reverse-reaction of Equation 5.9 didn’t 

proceed, while (C4-mono)2PbI4 and (PEA)2PbI4 in Equation 5.8 and Equation 5.10 successfully 

transformed into MAPbI3. The conflict between the DG calculations and the experimental results 

reveals that besides the influence of reaction thermodynamics on 2D to 3D conversion, 

consideration of reaction kinetics is also important. 

 

 
 

Figure 5.3. (A) The Gibbs free energies of reaction 1-4 and the formation energies of the 

four 2D perovskites. (B) The lateral translation barrier in three layer (C4-di)PbI4 and (C4-

mono)2PbI4. The total energies of (C4-mono)2PbI4 and (C4-di)PbI4 are scanned along the red 

arrow by half of the lattice constants. (C) The scheme of lateral translation in MAPbI3, (C4-

mono)2PbI4, (C4-di)PbI4 and (PEA)2PbI4 crystals. 
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When the MAPbI3 lattice is viewed along the normal of (001) plane, two adjacent (001) planes 

consisting of Pb and I are almost overlapped (Figure 5.3C). However, (C4-mono)2PbI4, (C4-

di)PbI4, and (PEA)2PbI4 all show a lateral translation between adjacent planes by around half unit 

cell. Thus, the 2D to 3D conversion is accompanied by lateral translation of inorganic planes, 

which eventually bonds two originally separated inorganic layers together with corner-shared 

octahedra. This observation led us to propose that the failure of reverse-reaction of Equation 5.9 

is mainly due to its high reaction barrier for lateral translation. This can arise from the high rigidity 

of diamine-based perovskites, where both ammonium ends of each organic molecule are 

hydrogen/ionic bonded to inorganic layers. Whereas in monoamine-based perovskites, the weak 

Van der Waals interaction between two organic sub-layers gives much higher flexibility. 

The complicated potential energy surface of this system adds a lot of difficulty for accurate 

calculation of transition states to study kinetics. As a result, we used an alternative strategy here 

to calculate the lateral transition barrier along the ab plane. We chose C4-mono and C4-di for 

comparison due to their similar molecular structure differing only in ammonium functionality. 

Here, 3-layer slab models have been extracted from the optimized (C4-di)PbI4 and (C4-mono)2PbI4 

geometries. A 30 Å vacuum layer has been added to the c axis. The top layer of the (C4-mono)2PbI4 

was translated by (a/6, 0, 0), (a/3, 0, 0) and (a/2, 0, 0). The top layer of the (C4-di)PbI4 was 

translated by (a/6, b/6, 0), (a/3, b/3, 0) and (a/2, b/2, 0).  After the translation, the three PbI6 layers 

are fixed and the interlayer molecules are relaxed for a geometry re-optimization. The energies of 

the re-optimized geometries are then used to calculate the translation barriers. (Figure 5.4) 
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Figure 5.4. The scheme of lateral translation in three layer (C4-di)PbI4 and (C4-mono)2PbI4 

slab models. The total energies are scanned along the green arrow by half of the lattice constants. 

 

The results are shown in Figure 5.3B. The translation barrier of (C4-di)PbI4 is consistently 

much higher than that of (C4-mono)2PbI4, which implies that the former has a higher repulsion 

during ion exchange and the reaction is not kinetically favored. The conversion between 2D 

perovskites and MAPbI3 is thus not universally reversible. Its selectivity is governed by both 

thermodynamics and kinetics of the exchange process. Thermodynamically the 3D to 2D 

conversion is always energetically favorable and can proceed successfully. However, the reverse-

reaction can be inhibited if strong intermolecular interaction (such as hydrogen bonding between 

EDBE molecules) exists. In addition, diammonium functionality introduces large rigidity into the 

lattice, which can restrain lateral translation of inorganic planes and prevent the reverse-reaction 

from happening. 
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5.2.2 Orientation and Morphological Control of MAPbBr3 through Ion Exchange 

With the above mechanistic understanding about ion exchange reaction between 2D and 3D 

perovskites, we learned that monoamine-based 2D perovskites are desirable to be exchanged into 

3D perovskites. To study the effectiveness of this processing method in controlling MAPbBr3 thin 

film morphology, PEA2PbBr4 was chosen as the 2D perovskite growth template and exchanged 

into MAPbBr3 following the same process shown in Figure 5.1B. To examine whether the ion 

exchange reaction was complete, XRD and Ultraviolet-visible (UV-vis) absorption analysis were 

performed for one-step spin-coated MAPbBr3 (as reference film), PEA2PbBr4, and MAPbBr3 

exchanged from PEA2PbBr4 (referred as exchanged film). From Figure 5.5A, it is clear that the 

diffraction from (002) plane of PEA2PbBr4 at 2q value of 5.32o was not observed in XRD pattern 

for exchanged film and the diffraction from (100) plane of MAPbBr3 appeared strongly at 14.96o. 

Consistently, the exciton absorption peak of PEA2PbBr4 at 400 nm has completely disappeared 

after ion exchange, and the UV-vis absorptance spectrum matches that of reference film, (Figure 

5.5B) but has higher absorbance at shorter wavelengths due to better surface coverage.125 We also 

noticed that a characteristic exciton absorption peak appeared around 530 nm in the exchange film, 

which may indicate large grain size (>200nm) according to previous reports.126  
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Figure 5.5. (A) XRD, (B) UV-vis absorption, and (D) SEM of reference 3D_ref, 3D_ex and 

2D. (C) Steady-state PL of 3D_ref and 3D_ex. Note: ‘3D_ref’, ‘3D_ex’, and ‘2D’ correspond to 

reference MAPbBr3, exchanged MAPbBr3, and PEA2PbBr4 films respectively. Traces in Figure 

3A are offset vertically. 

 
Knowing the completeness of 2D to 3D perovskite conversion, SEM characterization was then 

conducted to investigate the morphological differences (Figure 5.5D). The µm-sized cube-shaped 

crystals were observed in the control MAPbBr3 film,111 and the 2D perovskite PEA2PbBr4 template 

film showed a continuous film. Importantly, the MAPbBr3 grown from the 2D template film 

showed a clear distinction in morphology as compared to the control film: large separated cubic 

crystals no longer exist, instead a much denser film with plate-like crystallites is produced. It 

should be noted that small voids formed after ion exchange is probably due to the lattice translation 

during this process (Figure 5.5D). The single crystal structure of (PEA)2PbBr4 (Figure 5.6D) 

shows that there’s an around half unit cell lattice translation along a-axis.   
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Figure 5.6. Scheme of half unit cell lattice translation in (PEA)2PbBr4 viewed along a-axis. 

 

However, the bottom layer was not exposed in exchanged film (confirmed by surface analysis 

measurements) and thus no direct leakage pathway was created. UPS and XPS surface analysis 

were performed on reference MAPbBr3 and exchanged MAPbBr3 films to study film surfaces. 

Films studied here are spin-coated on ITO/PEDOT:PSS substrate, where PEDOT:PSS is a hole-

transporting material commonly used in OIHP LED devices.  

 
 

Figure 5.7. XPS spectra of reference and exchanged MAPbBr3 films. 
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From the XPS composition results (Table 5.4 and Figure 5.7), the reference MAPbBr3 film 

shows strong O and S signals, with the ratio between the two matching that in PEDOT:PSS 

composition. This suggests that PEDOT:PSS was not fully covered in reference film, which is 

obvious from the SEM results. However, no S and negligible O signal could be found in the 

exchanged MAPbBr3 film. This result indicates that, although lattice translation can introduce 

voids between crystallites, it doesn’t create direct pathways from the bottom layer to top surface, 

which is a benefit of using the layered 2D perovskite structure as growth template. XPS spectra of 

reference and exchanged MAPbBr3 films. The valence band maximum of extracted from UPS 

characterization were 6eV for reference film and 6.15eV for exchange film, (extracted from Figure 

5.8) consistent with previous reports.127 

Table 5.4. Composition of reference and exchanged MAPbBr3 films extracted from XPS 

analysis. 

 C 1s O 1s Pb 4f Br 3p N 1s Na 1s S 2s 
Control 61.06% 16.91% 1.91% 6.52% 9.31% 0.60% 3.70% 

C8 treated 34.96% 1.99% 8.02% 29.7% 25.33%   
 

 
 

Figure 5.8. (A) UPS spectrum of top occupied states and (B) photoemission cut-off for 

reference and exchanged MAPbBr3 films. 
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In addition to the difference in film coverage between reference and exchanged MAPbBr3 

films, a huge improvement in crystallinity and orientation order was found in the exchanged film. 

The 2D XRD patterns of the three films are shown in Figure 5.9A. In 2D XRD,  g degree is defined 

as direction of diffracted beam on the diffraction cone, so that the distribution of g of a specific 2q 

diffraction represents the orientation order of the related plane in the crystal.  

 
 

Figure 5.9. (A) 2D XRD pattern and (C) Schematic demonstration of crystallite orientation 

in 3D_ref, 2D, and 3D_ex. (B) XRD intensity versus gamma of 3D_ref and 3D_ex thin films 

(magnified 10 times for 3D_ref film due to its weak XRD intensity). Note: ‘3D_ref’, ‘3D_ex’, 

and ‘2D’ correspond to reference MAPbBr3, exchanged MAPbBr3, and PEA2PbBr4 films 

respectively. 

 

Comparing the (100) diffraction from the reference and the exchanged MAPbBr3, the former 

shows a ring spanning over the whole detector area and the intensity at different g degree is similar. 

Strikingly, the latter shows very confined diffraction signals concentrated at the middle region of 
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the detector. This indicates that the reference film is polycrystalline with random crystallite 

orientation, while the exchanged film is highly oriented with (100) plane mostly parallel to the 

substrate.117,128 The preferred [100] growth in exchanged film can also be evidenced by the 

weakening of (110) diffraction in Figure 5.9A.  

To quantitatively analyze the orientation order, a g scan was conducted on reference and 

exchanged films for (100) diffraction. As shown in Figure 5.9B, the reference film shows no 

observable feature confirming its random crystallite orientation, while the exchanged film shows 

a distinct peak with a FWHM of 7.06o. This much-improved orientation order after ion exchange 

can be attributed to templating provided by 2D perovskites, which preferably grow in [001] 

direction. (Figure 5.10)  

 

 
 

Figure 5.10. XRD intensity versus gamma of PEA2PbBr4 thin film. 

 

A scheme showing the possible crystallite orientation distribution is shown in Figure 5.9C. 

To test the generality of ion exchange from 2D to 3D perovskite to control the orientation of 

perovskite thin films, we performed same 2D XRD characterization on iodide-based perovskites. 
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Strong texture can be observed in the resulting MAPbI3 film exchanged from PEA2PbI4 (Figure 

5.11), similar to the bromide-based perovskites discussed above. This result demonstrates the 

effectiveness of this method in tuning grain orientation independent of the halide composition.  

 
 

Figure 5.11. 2D XRD pattern of PEA2PbI4 and MAPbI3 thin films. 

 
It has been demonstrated by Zhu et al.116 that uniaxially-oriented perovskite thin films have 

300% higher mobility and much reduced defect density compared to randomly oriented films. 

Besides higher orientation order, the excess amount of MABr in solution during ion exchange can 

potentially reduce the equilibrium defects concentration of vacancy defects (VMA and VBr),84 which 

are otherwise readily formed in large concentration because of their low formation energies.129  

We therefore performed PL studies to assess the optoelectronic quality of exchanged film in 

comparison to reference MAPbBr3. As observed from the PL spectra (Figure 5.5C), the exchanged 

film has ~10 times higher PL intensity compared to reference film. The dramatic PL intensity 

increase implies enhanced radiative recombination and is indicative of the improved quality of 

exchanged film. It was noted that there is 7.2nm (31meV) PL blue-shift in exchange film compared 

to reference from 539.2nm to 532.0nm. The blue-shift can possibly result from several reasons, 
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including residual 2D perovskite phase in exchanged films, reduction of sub-band gap trap states, 

and different morphology feature. To uncover the origin of PL blue-shift in exchange film, we 

conducted 1D powder XRD to find out whether there’s residual (PEA)2(MA)n-1PbnBr3n+1 phase 

with large n value in exchanged film. Although the absorption feature and XRD pattern is almost 

indistinguishable between n=60 and n= infinity films, it has been shown124 that the XRD pattern 

of a powder scratched from thin film shows diffraction at small angle (2q<10o) even when n=60.  

 
 

Figure 5.12. 1D XRD of powder scratched from reference and exchange films.  

 

We performed similar experiment on reference and exchange films by taking XRD 

measurements with a 1D detector on powder scratched from thin films. From the results (Figure 

5.12) we find there is no diffraction signal from small 2q angles and we therefore exclude the 

possibility that residual quasi 2D perovskites are responsible for the changes in PL properties. 

Pinpointing the exact reason for PL blue-shift is not within the scope of this work and will need 

detailed investigation in the future. To further assess the optoelectronic quality of the exchange 

film, we measured time-resolved photoluminescence and observed a 33% average lifetime 

increase in exchanged film compared to the reference (Figure 5.13), which indicates reduction of 
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trap states.  Thus, the increased PL intensity, PL blue-shift and higher average lifetime altogether 

confirm the higher quality of exchanged film with reduced non-radiative recombination centers 

compared to the reference film.130,131 The higher orientation order and improved optoelectronic 

quality achieved using ion exchange technique is promising, and the exchanged MAPbBr3 has 

immense prospects for high color purity light emission applications. 

 
 

Figure 5.13. Time-resolved photoluminescence of reference and exchange MAPbBr3 films, 

the intensity weighted average lifetimes of which are 11.528ns and 15.283ns respectively. 

 

5.2.3 Color Purity of Green Light Emission 

The definition of color purity or color saturation of a light source is demonstrated in Figure 

5.14A.132 The perimeter of the chromaticity diagram corresponds to a color purity of 100%, as 

desired for monochromatic light sources. To achieve a broad color reproduction range for displays, 

high color purity is critical. Requirements are more stringent for green light since the human eye 

has a higher sensitivity to green, and thus can identify a larger number of tones in the green spectral 

region.119,133  
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Figure 5.14. (A) The color coordinates of our device and definition of color purity on the 

CIE 1931 color space. The color purity or color saturation of a light source is the distance in the 

chromaticity diagram between the (x, y) color-coordinate point of the test source and the 

coordinate of the equal-energy point (xe = 1/3, ye = 1/3) divided by the distance between the 

equal-energy point and the dominant-wavelength point (xD, yD). (B) Device architecture, (C) 

Green light emission photos, and (D) EL spectrum of MAPbBr3 LEDs using ion exchange 

processing method. 

 

To analyze the impact of the improved morphology and orientation order of MAPbBr3 

obtained by ion exchange method on emission characteristics, LED devices were constructed with 

a standard architecture of ITO/PEDOT:PSS/MAPbBr3/TPBI/LiF/Al. (Figure 5.14B) Devices 

exhibited pure green-light emission (Figure 5.14C). The EL spectrum (Figure 5.14D) measured 
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at 3V bias shows a narrow peak centered at 531nm with 15.3 nm FWHM. Statistical EL FWHM 

distribution is shown in Figure 5.15.  

 
 

Figure 5.15. EL FWHM distribution of MAPbBr3 LED devices processed from ion exchange 

method.  

 

This is by far the narrowest EL FWHM reported for 3D perovskite thin film LEDs at room 

temperature. The previously reported state-of-the-art EL FWHMs for different types of perovskite 

LEDs are: 17nm from CsPbBr3 nanocrystals,134 16nm from polymer-assisted CsPbBr3 bulk thin 

film,135 and 14nm from PEA2PbBr4 nanoplates.136 For MAPbBr3 however, EL FWHMs are >20 

nm. 2D/3D hybrid perovskite LEDs have much wider EL emission (FWHM > 40nm)137 due to the 

compositional heterogeneity between grains. The emitted green light of our device corresponds to 

Commission Internationale de l’Eclairage (CIE) color coordinates of (0.2539, 0.7291), labeled as 

the red dot in Figure 5.14A. It has dominant wavelength of 543nm located at (0.2513, 0.7366). 

The color purity of this light is then calculated to be as high as 98.10%.  

The narrow EL linewidth is of technological importance and its origin in the context of this 

work can be attributed to factors ranging from unique crystallographic properties of the exchanged 

MAPbBr3 film to device photonic effects. To understand the role of weak microcavity effects 
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related to the thin film interference in LED device stack on the observed narrow EL linewidth, we 

compared the PL spectrum of exchanged MAPbBr3 on glass with the PL spectrum from a device 

pixel on an exchanged MAPbBr3 LED (Figure 5.16).  

 

 

 

Figure 5.16. Comparison between PL of exchanged MAPbBr3 on glass and exchanged 

MAPbBr3 in LED device. The PL FWHM of the film on glass and the film in the device structure 

are 19.9nm and 19.7nm respectively. The similar PL FWHM for the films on glass and in device 

structure suggests that there is not a strong photonic effect related to the device structure alone that 

is responsible for EL linewidth narrowing. 

 

We find that the FWHM of the PL spectra of the film on glass and the device pixel are very 

similar, suggesting that photonic effects related to the device structure play only a minor role in 

the narrow EL linewidth. Thus, we propose that the narrow EL is most likely be due to the unique 

thin film properties, including the ordered crystal orientation, relatively large grain size, and 

perhaps a concomitant reduction in trap density. Future studies will be required to solidify this 

hypothesis.  
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The corresponding current density and luminance versus voltage (J-L-V), EQE and current 

efficiency versus voltage characteristics of devices based on exchange film are shown in Figure 

5.17. Devices based on reference films either don’t light up at all or die instantly when turned on 

even when they are encapsulated, due to the poor coverage and high roughness of reference films. 

Currently, the performance metrics (EQE and current efficiency) of our devices based on 

exchanged films are constrained by voids between grains in exchanged films possibly arising from 

lattice translation during ion exchange. Further process and device optimization can relieve 

constraints to improve device performance and fully capitalize the potential of platform developed 

here. In this work, we focus on unveiling mechanistic picture for ion exchange and associated 

process development. The ultrahigh color purity demonstrated here shows the importance of 

orientation control and great potential of this new processing in realization of high-resolution 

displays. In future work, broad perovskite compositional space can be explored to utilize different 

2D perovskite templates for further improvement in perovskite layer quality. Besides that, through 

tuning the ammonium salt composition in IPA, 2D/3D hybrid perovskite, or mixed cation 

perovskites can be fabricated with high orientation order, which are valuable for a wide range of 

optoelectronic applications.  
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Figure 5.17. (A) J-V-L, and (B) EQE and current efficiency versus voltage for 0.0608cm2 

MAPbBr3 device processed through ion exchange. The highest luminance of 945 cd/m2 was 

achieved at J of 918 mA/cm2 and V of 3.9V, and the turn-on voltage (luminance reaching 1 cd/m2) 

was 2.52V. Highest EQE and current efficiency were achieved at 0.05% and 0.12 cd/m2 

respectively under 3.7V bias. 

 

5.3 CONCLUSION 

In this study, we have discovered selective ion exchange reactivity between 2D and 3D perovskites.  

Through theoretical calculations we found out that the intermolecular interaction and ammonium 

functionality of organic cations largely affect the thermodynamics and kinetics of this ion 

exchange reaction. Conversion from 2D to 3D perovskites can be inhibited thermodynamically 

when strong hydrogen bonding exists between adjacent organic cations which stabilizes the 

structure. Diammonium functionality can induce a more rigid crystal lattice, which raises the 

energy barrier of lattice translation during ion exchange reaction and thus prevents the 2D to 3D 

conversion from happening kinetically.  With a better understanding of the reaction conditions and 



 

 

82 

mechanism, we successfully exchanged PEA2PbBr4 thin film into MAPbBr3. The resulting film 

has an improved morphology and better coverage. Benefitting from the preferred growth of 

PEA2PbBr4 in the [001] direction, the MAPbBr3 after exchange exhibits high orientation order. 

This improved order is associated with a reduce crystallographic defect density and the resulting 

films exhibit extremely narrow green light emission with a FWHM as narrow as 15.3 nm and color 

purity as high as 98.10%. The outstanding thin film and emission characteristics achieved by 2D 

to 3D ion exchange demonstrates the great potential of this processing method in realizing high 

quality perovskite thin films for high resolution displays. We believe this study opens up a new 

realm of opportunities for future development of highly-oriented hybrid perovskite thin film for 

optoelectronic applications. 
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Chapter 6. CONCLUSION AND FUTURE PERSPECTIVES 

 

This chapter first summarizes the improvement of OIHPs thin film quality through morphological 

and interfacial manipulation covered through this dissertation. Future perspectives on how to 

further improve OIHP film quality based on this study is also provided. 

6.1 CONCLUSION 

OIHPs are promising semiconductors for various optoelectronic devices including photodetection, 

energy harvesting, and light-emitting devices. The device performance however, is highly 

dependent on film quality including surface morphology and defects level. This study utilizes the 

versatile chemistry OIHPs share due to contribution from both organic and inorganic components.  

In chapter 3, MA vapor post-treatment was introduced to improve MAPbI3 film coverage, 

crystallinity and PSC device performance. Hydrogen bonding between MA0 and organic sublattice 

of MAPbI3 can result in an intermediate phase formation when film was exposed to MA vapor and 

was dissolved into a liquid phase. Solid state MAPbI3 was obtained again through recrystallization 

once MA vapor was removed from the environment. The sudden drop of MA vapor pressure 

induces supersaturation of the MAPbI3×xMA intermediate and high nucleation rate of MAPbI3. 

As a result, film quality was hugely improved after the treatment enhancing PCE of PSC by 9%. 

Chapter 4 and 5 both use ion exchange where IPA can only dissolve the organic component of 

OIHPs. In chapter 4, we use C8 to post-treat MAPbI3 thin film. Although for this process all other 

organic cations can induce phase transformation from 3D to 2D perovskite in the bulk film, C8 

can only exchange the surface layer and thus passivate surface and GB defects without forming 

2D phase can preventing charge transport. This is due to the uniquely high activation energy of 
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3D to 2D phase transformation when anti-gauche isomerization is required for C8 during this 

process. Consequently, the thin-film PSC passivated by C8 improved PCE to 17.2% from 14.7% 

of control device. Instead of only exchanging the surface organic cations, chapter 5 investigated 

using 2D perovskite as a growth template to be fully exchanged into highly oriented 3D perovskites. 

The success of this exchange is dependent on ammonium functionality of the 2D perovskite 

organic cation. Ion exchange is accompanied by inorganic layer lattice translation. Diammonium 

cations are more strongly bonded to the inorganic sublattice, almost doubling the energy barrier 

during translation process. Thus, only monoamine-based 2D perovskites can realize phase 

transformation from 2D to 3D perovskites. With a better understanding of this reaction, 

PEA2PbBr4 was successfully exchanged it into high quality 3D MAPbBr3 films with strong 

uniaxial 100-orientation. The enhanced film quality leads to ultra-narrow electroluminescence 

spectra with 15.3 nm FWHM and 98.10% color purity and shows great potential for achieving 

ultrahigh resolution displays. 

 

6.2 FUTURE PERSPECTIVES 

6.2.1 2D perovskite capping on 3D perovskite 

In chapter 4 we tried to control the ion exchange to only happen at film surface, so that no bulk 

2D perovskite phase will form to deteriorate device performance. Recently people have achieved 

high stability PSC devices with even enhanced device efficiency by forming a thin layer of 2D or 

quasi-2D perovskite on top of 3D perovskites through new processing method.138–146  

As shown in Figure 6.1a, a capping layer of 2D PEA2PbI4 was in-situ grown on top of 

Cs/FA/MA triple-cation 3D perovskite film to simultaneously improve the performance and 

stability of PSCs. This was realized by spin-coating diluted PEAI solution in IPA on top of 3D 
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perovskite film. Light absorption of 2D perovskite phase can be observed in UV-vis absorption 

spectrum (Figure 6.1b). After 2D perovskite capping, PCE was improved from 17% to 18.5% 

(Figure 6.3c) and PL lifetime measurements (Figure 6.4d) suggest suppressed nonradiative 

recombination. The device with PEA2PbI4 stacked on top demonstrated great moisture stability 

(Figure 6.4e), maintaining 90% PCE after exposed to ambient environment with RH 60 ± 10 for 

1000hr. 

 

 
Figure 6.1. (a) Schematic illustrations of the crystal structure of 2D-3D perovskite films and 

the device architecture. (b)  UV–vis spectra of the 3D and 2D-3D perovskite films. (c)  J–V 

curves of the best fabricated 3D PSCs and 2D-3D PSCs under reverse scans. (d) Time-resolved 

PL decay curves of the glass/perovskite samples. (e) Long- term stability of normalized PCE of 

the fabricated 3D and 2D-3D PSCs storing in the ambient conditions with RH 60 ± 10.141 

 

 

Although 2D perovskite capping has been shown to be a facile strategy to simultaneously 

improve the stability and efficiency of PSCs, PCE improvement is quite limited. This can be 

mainly due to the poor charge transport property of n=1 2D perovskites resulting from the 
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insulating organic layers. Although various different large cations have been tested with similar 

strategy, very few studies141 have focused on tuning the growth direction of the capping 2D 

perovskites on top to prevent charge transport block by horizontal growth. Since it has been 

demonstrated that when n is larger than 2 quasi-2D perovskite will change from horizontal to 

vertical growth147, tuning its composition can be an effective way to facilitate vertical growth. 

Although this strategy has been tested,141 the study is focused more on device performance 

enhancement without studying the composition and orientation of the top quasi-2D perovskite. In 

future studies, mixing large organic cations with methylammonium salts to tune growth direction 

can be an interesting area to dig into. Halide alloy can also be utilized to tune the surface perovskite 

energy level and enhance its alignment with adjacent charge transport layer on top. 

 

6.2.2 Highly oriented OIHP thin film with improved morphology 

 

Chapter 5 introduces an ion exchange processing method to fabricate almost uniaxially-oriented 

3D perovskite thin film. The ion exchange process involves phase transformation from 2D to 3D 

perovskite. The most common 2D perovskite has around half unit cell lattice translation between 

adjacent inorganic layers. In 3D perovskites however, adjacent inorganic layers are almost 100% 

overlapped with small twist between octahedra. (Figure 6.1a) Thus, even though one-step spin-

coated 2D perovskite film has compact and smooth surface morphology, the resulting 3D 

perovskite after exchange shows small pinholes. (Figure 6.2b) Although from UPS results 

discussed in chapter 5, the pinholes are not through the whole layer causing small shunt resistance, 

roughness can be increased and adversely impact contact between perovskite and top charge 

transport layer. Thus, to further extract the benefit of this processing method, new 2D perovskite 
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material system can be explored which contain small or no lattice translation between inorganic 

layers. This can potentially achieve 3D perovskite thin film with high orientation and morphology 

similar to its 2D growth template.  

 

 
Figure 6.2. (a) The scheme of lateral translation in MAPbI3, (C4-mono)2PbI4, (C4-di)PbI4 

and (PEA)2PbI4 crystals. 

 (b)  SEM of reference 3D_ref, 3D_ex and 2D.  
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APPENDIX A: ABBREVIATIONS 
 

0D: zero-dimensional 

1D: one-dimensional 

2D: two-dimensional 

3D: three-dimensional 

DG: Gibbs free energy 

BA+: butylammonium or CH3(CH2)3NH3I 

C4-di-I2 or C4 (chapter 4): NH3I(CH2)4NH3I 

C4-mono-I: CH3(CH2)3NH3I  

C8-di-I2 or C8 (chapter 4): NH3I(CH2)8NH3I  

CB: conduction band 

CF: chloroform 

CIE: Commission Internationale de l’Eclairage 

DCB: ortho-dichlorobenzene 

DFT: density function theory 

DMF: dimethylformamide 

DMSO: dimethyl sulfoxide 

DOS: density of states 

Eb: binding energy 

EDBE-di-I2 or EDBE (chapter 4): NH3I(CH2)2O(CH2)2O(CH2)2NH3I  

Ef: formation energy 

Eg: band gap 

EL: electroluminescence 
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ETL: electron transporting layer 

EQE: external quantum efficiency 

FA+: HC(NH2)2+ formamidinium 

FF: fill factor 

FWHM: full width half maximum  

GB: grain boundary 

GBL: gamma-butyrolactone 

IPA: isopropyl alcohol 

ITO: indium tin oxide 

Jsc: short-circuit current 

LD: diffusion length 

LD: low-dimensional 

MA0: methylamine 

MA+: CH3NH3+ or methylammonium 

MAI: CH3NH3I 

MAPbBr3: methylammonium lead bromide or CH3NH3PbBr3 

MAPbI3: methylammonium lead iodide or CH3NH3PbI3 

OIHP: Organic-inorganic halide perovskites 

PCE: power conversion efficiency 

PEAI: C6H5(CH2)2NH3I 

PHJ: planar heterojunction 

PL: photoluminescence 

PMMA: poly (methyl methacrylate) 
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PSC: perovskite solar cell 

PV: photovoltaic 

RMS: root-mean-square 

SEM: secondary electron microscopy 

SKPM: scanning kelvin probe microscopy 

SP: surface potential 

TCSPC: time-correlated single photon counting 

TEM: Transmission electron microscopy 

TRPL: Time-resolved photoluminescence 

UPS: Ultraviolet photoelectron spectroscopy  

UV-vis: ultraviolet-visible 

VB: valence band 

Voc: open-circuit voltage 

XPS: X-ray photoelectron spectroscopy 

XRD: X-ray diffraction 
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