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ABSTRACT 

Halide Perovskite Single Crystals: Design, Growth, and 
Characterization 

Ayan A. Zhumekenov 

 

Halide perovskites have recently emerged as the state-of-the-art semiconductors 

with the unique combination of outstanding optoelectronic properties and facile 

solution synthesis. Within only a decade of research, they have witnessed a 

remarkable success in photovoltaics and shown great potential for applications in 

light-emitting devices, photodetectors, and high-energy sensors. Yet, the majority 

of current perovskite-based devices still rely on polycrystalline thin films which, as 

will be discussed in Chapter 2, exhibit inferior charge transport characteristics and 

increased tendency to chemical degradation compared to their single-crystalline 

analogues. In this regard, unburdened from the effects of grain boundaries, single 

crystals demonstrate the upper limits of semiconductor performance. Their study 

is, thus, important from both fundamental and practical aspects, which present the 

major objectives of this dissertation. 

In Chapter 3, we study the intrinsic charge transport and recombination 

characteristics of single crystals of formamidinium lead halide perovskites. While, 

in Chapter 4, we investigate the mechanistic origins of rapid synthesis of halide 

perovskite single crystals by inverse temperature crystallization. Understanding 

the nucleation and growth mechanisms of halide perovskites enables us to design 

strategies toward integrating their single crystals into device applications. Namely, 

in Chapters 5 and 6, we demonstrate crystal engineering approaches for tailoring 
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the thicknesses and facets of halide perovskite single crystals to make them 

suitable for, respectively, vertical and planar architecture optoelectronic devices. 

The findings of this dissertation are expected to benefit future studies on 

fundamental characterization of halide perovskites, as well as motivate 

researchers to develop perovskite-based optoelectronic devices with better 

crystallinity, performance and stability. 
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Chapter 1. Introduction 

 Perovskite Structure 

The term ‘perovskite’ was originally coined for the mineral calcium titanate 

(CaTiO3), which was first discovered in the Ural Mountains in Russia in 1839 by 

Gustav Rose and named after the Russian Count, Lev Perovski.1 Nowadays, a 

broad range of crystalline materials isomorphous to, i.e. adopting a crystal 

structure similar to that of, CaTiO3 mineral are also referred to as ‘perovskites’. In 

fact, materials with the perovskite structure comprise the largest piece of the 

Earth’s crust, making up about 38% of its content.2 However, perovskites are not 

only the most abundant solids on the planet but also one of the most chemically 

diverse families of crystalline materials. Currently, the perovskite library includes 

about 2,000 compounds of both natural and synthetic origins, and more 

compositions are yet to be discovered.3 

The typical perovskite structure, described by the general chemical formula of 

ABX3, consists of an infinite three-dimensional framework of corner-shared BX6-

octahedra and A-cations occupying the 12-fold coordination site between eight 

such octahedra (Figure 1.1 a). The ideal perovskite structure is cubic; however, 

structures with lower symmetries due to octahedral tiltings and distortions are also 

possible. Notably, the structural stability of ABX3 perovskite can be semi-

empirically predicted by the Goldschmidt’s tolerance factor (t):4 

 
2( )

A X

B X

r rt
r r
+

=
+

 (1.1) 
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where Ar , Br , and Xr  are ionic radii of the respective ions. In general, materials with 

the perovskite structure have a tolerance factor within a narrow range of  

t ≈ 0.85–1.10. Beyond this range, the formation of non-perovskite phases is 

normally preferred. Though for a stable perovskite structure, the octahedral factor 

criterion, B X( / )r rµ =  > 0.42, should also be satisfied. Thus, on the two-

dimensional µ–t structural map, perovskites mostly exist inside the area enclosed 

by the above boundaries (Figure 1.1 b).5 Following these simple size-compatibility 

rules, the existence of about 90,000 new perovskite compounds have recently 

been predicted by a high-throughput computation.3 

 

Figure 1.1 (a) ABX3 perovskite structure. (b) Two-dimensional µ–t structural map 

showing the stability area of perovskite structure. Reproduced from [5]. Copyright 

2019, American Association for the Advancement of Science. 

 Chemical Diversity of Perovskites  

The family of perovskites can be classified into two major groups according to their 

X-site anion: oxide perovskites (X = O2-) and halide perovskites (X = Cl-, Br-, I-). 
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Historically, oxide perovskites (ABO3) have been the most studied ones, 

particularly, due to their diverse physical properties which have found use in a wide 

range of technological applications including memory devices, sensors, 

capacitors, catalysts, electrolytes, refractories, superconductors, etc.6 However, 

owing to the large electronegativity difference between oxygen and transition-

metal atoms at the B-site, most oxide perovskites exhibit large bandgaps (3–5 eV). 

On the other hand, the recently discovered remarkable semiconducting properties 

of halide perovskites (ABX3, where X = Cl-, Br-, I-) coupled with their inexpensive 

and facile fabrication render them as promising materials for a wide range of 

optoelectronic applications including solar cells, photodetectors, light-emitting 

devices, and high-energy sensors.7-9 Meanwhile, other types of perovskites, such 

as chalcogenides (S2-, Se2-), nitrides (N3-), azides (N3-), formates (HCOO-), 

cyanides (CN-), and thiocyanates (SCN-), are relatively novel materials with 

scarcely studied physical properties (Figure 1.2).1  
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Figure 1.2 Different classes of perovskites and their diverse applications. Adapted 

from [1]. Copyright 2017, Springer Nature. 

 Structural Features of Halide Perovskites 

The chemistry of halide perovskites (AIBIIX3, where X = Cl-, Br-, I-) is not as rich as 

that of oxide perovskites: the collective charge of +3 provides a limited number of 

A–B combinations. Typically, the B-site in halide perovskites is a bivalent metal 

cation of group IVA of the periodic table: Ge2+, Sn2+, and Pb2+. Interestingly, among 

these three metals, only lead (Pb2+) is stable in air against oxidation from +2 to +4 

charge. Furthermore, lead-based perovskites (APbX3) typically deliver better 

performance in optoelectronic devices, hence, presenting more practical interest. 

Meanwhile, the choice of a monovalent cation at the A-site is restricted with the 

size-compatibility rules described above. For APbX3, such cation can be either 

organic or inorganic within the narrow size range of 1.8–2.5 Å. Thus far, only 

methylammonium (CH3NH3+, or MA+), formamidinium (CH(NH2)2+, or FA+) and 

cesium (Cs+) have been found to stand-alone fit into APbX3 perovskite structure. 

Cations beyond the above range normally result in post-perovskite or non-

perovskite phases. Nonetheless, slightly smaller or larger cations, such as 

rubidium (Rb+, 1.66 Å) and ethylammonium (C2H5NH3+, or EA+, 2.74 Å), 

respectively, can still fit into the perovskite structure when alloyed with suitable 

cations (MA+, FA+, and Cs+), as in the case of RbxFA1-xPbI3 and EAxMA1-xPbI3 

(where 0 1x< < ) phases.10,11 Such alloys are, however, beyond the scope of this 

dissertation, which focuses on pure compositions only. 
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 Optoelectronic Properties of Halide Perovskites 

Halide perovskites are semiconductor materials with outstanding optoelectronic 

properties that can efficiently convert both light-into-electricity and electricity-into-

light. With respect to traditional inorganic semiconductors such as Si and GaAs, 

halide perovskites demonstrate comparable long charge-carrier diffusion lengths 

(on the order of 1–100 μm) and low exciton binding energies (5–50 meV), but 

moderate, yet balanced, electron-hole mobility (10–100 cm2 V-1 s-1). 

Meanwhile, a closer look at the band structure of halide perovskites reveals their 

direct bandgap with strong light absorption (absorption coefficients up to 105 cm-1) 

and radiative recombination (PLQY up to near-unity).12 The band-edge p–p 

transitions in halide perovskites have higher density of states (DOS) than the p–s 

transition in GaAs.13 Hence, halide perovskites can absorb the maximum amount 

of incident light with significantly smaller thickness of an absorber layer than GaAs 

(0.5 μm versus 2 μm, respectively).13,14 This could be advantageous for efficient 

and lightweight flexible thin film technologies. Furthermore, the bandgaps of halide 

perovskites can be tuned over a broad range of visible light spectrum via a 

compositional engineering approach. For instance, pure phases of MAPbX3 (X = 

Cl-, Br-, and I-) perovskites have absorption edges at around 3.0 eV, 2.2 eV, and 

1.5 eV, respectively;15 whereas, the intermediate bandgap values can be achieved 

in MAPbClxBr3-x and MAPbBrxI3-x mixed-halide perovskites. The 

photoluminescence (PL) emission properties exhibit the same trend with respect 

to composition. By contrast, substituting MA+ with Cs+ does not alter the bandgap 

values drastically (Figure 1.3). 
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Figure 1.3 (a) Color, (b) PL and (c) absorption of CsPbX3 (X = Cl-, Br-, I-) 

perovskites depending on their halide composition. Reproduced from [16]. 

Copyright 2015, American Chemical Society. 

Notably, one of the key features of halide perovskites that make them stand-out 

from other semiconductors is their superior defect tolerance. Due to the unique 

band structure and the ionic lattice, the majority of crystallographic defects in halide 

perovskites do not form deep levels, thus, are mostly benign toward their optical 

and electrical properties (Figure 1.4 a).13,17,18 On the other hand, unlike traditional 

inorganic semiconductors which normally require high-temperature and high-

vacuum processing using ultra-pure precursors, halide perovskites benefit from 

inexpensive wet-chemistry techniques. In this sense, they can be solution-

processed at relatively low temperatures without affecting their remarkable 

optoelectronic properties.  
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Moreover, halide perovskites can be synthesized from solution in a broad variety 

of forms – from nanocrystals to polycrystalline thin films and bulk single crystals – 

with relative ease thanks to their low formation energies (Figure 1.4 b).8 

Importantly, each form of a material has its own advantages for certain purposes. 

For instance, the large area-to-thickness aspect ratios of polycrystalline thin films 

make them suitable for solar cell applications. Nanostructured perovskites with 

high PLQY are beneficial for light-emitting devices.19 Meanwhile, single crystals of 

halide perovskites are of great interest to investigate the fundamental properties 

of a material. This will be discussed in more detail in Chapter 2. 

 

Figure 1.4 (a) Schematic of trap formation in the band structure of defect-intolerant 

(e.g. GaAs) and defect-tolerant (e.g. MAPbI3) semiconductors. Reproduced from 

[18]. Copyright 2020, The Royal Society of Chemistry. (b) Solution-processability 

of halide perovskites. 
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 Recent Developments and Challenges in Halide Perovskites  

Halide perovskites have a century-long history. The first reports on their synthesis 

date back to late 1920s. However, they sparked worldwide attention only in 2009, 

when Miyasaka and colleagues were first to use halide perovskites as light 

absorbers in dye-sensitized solar cells, achieving 3.8% power conversion 

efficiency (PCE).20 Remarkably, within only a decade of research, the PCE of 

halide perovskite solar cells has surged to 25.2%, already outperforming the 

established photovoltaic technologies such as CdTe and CIGSe.21 Yet, halide 

perovskites still lag behind GaAs and c-Si, and more progress will be needed in 

order to approach the Shockley-Queisser limit (33%). On the other hand, great 

research efforts are currently put on achieving commercially viable perovskite–

perovskite and silicon–perovskite tandem solar cells with long-term operational 

stability.22  

Notably, the remarkable optoelectronic properties of halide perovskites render 

them as promising materials for applications beyond photovoltaics (Figure 1.5 

a).23,24 As famously quoted by Professor Eli Yablonovitch, “A great solar cell also 

needs to be a great LED”,25 halide perovskites have found their successful use in 

light-emitting devices as well.26-28 In particular, ultrabright light-emitting diodes 

(LEDs) with external quantum efficiency (EQE) values exceeding 20%, and 

ultralow threshold lasers (at 220 nJ cm-2) have recently been demonstrated.29-32 

However, electrically-pumped perovskite lasers are yet to be realized. Meanwhile, 

a significant progress has been achieved in photon sensing applications. A variety 

of broadband and narrowband ultraviolet-visible light (UV-vis) photodetectors with 
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high responsivities, ultralow detection limits, and ultrafast response speeds have 

been reported over the last years.33-36 Furthermore, halide perovskites have shown 

great potential as X-ray and gamma-ray photodetectors and scintillators, as they 

display strong stopping power against high-energy radiation due to their large 

average atomic numbers (Z).7,37-39 Other appealing applications of halide 

perovskites include gas sensors, memory devices, thermoelectrics, 

photocatalysis, etc.40-43 

Along with the diverse applications of halide perovskites, there have been 

substantial advancements in studying the extraordinary properties of these 

materials. Particularly, such phenomena as slow hot-carrier cooling,44,45 photon 

recycling,46 large-polaron formation,47 and bulk Rashba splitting48,49 have been 

demonstrated. 

Despite the aforementioned achievements in optoelectronics, there are still 

fundamental issues keeping halide perovskites from industrial deployment (Figure 

1.5 b). As a matter of fact, halide perovskites are intrinsically unstable. They are 

prone to irreversible degradation pathways upon exposure to high temperatures, 

light, moisture, and various chemicals including oxygen.50 Even under ambient 

conditions, humidity might cause chemical and structural changes in halide 

perovskites.51,52 Such instabilities also impact the operation of perovskite devices, 

deteriorating their performance through time.53 Recently, solar cells based on 

Cs0.05MA0.16FA0.79Pb(Br0.17I0.83)3 multicomponent alloys have demonstrated 

superior operational stability over their ternary MAPbI3 and FAPbI3 counterparts, 
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showing almost no degradation for up to 250 hours.54 However, the water-

degradability of halide perovskites is yet to be addressed. 

Another major concern regarding halide perovskites is the presence of lead.55 Lead 

is a highly toxic metal that affects multiple body systems. It accumulates in the 

human body over time, particularly causing long-term and irreversible adverse 

effects on the brain and nervous system. Children and pregnant women are the 

most vulnerable to the toxic effects of lead. High-level exposures can even be 

fatal.53 Thus, replacing lead without sacrificing stability and device performance 

remains one of the primary challenges in the field of perovskite optoelectronics. 

Yet, no perovskite semiconductor as efficient as lead-based perovskites have been 

reported to date. 

 

Figure 1.5 (a) Diverse applications of halide perovskites. Reproduced from [24]. 

Copyright 2020, Materials Research Society. (b) Challenges in halide perovskites: 

toxicity of lead and intrinsic instability against heat, water, and light.   
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Chapter 2. Introduction to Halide Perovskite Single Crystals 

A single crystal is a solid in which the crystal lattice is continuous and unbroken 

throughout the sample. The absence of grain boundaries and long-range atomic-

level ordering endow single crystals with low defect densities and, hence, unique 

physical properties distinct from polycrystalline samples. The study of single 

crystals is, thus, important from both fundamental and application points of view. 

In this chapter, crystallization of halide perovskite single crystals, their essential 

properties and applications are discussed. The content of this chapter is in part 

adapted from [56] with permission of World Scientific Publishing. 

2.1 General Principles of Crystallization 

The growth of high-quality single crystals requires, before all, an understanding of 

general principles of crystallization. Crystallization is a process in which a stable 

crystalline phase emerges from a metastable disordered phase. This process 

typically evolves through two main consecutive steps: nucleation of a small particle 

and its subsequent growth into a larger crystal (Figure 2.1 a). The thermodynamics 

and kinetics of formation of such a particle called nucleus is generally described 

by classical nucleation theory (CNT).57-60 Below nucleation from metastable 

supersaturated solution is discussed in detail. 

According to CNT, nuclei arise as a consequence of stochastic density fluctuations 

in the metastable phase. Each nucleus is considered as a spherical particle of 

radius R and characterized by the formation free energy G. This energy has two 
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terms: surface and bulk. The surface term is associated with the formation of new 

interface and contributes to the increase of free energy by 24 Rπ γ , where γ  is the 

interface energy between crystal and solution. Whereas the bulk term is related to 

the reduction of solute’s chemical potential from 0µ  to µ  during its phase-transition 

from solution to crystal. The competition between these two terms can be 

expressed as follows:61 

 
3

2 0( )44
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µ µππ γ −
= −  (2.1) 

where mV  is the molar volume of single nucleus.  

The 0( )µ µ−  value – the deviation of metastable phase from stable phase – is the 

driving force of nucleation. Figure 2.1 b shows the dependence of G on R at 

different 0( )µ µ− . As can be seen, the free energy indefinitely increases at 

0( ) 0µ µ− = , which means that nuclei do not form when the system is in stable 

zone. However, at 0( ) 0µ µ− > , when the system is in metastable zone, G passes 

through a critical nucleation point ( , )cr crG R  where it reaches the maximum value. 

The nuclei with radius of crR R>  will grow further to decrease the total free energy, 

but those with crR R<  will dissolve back. The height of a nucleation barrier, or crG  

(also expressed as Δ), decreases with increasing the deviation degree 0( )µ µ− .  

The deviation degree, 0( )µ µ− , can be expressed through various thermodynamic 

parameters. In solution, it is characterized by a supersaturation degree 0( / )c c : 



30 
 

 0
0

( ) ln cRT
c

µ µ− =  (2.2) 

where c  and 0c  are the solute concentration in metastable (supersaturated) and 

stable (saturated) zones, respectively. Lowering the nucleation barrier Δ, hence, 

an easier nucleation can be achieved by increasing the supersaturation degree. 

Yet, to avoid precipitation, 0( / )c c  should be maintained below some optimal value 

throughout the crystallization process (Figure 2.1 c). 

 

Figure 2.1 (a) Classical nucleation theory (CNT) steps. (b) Nucleation barrier 

depending on the deviation degree. Adapted from [56]. (c) Solubility curve 

separating stable and supersaturation zones. Crystallization occurs upon an 

inducing effect such as cooling, heating, or antisolvent diffusion.  
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2.2 Growth of Halide Perovskite Single Crystals 

Based on above principles, various methods for the synthesis of halide perovskite 

single crystals have been developed to date. These mainly include solution-based 

crystallization methods such as classical cooling crystallization (CCC),62 top-

seeded solution growth (TSSG),63-65 antisolvent vapor-assisted crystallization 

(AVC),66 solvent acidolysis crystallization (SAC),67 and inverse temperature 

crystallization (ITC).15,68-70 All-inorganic perovskites such as CsPbBr3 which can 

melt without decomposition can also be grown from molten precursors by 

Bridgman technique.71 The optical and electronic properties of the resultant single 

crystals grown by different methods are typically comparable. However, some 

methods require few hours (e.g. ITC), while others – days or weeks (e.g. CCC, 

AVC). Below we briefly discuss some of these methods. 

In classical cooling crystallization (CCC), solutes lose their solubility upon cooling, 

resulting in the formation of a crystalline phase. Typically, the slower cooling rate 

yields the higher crystal quality. This method is frequently used for halide 

perovskites as well. For instance, large single crystals of MAPbI3 can be grown by 

cooling its solution in HI from 65 °C to 40 °C within a month.62 

Top-seeded solution growth (TSSG) method is essentially similar to CCC.63 Briefly, 

a seed crystal is fixed at the top of solution where it is cooled by air flow, while 

many small-sized crystals are placed below where they are heated from bottom. 

This temperature gradient induces the upward mass transfer and subsequent 
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growth of a seed into a larger crystal. The method can produce MAPbI3, MASnI3 

and FASnI3 perovskite single crystals with the growth rate of 1-2 mm/day.64,65 

In antisolvent vapor-assisted crystallization (AVC), the supersaturated state and 

further crystallization are achieved by a slow diffusion of an antisolvent vapor into 

a perovskite solution. Sizable (5–7 mm) and crack-free MAPbBr3 and MAPbI3 

perovskite single crystals can be grown by AVC within a few weeks.66 AVC method 

can be advantageous for the high crystal quality and room-temperature 

processing, yet the crystallization process is usually rather slow. 

2.3 Inverse Temperature Crystallization (ITC) 

Halide perovskites demonstrate an inverse solubility behavior in certain organic 

solvents, dissolving less with increasing temperature. This unusual phenomenon 

enables their crystallization at elevated temperatures by an approach referred to 

as inverse temperature crystallization (ITC) method.15,68-70 

The ITC method can produce sizable single crystals of various halide perovskite 

compositions within few hours. For instance, MAPbI3 perovskite single crystals are 

typically grown from 1.0–1.5 M solutions in γ-butyrolactone (GBL) at around 90–

110 °C. Meanwhile, the growth of MAPbBr3 and MAPbCl3 perovskite single 

crystals are achieved by heating 1 M solution in N,N-dimethylformamide (DMF) 

and 2 M solution in dimethylsulfoxide (DMSO), respectively. Furthermore, all-

inorganic halide perovskites such as CsPbBr3 were also found to crystallize upon 

raising the temperature.72-74 
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Figure 2.2 Depending on the solvent, halide perovskites display (a) normal and 

(b) inverse solubility behaviors. (c) Growth of MAPbI3 (above) and MAPbBr3 

(below) perovskite single crystals by ITC. Adapted from [68]. Copyright 2015, 

Springer Nature. 

Although the inverse solubility behaviors of calcium acetate (Ca(CH3COO)2), 

calcium hydroxide (Ca(OH)2), and sodium sulphate (Na2SO4) have been known 

for a long time, in halide perovskites this phenomenon was found to be 

systematic.75 To understand the origin of inverse solubility, one needs to consider 

the thermodynamics of ITC.68 First of all, ITC is a reversible process: 
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 (sol) 2(sol)MAX PbX+  ⇆ 3(cryst)MAPbX  (2.3) 

The course of this process can be qualitatively described by the sign of Gibbs free 

energy: cryst cryst–G H T S∆ = ∆ ∆ . The equilibrium shifts to the right in the course of 

crystal formation when 0G∆ <  , that is cryst crystH T S∆ < ∆ . Consequently, since ITC 

is an endothermic process ( cryst 0H∆ > ), its entropy change will also be positive  

( cryst 0S∆ > ). 

This is in contrast to normal behavior of majority solids whose crystallization is 

typically an exothermic process and leads to a greater degree of ordering, i.e. to 

entropy reduction. The positive enthalpy and entropy changes in ITC can be 

explained by the formation of ‘precursor–solvent’ complexes in the perovskite 

solution. Apparently, the dissociation of these complexes requires more energy 

than the crystal formation produces which results in experimentally observed 

endothermic character of ITC. In this sense, halide perovskites behave like gases 

which evolve from solution upon heating. Meanwhile, the net entropy increase in 

ITC is mainly contributed by solvent molecules that experience great degree of 

disordering during the course of crystal formation. Further mechanistic insights into 

the ITC phenomenon will be provided in Chapter 4. 

2.4 Fabrication of Thin Single Crystals of Halide Perovskites 

Halide perovskite single crystals inherently tend to grow into bulk dimensions, 

resulting in thick crystals with small length-to-thickness aspect ratios. However, 

such thick crystals are not practical for device applications, since charge carriers 
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recombine before they reach electrodes. Therefore, methods on reducing the 

thickness of single crystals to at least tens of microns are of high importance. A 

number of different approaches, mainly based on solution-growth (bottom-up) or 

post-processing of solution-grown crystals (top-down), were developed to date 

(Figure 2.3). Below we briefly discuss some of these methods. 

Slicing bulk single crystals. Halide perovskites single crystals, similar to silicon 

ingots in semiconductors manufacturing, can be sliced into thin wafers with a 

diamond wire (Figure 2.3 a).76 By this top-down approach, centimeter-scale single 

crystals of MAPbI3 and FAPbI3 perovskites have been cut into 100 μm-thin wafers. 

Space-confined growth. To let crystals grow laterally, their vertical growth should 

be somehow minimized. This can be achieved by space-confined growth between 

two substrates (Figure 2.3 b). In the simplest case, perovskite solution is placed 

between two substrates and allowed to dry.77,78 If the perovskite displays inverse 

solubility in the solvent, then solution can be heated to induce ITC.79-82 Depending 

on the gap distance between the substrates, the thickness can be varied down to 

several micrometers. However, the lateral sizes of such crystals do not usually 

exceed few millimeters. Interestingly, the method is irrespective of the substrate 

and does not require lattice matching. A wide variety of substrates including glass, 

quartz, mica, silicon wafer, ITO, etc. can be used. 

Cavitation-triggered asymmetrical crystallization (CTAC) is a modification of AVC 

that allows to grow single-crystal films on top of various substrates.83 It involves 

the same procedure as AVC, but with a short ultrasonic pulse introduced 5–6 hours 
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before crystals start to appear, when solution almost reaches its supersaturation 

point. To date, only MAPbBr3 single-crystal films have been grown by CTAC. Their 

thickness ranged from one to tens of microns, while lateral size reached up a few 

millimeters. 

Epitaxial growth is a well-established technique in the growth of traditional 

inorganic semiconductors such as Si, GaAs, and InP.84 In halide perovskites, 

vapor-phase epitaxy has been used to grow CsSnBr3 and CsPbBr3 single-crystal 

thin films on SrTiO3 (001) and NaCl (001) substrates.85,86 Remarkably, submicron-

scale thicknesses and centimeter-scale lateral sizes were achieved in these films. 

Yet, epitaxial growth of hybrid halide perovskites is challenging. 

 

Figure 2.3 Schematic of top-down and bottom-up approaches to fabrication of thin 

single crystals of halide perovskites. (a) Slicing bulk single crystals. Adapted from 

[76]. Copyright 2016, John Wiley and Sons. (b) Space-confined growth. Adapted 

from [56]. 
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2.5 Properties of Halide Perovskite Single Crystals 

Halide perovskite single crystals exhibit exceptionally low trap densities on the 

order of 1010–1012 cm-3 which is several orders of magnitude lower than those in 

their polycrystalline thin films.87-89 Such low defect densities manifest in their 

superior semiconductor characteristics such as high carrier mobility, long carrier 

lifetime and long carrier diffusion length. Carrier mobility in single crystals – 

measured by multiple ways such as time-of-flight, space-charge-limited current 

(SCLC) and Hall effect measurements – typically varies on the order of 10–100 

cm2 V-1 s-1. Meanwhile, reported carrier lifetimes differ from one method to another 

which can be ascribed to different processes measured by these methods.88,90 For 

instance, time-resolved photoluminescence (TRPL) measurements generally 

result in microsecond-long lifetimes,66,68,91 while conductivity measurements – in 

tens of microseconds.65,92,93 Nonetheless, carrier diffusion length in single crystals 

are normally much longer than that in polycrystalline thin films (Table 2.1). 

Grain boundaries in polycrystalline thin films of halide perovskites not only act as 

non-radiative recombination centers,94,95 but also intercalate water molecules, 

thus, inducing the material’s degradation.51,52 By contrast, single crystals of halide 

perovskites display significantly improved moisture-stability than their 

polycrystalline analogues. Recent reports evidence that MAPbI3 perovskite single 

crystals can be stable up to 2–3 years at ambient atmosphere without any 

encapsulation.52  
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However, despite the superiorities of single crystals, the recombination of carriers 

at their surface was found to be nearly an order of magnitude faster than that at 

the surface of polycrystalline thin films.96 This effect demonstrates the necessity of 

designing surface-passivation approaches in single crystals of halide perovskites. 

Table 2.1 Comparison of charge transport characteristics and stability between 

polycrystalline thin films and single crystals of MAPbX3 (X= Br-, I-) perovskite. 

MAPbX3 (X= Br-, I-) Polycrystalline Single-Crystal 

Trap density (cm-3) 1015 – 1017 1010 – 1012 

Stability in air* days – months months – years 

Diffusion length (µm) < 1 5 – 20 

*this refers to unpassivated samples 

2.6 Applications of Halide Perovskite Single Crystals 

The optoelectronic applications of halide perovskite single crystals include solar 

cells, UV-vis photodetectors, and high-energy (X-ray and gamma-ray) sensors. 

There are typically two device architectures utilized for these purposes: planar and 

vertical (Figure 2.4). Planar devices require high surface quality of single crystals, 

while vertical devices benefit from the thickness of single-crystalline layer. 

Solar cells based on single-crystal halide perovskites were attempted in both 

planar and vertical device architectures.81,83,97 Vertical solar cells typically display 

higher PCE. As an example, MAPbI3 single crystals with sizes of about 5 mm and 

thickness tuned between 10 and 40 µm were directly grown on a hydrophobic 
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substrate, PTAA, by space-confined growth method (Figure 2.5 a).81 The solar 

cells of ITO/PTAA/MAPbI3/PCBM/C60/BCP/Cu structure attained the PCE of 

17.8% for 10 µm-thin single crystals. Meanwhile, the current record of 21.9% PCE 

has been achieved by growing MAPbI3 thin single crystals at significantly lower 

temperatures, thus, improving the crystal quality.98 

Obviously, stability can be the main advantage of using single crystals in solar 

cells. However, to outperform polycrystalline thin films in terms of PCE, new 

methods to grow large-area thin single crystals with passivated surfaces need to 

be developed. Yet, with the current geometries, halide perovskite single crystals 

are already setting new benchmarks in photon detection. 

 

Figure 2.4 Typical device architectures in halide perovskite single crystals. 

Photodetector is a device that responds to the change of light. Its performance is 

characterized by such figures of merit as responsivity, detectivity and response 

time. Responsivity (A/W) characterizes the device sensitivity to the change of light. 

Detectivity (Jones) defines how sensitive the device is to weak lights. Response 

time (s) defines the speed of photodetector.99  
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UV-vis photodetectors based on halide perovskite single crystals typically operate 

in broadband regime, sensing the broad spectrum of light which matches with the 

absorption profile of perovskite. In planar device architecture, such broadband 

photodetectors have been designed by depositing gold electrodes on the (001) 

facet of MAPbBr3 perovskite single crystal (Figure 2.5 b).100 Owing to the high 

crystallinity, these devices displayed exceptionally high detectivity of 8×1013 Jones. 

The response times were 27.6 and 15.8 µs for rise and decay, respectively. 

Broadband photodetectors with shorter response times (on hundreds-of-

nanosecond-scale) can be achieved in a vertical device architecture.35 Such 

devices based on MAPbX3 (X = Br-, I-) thin single crystals showed detectivity of 

about 1.5×1013 Jones, sensing light intensities as weak as 0.35 pW cm-2. 

Meanwhile, narrowband photodetectors, which can sense a specific portion of 

light, are of high importance for imaging applications. The existing technologies 

use the combination of broadband photodetectors and optical filters. However, bulk 

single crystals of MAPbX3 (X = Cl-, Br-, I-) perovskites, sandwiched between metal 

electrodes, have recently exhibited intrinsically-narrowband (without use of optical 

filters) photodetection with sharp sensitivity peaks (FWHM of 20 nm) at different 

wavelengths.33 This phenomenon was paradoxically achieved by worsening the 

surface quality of single crystals, as surface defects trap the charge carriers 

generated by shorter-wavelength photons. 

X-ray and gamma-ray detectors. Halide perovskite single crystals exhibit high 

resistivity (≤ 1010 Ω cm), long carrier diffusion length (over 1 μm), and high average 

atomic numbers (ZPb = 82). Thus, they have all figures of merit for efficient high-
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energy sensing (Figure 2.5 c-d).37,39,73,101-104 For example, X-ray detector based on 

MAPbBr3 single crystal monolithically integrated on a silicon wafer have recently 

shown an impressive sensitivity of 2.1×104 μC Gyair-1 cm-2 with a very low 

detectable dose rate of 0.036 μGyair s-1.102 As for gamma-ray detection, MAPbI3 

single crystal has been successfully used to test the radiopurity of medical 

radiotracer compound 18F-fallypride (Figure 2.5 d).38 

 

Figure 2.5 Optoelectronic devices based on halide perovskite single crystals. (a) 

Vertical solar cell based on thin MAPbI3. Reproduced from [81]. Copyright 2017, 

Springer Nature. (b) Planar photodetector based on MAPbBr3. Reproduced from 

[100]. Copyright 2018, Elsevier. (c) Schematic of X-ray detector based on MAPbI3. 

Reproduced from [104]. Copyright 2019, John Wiley and Sons. (d) Gamma-quanta 

counting detector based on MAPbI3. Reproduced from [39]. Copyright 2016, 

Springer Nature. 
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2.7 Objectives and Outline of This Dissertation 

Free of morphological effects associated with grain boundaries, halide perovskite 

single crystals exhibit superior charge transport and recombination characteristics, 

as well as environmental stability over their polycrystalline counterparts. In this 

sense, single crystals present an ideal platform to reveal the intrinsic properties of 

halide perovskites which could be essential to predict their upper limits in terms of 

device performance. As studying the fundamental properties of halide perovskites 

is one of the core objectives of this dissertation, it also focuses on translating the 

remarkable optoelectronic properties of halide perovskite single crystals into 

device applications by utilizing various crystal engineering approaches. A brief 

outline of the current dissertation is as follows: 

 In Chapter 3, we study the intrinsic optical and charge transport characteristics 

of FAPbBr3 and FAPbI3 single crystals. By comparing these figures of merit in 

FAPbBr3 with MAPbBr3 single crystals, we reveal the major role played by the 

organic cation. 

 In Chapter 4, we both theoretically and experimentally investigate the 

mechanistic origins of inverse temperature crystallization of halide perovskites 

with particular focus on the critical role of surface tension in nucleation and 

growth processes. 

 In Chapter 5, by taking advantage of the knowledge developed in Chapter 4, 

we exploit the effect of surface tension to control the growth of halide perovskite 

single crystals into geometries suitable for vertical devices. We demonstrate 
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the possibility of growing certainly-oriented thin crystals of lead and tin halide 

perovskites on the solution surface without use of any substrate. 

 In Chapter 6, we develop a simple protocol for low-temperature growth of 

cuboid MAPbI3 single crystals with naturally exposed facets oriented along the 

(002) and (110) crystallographic planes. We compare the characteristics of two-

terminal planar devices on the (002) facet of cuboid crystals to those on the 

(200) facet of typical rhombic crystals of MAPbI3 perovskite. 

Each chapter consists of sections including motivation, results of the study, 

discussion and summary, as well as experimental details. Some chapters also 

include an appendix. Conclusions and future outlooks are provided in Chapter 7. 

References are listed altogether at the end of this dissertation. 
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Chapter 3. Growth and Characterization of Formamidinium Lead 

Halide Perovskite Single Crystals 

As discussed in Chapter 1, the choice of a monovalent cation at the A-site of the 

perovskite structure is usually restricted with the size-compatibility rules described 

therein. To date, methylammonium (CH3NH3+, or MA+) and formamidinium 

(CH(NH2)2+, or FA+) are the only organic cations that form APbX3 (X = Cl-, Br-, I-) 

perovskite structure. Although, early studies mostly focused on MAPbX3 perovskite 

only, the state-of-the-art solar cells are, however, based on multicomponent 

formulations54,105,106 – such as Cs0.05MA0.16FA0.79PbX3 – with FA+ as the major 

monovalent cation in these alloys. Notably, with respect to MAPbX3 perovskites, 

pure-phase FAPbX3 perovskites were not only found to have lower bandgaps,107-

109 but also exhibit enhanced stability and charge transport properties.109-111 

Rehman et al. showed that the carrier diffusion length in polycrystalline thin films 

of FAPbI3 is 3.1 μm, while that for MAPbI3 is limited to hundreds of nanometers.112 

Meanwhile, Hanusch et al. showed that the carrier lifetime in polycrystalline thin 

films of FAPbBr3 is 200 ns, while that for MAPbBr3 is limited to 17 ns.110 Yet, the 

presence of grain boundaries in these polycrystalline thin films likely limit the 

charge-carrier characteristics of materials under investigation, thus, obscuring 

their intrinsic properties. This fundamental concern can be circumvented only by 

studying both FAPbX3 and MAPbX3 perovskites in their single-crystalline forms 

which are free of grain boundaries and associated limiting effects. 
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In this chapter, the growth and characterization, including optical and charge 

transport properties, of FAPbBr3 and FAPbI3 single crystals are described. 

Furthermore, the key semiconducting parameters such as carrier mobility, lifetime 

and diffusion length of FAPbBr3 and MAPbBr3 single crystals are compared, 

revealing the major role of the organic cation in the carrier dynamics. These 

findings could greatly benefit subsequent fundamental studies on FAPbBr3 and 

FAPbI3 perovskites and their practical applications. The content of this chapter is 

adapted from [91] with permission of American Chemical Society.  

3.1 Growth and Crystal Structure 

FAPbBr3 and FAPbI3 single crystals of 4–5 mm size (insets of Figure 3.1) were 

grown by inverse temperature crystallization (ITC) method.113 X-ray diffraction 

(XRD) of ground FAPbX3 crystals confirmed the single phases of FAPbBr3 and α-

FAPbI3 perovskites (Figure 3.1).  

 

Figure 3.1 XRD patterns of ground (a) FAPbBr3 and (b) FAPbI3 perovskite single 

crystals. Insets: photographs of the corresponding single crystals. 



46 
 

Table 3.1 Single crystal data and refinement details. 

 Pb1I3CN2H5 Pb1Br3CN2H5 

Mr 632.98 491.98 

Crystal system, space group Cubic, Pm-3m Cubic, Pm-3m 

Temperature (K) 298 298 

a (Å) 6.3573 (5)  5.9944 (12) 

V (Å3) 256.93 (4) 215.40 (7) 

Z 1 1 

Z’ 0.02083 0.02083 

Θmin,max(°) 7.0, 72.7 7.4, 74.2 

Radiation type Cu-Kα Cu-Kα 

Crystal size (mm) 0.20×0.15×0.10  0.15×0.15×0.10 

Diffractometer Bruker APEX-II CCD  
diffractometer 

Bruker APEX-II CCD  
diffractometer 

No. of measured,  
independent and observed  
[I > 2σ(I)] reflections 

658, 78, 78  406, 66, 66 

Rint 0.078 0.064 

(sin θ/λ)max (Å−1) 0.619 0.624 

Largest peak 19.23 3.77   

Deepest hole -8.98 -4.31 

GooF 2.271 1.890 

R[F2 > 2σ(F2)], wR(F2), S 0.150, 0.395, 2.271 0.098, 0.183, 1.890 

No. of parameters 11 14 

No. of restraints 14 3 
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The space group (Pm-3m for both materials) and unit cell parameters (a = 5.9944 

Å for FAPbBr3 and a = 6.3573 Å for α-FAPbI3) measured by single crystal XRD 

(Table 3.1) were found to be consistent with previous reports,110,114 indicating the 

single-crystalline nature of crystals. 

FAPbI3 crystallizes in its black α-phase at high temperatures.107,113 At room 

temperature, the black α-FAPbI3 perovskite phase spontaneously transforms into 

a more stable yellow δ-FAPbI3 non-perovskite phase.107,115 We noticed that the 

black-to-yellow transformation starts from the bulk of crystals and not from the 

surface (Figure 3.2 a-b). To investigate the stability of α-FAPbI3, we grinded a 

freshly grown black crystal and divided it into two parts. The first part was kept at 

room temperature. The second part was kept at 185 °C for 1 hour to stabilize the 

black phase as reported earlier.115 Then we monitored the change of the powder 

color with time. Figure 3.2 (c-d) shows that the first part completely becomes yellow 

within 7 hours, while the second part remains in the black phase for ~7 days. 

Therefore, for subsequent studies we used only crystals stabilized at 185 °C. 
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Figure 3.2 FAPbI3 crystal after 18 hours in air: (a) before and (b) after cutting from 

the edge. The yellow δ-FAPbI3 non-perovskite phase is present in the crystal bulk 

(blue arrow). The color evolution of crushed (c) non-stabilized and (d) thermally-

stabilized FAPbI3 crystal with time. 

3.2 Steady-State Optical Properties 

Next, we studied steady-state optical properties of FAPbX3 (X = Br-, I-) single 

crystals. In contrast to polycrystalline thin films,110,112 the absorption profiles of 

FAPbX3 single crystals appear flat with a clear band edge cutoff with no excitonic 

signature (Figure 3.3), suggesting a minimal density of in-gap defect states. The 

optical bandgaps estimated from the corresponding Tauc plots show the values of 
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2.15 eV and 1.41 eV for FAPbBr3 and FAPbI3 crystals, respectively, which is in 

good agreement with previous reports.113  

The photoluminescence (PL) peaks of FAPbBr3 and FAPbI3 single crystals are 

located at 587 nm and 843 nm, respectively (right insets of Figure 3.3). 

Noteworthy, the PL peak for FAPbX3 single crystals is remarkably red-shifted 

compared to that in polycrystalline thin films located at ~550 nm for FAPbBr3 and 

~810 nm for FAPbI3.107,109 This observed spectral shift is in line with previous 

reports on perovskite single crystals66,68,116 and might be attributed to the self-

absorption effect in halide perovskites.117  

 

Figure 3.3 Steady-state absorption of (a) FAPbBr3 and (b) FAPbI3 single crystals; 

right insets: Steady-state PL spectra; left insets: corresponding Tauc plots 

determining the extrapolated optical bandgaps. 

From photoelectron spectroscopy in air (PESA), we estimated the valence band 

maxima (VBM) of FAPbX3 single crystals to be located at –5.74 eV and –5.63 eV 

from the vacuum level for FAPbBr3 and FAPbI3, respectively (Figure 3.4). By 
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combining these values with the corresponding optical bandgaps, we deduce the 

conduction band minimum (CBM) to be at –3.59 eV for FAPbBr3 and –4.22 eV for 

FAPbI3 (insets of Figure 3.4). The band alignment of FAPbX3 demonstrated here 

is of interest for engineering optoelectronic devices, for example, to choose a 

suitable electron or hole transporting materials for solar cells. Furthermore, it is 

also critical for choosing an appropriate metal electrode to study the charge 

transport properties of FAPbX3 single crystals. 

 

Figure 3.4 PESA measurements showing VBM at 5.74 eV for (a) FAPbBr3 and 

5.63 eV for (b) FAPbI3 single crystals; insets: band alignments in the corresponding 

crystals. Energy levels are expressed from vacuum, which is set at zero. 

3.3 Charge Transport Properties 

We estimated the trap density and hole carrier mobility in FAPbBr3 and FAPbI3 

single crystals by space-charge-limited current (SCLC) technique.118,119 Typically, 

the crystals were sandwiched between two gold electrodes to form hole-only 

devices, and then the dark current of these devices was measured under applied 
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bias. Figure 3.5 displays the current–voltage characteristics for the hole-only 

devices, which clearly show three regions of behavior. 

 

Figure 3.5 Current–voltage responses of (a) FAPbBr3 and (b) FAPbI3 single 

crystals showing three different dependence regions ( ~ nI V ): a linear ohmic 

region ( n = 1, red lines) at low bias, a trap filling region starting at TFLV  ( n > 3, blue 

lines), and a Child’s regime at high bias ( n = 2, green lines). 

The first region at low bias (< TFLV ) is an ohmic region (Figure 3.5, red lines). From 

this region, the conductivities (σ ) of single crystals were estimated to be 1.5×10-8 

(Ω cm)-1 for FAPbBr3 and 2.2×10-8 (Ω cm)-1 for FAPbI3. 

The second region, known as the trap-filling region, starts at TFLV  where the current 

abruptly increases (Figure 3.5, blue lines). From this region, the trap density ( tn ) 

was calculated using the following relation:120 

 0
2

2 TFL
t

Vn
eL
εε

=  (3.1) 
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where TFLV  is the trap-filling limit voltage, L is the thickness of the crystal, and 0ε  

is the vacuum permittivity, and e  is the electron charge. We estimated the dielectric 

constants (ε ) from the capacitance–frequency measurement (between 104 and 

106 Hz) and found it to be 43.6 for FAPbBr3 and 49.4 for FAPbI3, the latter is 

consistent with previously reported ε  for FAPbI3 measured in the similar 

manner.115 Low trap densities ( tn ) of 9.6×109 cm-3 and 1.13×1010 cm-3 were 

obtained for FAPbBr3 and FAPbI3 single crystals, respectively. 

The third region at high bias is a trap-free regime (Figure 3.5, green lines). Large 

hole carrier mobilities of 62 cm2 V-1 s-1 for FAPbBr3 and 35 cm2 V-1 s-1  for FAPbI3 

were calculated from this region according to Mott-Gurney’s law:121 
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where DJ  is the current density. As expected, the mobility values of FAPbX3 single 

crystals are larger than those of polycrystalline thin films (14 cm2 V-1 s-1 for 

FAPbBr3 and 27 cm2 V-1 s-1 for FAPbI3)112. This finding is in line with previous 

reports on MAPbX3 single crystals, which also have larger mobility values 

compared to their polycrystalline film counterparts.66,68 

The free carrier density ( cn ) can be estimated by relating conductivity and mobility 

using the expression: /cn eσ µ= . A value of 1.56×109 cm-3 was obtained as the 

free carrier density for FAPbBr3 single crystals, and 3.9×109 cm-3 for FAPbI3 single 

crystals. 
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We note that the conductivity and mobility of FAPbX3 single crystals are 

comparable to values reported for MAPbX3 single crystals.66,68 However, 

interestingly, two other key semiconductor characteristics considerably differ from 

those of MAPbX3 single crystals. First, FAPbX3 crystals showed one order of 

magnitude lower dark carrier concentration than MAPbX3 single crystals.66 The low 

dark carrier concentration is critical for high-performance photodetectors and solar 

cells. Second, the trap density of FAPbBr3 single crystals is ~3-fold lower than of 

MAPbBr3 single crystals grown by the same technique.68 By contrast, FAPbI3 and 

MAPbI3 have comparable trap densities.68 The trap state density in FAPbBr3 is 

markedly low, even for hybrid perovskites.122 We hypothesized that this low trap 

density should manifest in a longer carrier lifetime. To validate our hypothesis, we 

studied the carrier recombination in FAPbBr3 single crystals. 

3.4 Recombination Dynamics 

We studied the recombination dynamics of photoexcited species in FAPbBr3 single 

crystals by time-resolved photoluminescence (TRPL) spectroscopy. Detailed 

information regarding the experimental setup is reported elsewhere.123,124 To 

deeper investigate the carrier dynamics of the bulk of crystal, two-photon excitation 

has been used.125 The PL time decay trace was monitored at 580 nm after 800 nm 

excitation at two different pump fluences (7 and 20 µJ/cm2). In agreement with 

previous reports, the measured PL lifetime values were found to be inversely 

proportional to the fluence (Figure 3.6).126-128 
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For a fluence of 7 µJ/cm2, the biexponential fit of the PL decay for FAPbBr3 single 

crystals reveals two different carrier dynamics with characteristic time constants of 

687 ns and 2272 ns (Figure 3.6 a). We propose that these fast and slow time 

components are related to the different recombination mechanisms on the surface 

and in the bulk of crystals, respectively.66 The PL measurements for MAPbBr3 

single crystals carried out under the same pump fluence (7 µJ/cm2) resulted in 

significantly shorter carrier lifetimes (τ1 ≈46 ns and τ2 ≈415 ns for fast and slow 

transients, Figure 3.6 a). Interestingly, a similar trend was also observed in 

polycrystalline films of these two materials.110 Unfortunately, we were not able to 

perform TRPL measurements for FAPbI3 single crystals due to our PL detection 

limitations at the time. However, in our subsequent study, we revealed even longer 

lifetime values of 72 μs for FAPbBr3 and 4.3 μs for FAPbI3 measured by a streak 

camera upon two-photon excitation at pump fluence of 10.59 µJ/cm2.129 

 

Figure 3.6 TRPL of FAPbBr3 (green) and MAPbBr3 (black) single crystals after 

800-nm excitation at pump fluence of (a) 7 μJ/cm2 and (b) 20 μJ/cm2, with 

biexponential fits revealing fast (τ1) and slow (τ2) components. 
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3.5 Discussion 

Combining the obtained values of carrier mobility and carrier lifetime, the carrier 

diffusion length was estimated using the following relation: 

 B
D

k TL
e

µτ= ×  (3.3) 

where Bk  – Boltzmann constant, and T – temperature. 

The lifetimes corresponding to a slow transient give the best-case diffusion lengths 

of 19.0 µm for FAPbBr3 and 6.6 µm for FAPbI3. The worst-case diffusion lengths, 

derived from the lifetimes of a fast transient, are 10.5 µm for FAPbBr3 and 1.7 µm 

for FAPbI3. Thus, FAPbX3 single crystals outperform polycrystalline film 

counterparts (1.3 µm for FAPbBr3 and 3.1 µm for FAPbI3)112, which is in line with 

previous reports on other halide perovskite single crystals.66,68 Notably, the lifetime 

values measured by a streak camera result in ultralong diffusion lengths of 107.2 

µm for FAPbBr3 and 19.7 µm for FAPbI3.129 

The obtained diffusion length of 19 µm in FAPbBr3 single crystals is ~4 times longer 

than that in the MAPbBr3 analogue (4.3 µm68). On the other hand, FAPbI3 and 

MAPbI3 single crystals have comparable diffusion lengths. It is worth noting that 

FAPbI3 and MAPbI3 adopt different crystal symmetries of cubic114 and 

tetragonal107, respectively, while both FAPbBr3 and MAPbBr3 perovskites adopt 

the same cubic symmetry with minor differences in unit cell parameters110. 

Therefore, the effect of the organic cation on the properties of these materials can 

be understood by comparing FAPbBr3 and MAPbBr3. 
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Figure 3.7 HR-XRD rocking curves of (001) crystallographic planes of FAPbBr3 

(red) and MAPbBr3 (black) single crystals. 

We performed high-resolution X-ray diffraction (HR-XRD) of FAPbBr3 and 

MAPbBr3 single crystals. The full width at half maximum (FWHM) of rocking curves 

at (001) diffraction plane of both materials are comparable with each other (0.050° 

for FAPbBr3 and 0.048° for MAPbBr3, see Figure 3.7). Thus, we eliminate the effect 

of strains on their carrier recombination and transport properties. Hence, we 

suggest that the observed superior properties of FAPbBr3 over MAPbBr3 in either 

single crystals or polycrystalline thin films are primarily a consequence of the 

intrinsic properties of these materials. As we expected, the intrinsically lower trap 

density in FAPbBr3 resulted in a longer lifetime of photoexcited species. Notably, 

the Br-defect formation energies in FAPbBr3 were indeed calculated to be higher 

than that in MAPbBr3, supporting our findings.130 
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3.6 Summary 

In summary, we reported the optical and charge transport properties of FAPbBr3 

and FAPbI3 single crystals. The key semiconducting parameters such as trap 

densities, carrier mobilities and carrier lifetimes were estimated. The values for 

both FAPbBr3 and FAPbI3 single crystals were found to be superior to their 

polycrystalline counterparts and MAPbX3 single crystals. In particular, we revealed 

that FAPbBr3 single crystals exhibit one order of magnitude lower dark carrier 

concentration and five-fold longer lifetime of photoexcited species than MAPbBr3 

single crystals. The estimated carrier diffusion lengths – of 6.6 µm for FAPbI3 and 

19.0 µm for FAPbBr3 – were found to be much longer than previously thought. 

These figures of merit make FAPbBr3 an ideal candidate not just for tandem solar 

cells, but also for high open-circuit voltage single-junction solar cells. The 

remarkable properties of FAPbX3 single crystals reported here could motivate 

researchers to utilize them for high performance solution-processed optoelectronic 

applications. 

3.7 Experimental Details 

Chemicals. Lead bromide (≥ 98%), lead iodide (99.999% trace metal basis), DMF 

(anhydrous, 99.8%) and GBL (≥ 99%) were purchased from Sigma Aldrich. MABr, 

FABr and FAI were purchased from Dyesol Limited (Australia). All salts and 

solvents were used as received without any further purification. 

Synthesis. MAPbBr3, FAPbBr3 and FAPbI3 single crystals were grown by ITC 

method from 1 M solution of MABr/PbBr2 in DMF, 1 M solution of FABr/PbBr2 in 
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DMF:GBL (1:1 v/v) and 0.8 M solution of FAI/PbI2 in GBL, respectively, as it was 

previously reported by Saidaminov et al.68,113 

Structural characterization. Powder X-ray diffraction (XRD) was performed on a 

Bruker D8 Advance diffractometer using Cu-Kα radiation. High-resolution X-ray 

diffraction (HR-XRD) rocking curves of (001) crystallographic plane of FAPbBr3 

and MAPbBr3 single crystals were obtained on a Bruker D8 Discover 

diffractometer. Single crystal XRD measurements were collected at 298(2) K on a 

Bruker D8 Venture diffractometer with PHOTON 100 CMOS detector with a micro-

focus source (Cu-Kα radiation, λ = 1.54178 Å). The computing cell refinement and 

data reduction were processed using APEX2 software. [SAINT-Plus; APEX2; 

SADABS, Bruker-AXS Inc.:Madison, Wisconsin, 2004] Crystal data, data 

collection parameters, and structure refinement details are given in Table 3.1. The 

structure was solved by direct methods with SHELXT.131 Subsequent difference 

Fourier calculations and full-matrix least-squares refinement against F2 were 

performed with SHELXL using Olex2.131,132 All non-hydrogen atoms were refined 

with anisotropic displacement parameters. 

Optical characterization. The steady-state absorption was recorded using a Cary 

6000i UV-vis-NIR Spectrophotometer with an integrated sphere in diffuse-

reflectance mode. The steady-state photoluminescence (PL) of FAPbBr3 single 

crystals was recorded using an Edinburgh Instruments FLS920 

Spectrofluorometer, with 500 nm excitation wavelength. The steady-state PL of 

FAPbI3 single crystals was recorded using a femtosecond laser system with ocean 

optics coupled fiber detector, with 1300 nm laser excitation pulse. Photoelectron 
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spectroscopy in air (PESA) was carried out on FAPbX3 single crystals fixed on a 

glass substrate, using a Riken Photoelectron Spectrometer (Model AC-2). The 

power number was set at 0.5. Time-resolved photoluminescence (TRPL) 

measurements were performed using an Ultrafast Systems HALCYONE 

femtosecond fluorescence spectrometer, with 800 nm excitation wavelength. 

Electrical characterization. The transport properties of FAPbX3 single crystals 

were obtained by space-charge-limited current (SCLC) technique. Hole-only 

devices were obtained by sputter deposition of 80 nm gold electrodes on both 

sides (sandwich configuration) of the FAPbBr3 (4.5×4.5×1.2 mm3) and FAPbI3 

(4.2×4.2×1.2 mm3) single crystals. The SCLC measurement was performed on the 

hole-only device in the dark, under vacuum using a Keithley 2635A source-meter. 
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Chapter 4. The Role of Surface Tension in Inverse Temperature 

Crystallization of Halide Perovskites 

The phenomenon of inverse temperature crystallization (ITC) of halide perovskites 

has been introduced in Chapter 2. Therein, we discussed the possible origin of ITC 

which involves precursor–solvent complexes that dissociate upon heating. In this 

chapter, we further develop this idea by providing more theoretical and 

experimental insights into the mechanism of ITC of halide perovskites. We closely 

investigate the nucleation and growth of halide perovskites and elucidate the 

central role of surface tension in these processes. According to our proposed 

mechanism, ITC starts with a nucleation at the solution surface layer due to the 

effect of surface tension; then the growth of the nucleus into a crystal continues on 

the solution surface until it reaches a certain size when surface tension can no 

longer keep the crystal afloat. We present a generalized theory applicable to a 

broad range of halide perovskites. The content of this chapter is adapted from [133] 

with permission of American Chemical Society. 

4.1 Nucleation Analysis 

Crystallization is a two-step process, which includes nucleation and growth of a 

solid phase. The basic physics of nucleation is illustrated using classical nucleation 

theory (CNT),57-60 according to which the nucleation rate Q exponentially 

decreases with the nucleation barrier Δ: 

 exp
B

Q
k T

 ∆
∝ − 

 
 (4.1) 
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We propose that nucleation in ITC is driven by dissociation of precursor–solvent 

complexes at elevated temperatures (Figure 4.1).68 Complex dissociation 

generates supersaturation of isolated precursor molecules, which then nucleate 

into particles by overcoming the nucleation barrier Δ. For illustration purposes, 

consider a single-component precursor A in the solution, which forms nuclei 

composed of pure A-molecules and complexes with solvent S that is ASj. The 

concentration of complexes is determined by the complex binding energy 

C C A SE jε ε ε= − −  measured relative to the energies of A-molecules ( A 0ε > ) and 

solvent molecules ( S 0ε > ). At the solution surface these energies are lower, i.e. 

A A Sε ε<  and S S Sε ε< , since the surface molecules are in strain due to surface 

tension (Figure 4.2 a). 

 

Figure 4.1 Proposed mechanism of ITC involving precursor–solvent complexes 

that dissociate by heating resulting in the formation of a crystalline phase. 

The nucleation barrier can be expressed as the difference in free energy of 

molecules in the nucleated particle relative to their energy in the solution: 
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where crR  is the critical nucleus radius, γ  is the particle’s surface energy, ε  is the 

cohesive energy of A-molecules in the particle, AN  is the mole fraction of isolated 

A-molecules, Bk  – Boltzmann constant, and T – temperature. 

As the surface layer is very thin, just a few intermolecular distances, the 

concentration of individual A-molecules in it should be very close to that in the 

volume. Therefore, equation (4.2) shows that the nucleation barrier decreases with 

decreasing the molecular binding energy Aε . For A-molecules in the surface layer 

this decrease is due to surface tension such that A AS surfε ε ε= − , where 0surfε >  is 

the surface tension-related elastic energy per A-molecule in the surface layer. 

Then the nucleation barrier takes the form: 
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3

2

A A

16
3 ln

S

surf Bk T N

π γ

ε ε ε
∆ = ⋅
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  (4.3) 

This equation shows that the nucleation barrier at the surface layer is lower, hence 

the nucleation rate (Q) is higher than that in the solution volume (Figure 4.2 b). We 

also have to emphasize that the higher is solution surface tension and accordingly 

surfε , the lower is nucleation barrier at the solution surface, hence surface 

nucleation is easier. 
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Figure 4.2 (a) Schematic of intermolecular interaction in the volume (left) and 

surface layer (right) of solution. Due to the surface tension force (blue arrows), the 

intermolecular distances in the surface layer are increased hence making 

dissociation of complexes easier. (b) Graph illustrating the lower nucleation barrier 

for the solution surface layer compared to that for the solution volume. 

Indeed, we noticed that during ITC of MAPbBr3 from 1.5 M solution in DMF, in 

about 40% of cases, crystals start to appear at the solution surface (Figure 4.3 a). 

They grow there until some critical size after which they sink down into solution by 

their own weight. Interestingly, with lowering the solution concentration, surface 

nucleation becomes less observed by naked eye, which might be associated with 

their lower surface tension values (Figure 4.3 b). Nevertheless, we do not exclude 

that surface nucleation is still possible in these solutions. In discussion section, we 

further investigate the nucleation event and show that it preferentially occurs at 

interfaces with high energies, not necessarily the solution–air interface only. 
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Figure 4.3 (a) ITC of MAPbBr3 single crystal from 1.5 M solution in DMF. In about 

40% of cases, crystals appear at the solution surface. (b) Surface tension values 

for 0.5 M, 1.0 M, and 1.5 M solutions of MAPbBr3 in DMF measured by pendant 

drop. For pure DMF, the surface tension coefficient was taken from [134]. 

4.2 Growth Analysis 

The crystal growth rate can be treated within transition state theory (TST),135,136 

according to which the reaction rate is higher if the molecule in the initial state 

(solution) has higher chemical potential. The latter is true for A-molecules in the 

surface layer, whose solvation energy ( ASε− ) is increased due to the effect of 

surface tension (Figure 4.4 a). As a result, the edge sides of a crystal suspended 

on the solution surface are expected to grow faster than the bottom side (Figure 

4.4 b), resulting in aspect ratios higher than 1. 
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Figure 4.4 Diagrams illustrating the energetics and kinetics of the crystal growth. 

(a) Due to the surface tension effect, energy barrier for the crystal growth is lower 

at the solution surface (red dashed line) than that in its volume (blue line). (b) Lower 

energy barriers result in higher crystal growth rates. 

4.3 Floatation Analysis 

The density of MAPbBr3 crystal is 3.582 g/cm3, while that of its 1.5 M solution in 

DMF is only 1.44 g/cm3. Therefore, the floatation of MAPbBr3 crystals cannot be 

accounted to the sole effect of density. Below, we explain this in detail.  

In general, the floatation of heavy solid objects on liquid surfaces arises from the 

interplay of several factors but is primarily due to the surface tension of a liquid. 

For illustrating the effect, consider a crystal plate of a a h× ×  dimensions 

suspended on the solution surface (Figure 4.5). Such a crystal plate of mass m  

and density ρ bends the liquid surface at its edges, forming an effective contact 

angle θ > 90° with the liquid. The resultant surface tension force SF  acting on a 
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crystal is tangential to the liquid surface at the contact point O. The net force 

balance including both surface tension force and buoyant force is as follows: 

 2 4 sin( 180 )sol solga H a mgρ σ θ φ+ + − =   (4.4) 

where solρ  and solσ  are the solution density and surface tension coefficient, 

respectively, H is the distance between the meniscus and the bottom of the crystal 

plate, φ  is the crystal wedge angle at the contact point, g is the gravitational 

constant (9.81 m/s2). The equation (4.4) can be further simplified by substituting 

2m a hρ= , and assuming that H h≈  and 90φ =  : 

 
4 sin( 90 )
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  (4.5) 

Here, the effective contact angle θ varies with the crystal mass and size up to 

090 θ+ , where 0θ  is the intrinsic contact angle.137,138 As is clear from this equation, 

solutions with high density and surface tension coefficient, along with less 

tendency to wet the crystal plate (high θ), are more likely to keep large crystals 

afloat on their surfaces. Thus, the use of highly concentrated solutions can prolong 

the crystal growth on the solution surface to a greater extent, as they provide both 

high solρ  and solσ  values and also poorly wet the crystal surface (Figure 4.6). 
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Figure 4.5 Growth of a nucleus into a crystal plate at the solution surface layer. 

The suspended crystal plate of a a h× ×  dimensions bends the solution surface at 

its edges, forming an effective contact angle θ. 

 

Figure 4.6 Contact angle of MAPbBr3 single crystal with: (a) pure DMF (~15°) and  

(b) 1.5 M solution of MAPbBr3 in DMF (~26°). 

4.4 Discussion 

While solution–air interface plays a critical role in nucleation as we discussed 

above, solution–vial interface might also introduce nucleation. We performed ITC 
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of MAPbBr3 from 1.5 M solution in DMF in vials without and after air plasma 

treatment (Figure 4.7 a). The surface energy of vials ( vialσ ) estimated by the 

Owens-Wendt-Rabel-Kaelble (OWRK) method139-141 was found to increase from 

33.6 mN/m to 71.2 mN/m upon the treatment (Figure 4.7 b). Notably, the surface 

of vials became more hydrophilic with polar component of the surface energy 

significantly increasing, while the dispersive component remaining the same. 

Though the nucleation in untreated vials was observed at both sites almost equally, 

the plasma-treated vials with high surface energy induced nucleation preferentially 

at the solution-vial interface (Figure 4.7 a).  

 

Figure 4.7 (a) Demonstration of altering the nucleation site from the solution-air to 

the solution-vial interface by treating vials with air plasma. (b) The surface of vials 

becomes more hydrophilic upon plasma treatment with surface energy increasing 

from 33.6 mN/m to 71.2 mN/m. 

Next, we compared the solution-vial interface energies ( sol vialσ − ) before and after 

plasma treatment by using the Young’s equation:142 
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 cos vial sol vial
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σ σθ
σ

−−
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where solσ  is the solution surface tension, and θ is the contact angle between the 

solution and vial (Figure 4.8). The results are summarized on Table 4.1. 

 

Figure 4.8 Contact angles between 1.5 M solution of MAPbBr3 in DMF and the 

vials (a) without and (b) after the plasma treatment. 

Table 4.1 The interface energies between 1.5 M solution of MAPbBr3 in DMF and 

the vials without and after the plasma treatment. 

solσ   
(mN/m) 

Plasma 
treatment 

vialσ  
(mN/m) 

Contact 
angle, θ  (°) cosθ  sol vialσ −  

(mN/m) 

39.29 No 33.60 42.80 0.734 4.77 

39.29 Yes 71.20 < 10 ~ 1 ~ 31.90 
 

As expected, the solution–vial interface energy for the plasma-treated vial was 

significantly higher than that for the untreated vial (31.90 mN/m vs 4.77 mN/m, 

respectively). Therefore, we conclude that interfaces with higher energies are more 

favorable as nucleation sites. 
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4.5 Summary 

In summary, we uncovered the role of surface tension in the rapid synthesis of 

halide perovskites by inverse temperature crystallization (ITC). We carried out a 

thorough theoretical analysis of nucleation and growth processes of halide 

perovskites and supported our findings with experiments.  

In particular, we found that, due to the effect of surface tension, the dissociation of 

precursor–solvent complexes, which precede crystallization of halide perovskites, 

is easier at the solution surface than in its volume. As a consequence, surface 

nucleation becomes more favorable with increasing the surface tension coefficient 

of a perovskite solution. The further growth of nucleated particles into crystals 

proceed on the solution surface until they reach a critical size over which surface 

tension can no longer keep them afloat. In addition, we also found that nucleation 

of halide perovskites preferentially occurs at interfaces with high energies, not 

necessarily at the solution–air interface only. By increasing the surface energy 

hence hydrophilicity of the crystallization vial, we were able to alter the nucleation 

site from the solution surface to the solution–vial interface. 

The detailed study of the effect of surface tension on the ITC phenomenon not only 

is intriguing from a fundamental viewpoint but also paves the way to control the 

crystallization process of halide perovskites, including thin film deposition, which is 

essential to further advance the performance benchmarks of halide perovskite 

optoelectronics. 
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4.6 Experimental Details 

Chemicals and materials. MABr was purchased from Dyesol Limited (Australia). 

Lead bromide (≥ 98%) and DMF (anhydrous, 99.8%) were purchased from Sigma-

Aldrich. All salts and solvents were used as received without any further 

purification. All syntheses were carried out in 4 ml ChemGlass reaction vials of 33 

expansion borosilicate glass corresponding to ASTM E-438 Type 1-Class A, USP 

Type 1 and ISO 3585. 

Synthesis. MAPbBr3 single crystals were grown by ITC method following slightly 

modified procedure of that reported by Saidaminov et al.68 Namely, 1.5 M solution 

of MABr/PbBr2 in DMF was prepared, filtered through 0.45 µm pore size PTFE-

filter and placed on a hot plate at around 30 °C. Then the solution was gradually 

heated to around 60 °C when the formation of MAPbBr3 crystals was observed. 

The plasma-treated vials produce crystals at slightly lower temperature. 

Air plasma treatment. The glass surfaces of vials were treated for 5 min with high-

power air plasma generated by PDC-32G Harrick Plasma Cleaner. 

Pendant drop and contact angle measurements were performed on a Kruss 

DSA25 drop shape analyzer using a Kruss Advance software. 

The surface energies of vials were estimated by the Owens-Wendt-Rabel-

Kaelble (OWRK) method139-141 using the following liquids: water143,144, ethylene 

glycol (EG)143, DMSO134 and diiodo-methane (DIM)145.  
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4.7 Appendix 

Appendix I: Free energy analysis 

Consider the system of a unit volume containing solvent and A-molecules (the 

precursor). These molecules can be found in different forms. The A-molecules 

appear either as isolated molecules of the number concentration An , in nucleated 

particle containing Pn  molecules, or inside complexes with the number 

concentration Cn . Therefore, the total concentration of A-molecules in the system 

is A A P Cm n n n= + + . The solvent molecules can be found in the solution with the 

number concentration Sn  or in complexes. Assuming that there are j  solvent 

molecules in each complex, the total number of solvent molecules in the system is 

S S Cm n j n= + ⋅ . 

The total free energy of the system containing one nucleated particle is as follows: 

 

( )
( ) ( )

( ) ( )

P P A A C C S S C C C

A A A S S S

A S C A A S S C C

ln

ln ln

ln

B

B B

B

G n S n n n k T n n v

k T n n v k T n n v

k T n n n n v n v n v

ε γ ε ε ε= − ⋅ + ⋅ − ⋅ − ⋅ − ⋅ + ⋅ ⋅

+ ⋅ ⋅ + ⋅ ⋅

− ⋅ + + ⋅ + +

  (4.7) 

where ε  is the cohesive energy of A-molecules in the particle, A 0ε >  and S 0ε >  

are the energies of A-molecule and solvent molecule, respectively, in the solution, 

C 0ε >  is the binding energy of the complexes, PS  is the number of A-molecules 

on the surfaces of A-particle, T is the solution temperature, Bk  is Boltzmann 

constant and Sν , Cν  and Aν  are the characteristic volumes of the solvent molecule, 

the complex, and the A-molecule, respectively. 
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Expressing Sn  and An  in terms of the total concentrations Sm  and Am , we rewrite 

equation (4.7) in the form: 

 

( ) ( )
( ) ( ) ( )( )

( ) ( )( ) ( )
( ) ( )( )

P P A P C C C

C C C A P C A P C A

S A P

A P

ln ln

ln

ln

A S S C

B B

B S C S C B S C

C A S C S C C

G n S m n n n m jn

k T n n v k T m n n m n n v

k T m jn m jn v k T m m jn n

m n n v m jn v n v

ε γ ε ε ε= − ⋅ + ⋅ − ⋅ − − − ⋅ − ⋅ −

+ ⋅ ⋅ + − − ⋅ − −

+ ⋅ − ⋅ − − ⋅ + − −

⋅ − − + − +

 (4.8) 

We are interested in the equilibrium size of A-particle and equilibrium concentration 

Cn  of the complexes in the solution. Therefore, we choose Pn  and Cn  as 

independent variables. The minimization of the free energy with respect to these 

two variables leads to the equations: 

 

( )

( ) ( )

( )

A
P

C A
C

S

2 ln 0

ln ln

ln 0

A B
cr

C S A B B

B

G k T N
n R

G j k T N k T N
n

jk T N

ε ε γ

ε ε ε

∂
= − + + ⋅ − ⋅ =

∂

∂
= − + + + ⋅ − ⋅

∂

− ⋅ =

  (4.9) 

where crR  is the particle critical radius and AN , CN  and SN  are the molar 

concentrations of corresponding species. These equations are very generic: the 

first one means an equivalence of molecular chemical potentials in the particle and 

in solution. The second equation shows that chemical potential of the complex is 

equal to the sum of the chemical potentials of the constituent molecules. Equations 

(4.9) hold in the volume of solution, near its surface, and at the interface with a 

substrate. Solving the first of equations (4.9) for the critical nucleus radius gives: 
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 ( )A A

2
lncr

B

R
k T N
γ

ε ε
=

− + ⋅
  (4.10) 

From the second of equations (4.9), we obtain: 

 ( ) expj C A S
C A S

B

jN N N
k T

ε ε ε − −
= ⋅ ⋅  

 
 (4.11) 

Using this we can derive equilibrium concentration AN , which in case of A AN M<<  

and ( )( )exp / 1C A S Bj k Tε ε ε− − >>  is approximated as: 

 ( ) 2
S

exp
1

C A SA
A

j BA

S

jMN
k TMM j

M

ε ε ε − −
≈ ⋅ −    ⋅ − 

 

  
(4.12) 

This expression illustrates the fact that the A-molecule concentration increases 

with increasing temperature, which is consistent with the inverse temperature 

crystallization concept. 

Next step is to consider the conditions for A-particle nucleation in the solution. As 

we are interested in the onset of nucleation, i.e. in the situation when the first stable 

nucleus is about to form, it is reasonable to assume that the probability of such 

event is proportional to the concentration of critical clusters crN , i.e. the A-clusters 

with the critical radius crR  given by equation (4.10). This concentration can be 

estimated using equation (4.11) as: 

 ( ) expq
crit A

B

N N
k T

 ∆
= ⋅ − 

 
  (4.13) 

where 34
3 crq Rπ=   and Δ is the nucleation barrier. 
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Appendix II: The Owens-Wendt-Rabel-Kaelble (OWRK) method is based on 

measuring the contact angle (θ) between the studied solid and several liquids with 

known dispersive ( d
Lσ ) and polar ( p

Lσ ) components of the surface tension 

coefficient. 

The interfacial energy ( SLσ ) between solid (S) and liquid (L) is described using the 

following expression:139 

 2 2d d p p
SL S L S L S Lσ σ σ σ σ σ σ= + − −   (4.14) 

where Sσ  – surface energy of a solid, Lσ  – surface tension of a liquid, d and p refer 

to dispersive and polar components of surface energy (or surface tension), 

respectively. Substituting this expression in the Young’s equation12 gives a linear 

function ( 0y y kx= + ): 

 
(cos 1)
2

p
p dL L
S Sdd

LL

σ θ σσ σ
σσ

+
= ⋅ +   (4.15) 

where   (cos 1)
2

L
d
L

yσ θ
σ

+
= ,   

p
L
d
L

xσ
σ

= ,   p
S kσ =    and   0

d
S yσ =  

Obviously, at least two liquids are required to plot the function above. From the 

slope and y-intercept of the plotted line, the polar and dispersive components of 

solid’s total surface energy coefficient ( p d
S S Sσ σ σ= + ), respectively, can be 

calculated: 2p
S kσ =  and 2

0
d
S yσ = . The results are summarized on Table 4.2. 
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Table 4.2 The surface energies of vials (a) without and (b) after the plasma 

treatment estimated by the Owens-Wendt-Rabel-Kaelble (OWRK) method. 

 

 

Figure 4.9 Contact angle images corresponding to Table 4.2. 
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Chapter 5. Surface Tension-Assisted Growth of Thin Single 

Crystals of Lead and Tin Halide Perovskites 

In the previous chapter, we discussed the central role of surface tension in 

nucleation and growth of halide perovskites by inverse temperature crystallization 

(ITC). Taking advantage of this discovery, we hereby design a strategy for growing 

halide perovskite (AMX3, where A = CH3NH3+, or MA+; M = Pb2+, Sn2+; X = Br-, I-) 

single crystals with high length-to-thickness aspect ratios. Namely, by exploiting 

the effect of surface tension, we direct the growth of halide perovskites on the 

solution surface achieving large-area (up to 1 cm2) single crystals with thicknesses 

on the order of the charge-carrier diffusion length (~5–10 μm). The current work 

creates a pathway toward optoelectronic devices based on single-crystal halide 

perovskites. The content of this chapter is adapted from [133] with permission of 

American Chemical Society. 

5.1 Growth and Solvent Optimization 

As discussed in Chapter 4, the growth of halide perovskites at the solution surface 

proceeds until some critical size after which the crystals usually sink down into 

solution. We hypothesized that crystallization could be controlled in a way that 

enables the growth of large-area single crystals on the solution surface. To validate 

our hypothesis, we developed surface tension-assisted inverse temperature 

crystallization (ST-ITC) method, which uses solvent systems that provide both 

inverse solubility behavior and high surface tension coefficient ( solσ ) for a 

perovskite solution (Figure 5.1).  
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Figure 5.1 Schematic of ST-ITC method. In contrast to standard ITC procedure, 

ST-ITC uses precursor solutions with high surface tension coefficients ( solσ ) which 

result in the growth of thin single crystals on the solution surface. 

We started by choosing a suitable solvent system for the growth of MAPbBr3 thin 

single crystals. The highest achievable concentration of MAPbBr3 in DMF is about 

1.5 M at room temperature.113 However, only bulk crystals are produced from this 

solution upon its heating. Therefore, in order to arrive at thin crystals only, a solvent 

with inherent high surface tension coefficient such as DMSO ( DMSOσ = 42.8 mN/m 

vs DMFσ  = 35.2 mN/m)134 is needed. In addition, DMSO better dissolves MAPbBr3 

than DMF, which is essential to further increase solσ . (Indeed, solσ  increases with 

concentration of perovskite solution as has been shown in Chapter 4). Though 

MAPbBr3 does not display ITC in pure DMSO, fortunately, we discovered that it 

does in the mixture of DMF and DMSO. DMF most likely provides inverse solubility, 

while DMSO increases the solubility of precursors and guarantees high solσ . 



79 
 

To understand the effect of composition on ST-ITC, we mixed the solutions A (1.5 

M MABr/PbBr2 in DMF) and B (4.2 M MABr/PbBr2 in DMSO) in various ratios. We 

observed that upon heating to 90–100 °C, A-B mixtures with 80-90% of B (by 

volume) produced MAPbBr3 thin crystals only (Figure 5.2 b). Whereas the further 

decrease of the B content (≤ 70%) resulted mainly in bulk crystals. Hence, we can 

conclude that there is a threshold surface tension coefficient above which only thin 

crystals grow. We will discuss this in more details in discussion section. 

We next use our knowledge to grow MAPbI3 thin crystals. By analogy, here we 

used GBL as a solvent providing inverse solubility, and DMSO as a solvent 

providing high solσ . We found that typical rhombo-dodecahedral (or simply 

rhombic) MAPbI3 perovskite cannot be grown in the form of thin crystals, whereas 

a cuboid MAPbI3 perovskite can.146 To arrive at the cuboid shape, we used 2:1 

molar ratio of MAI/PbI2. We separately prepared concentrated solutions of 

2MAI/PbI2 in GBL (2.5 M, solution C) and DMSO (4.5 M, solution D), and then 

mixed them in 1:1 ratio by volume. Thin square black plates with truncated corners 

appeared on the solution surface upon heating the mixture to 100–110 °C (Figure 

5.2 c). The films have a specular top surface. 

Finally, we also generalized ST-ITC to tin halide perovskites. We found that 

MASnBr3 is well dissolved in DMF at room temperature and displays inverse 

solubility in the solvent. Hence, we were able to achieve sufficiently high solσ  

without involving a second solvent. Heating 5 M solution of MABr/SnBr2 in DMF to 

60–70 °C resulted in thin square red plates (Figure 5.2 d). To the best of our 
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knowledge, this is the first demonstration of inverse solubility behavior in tin-based 

halide perovskites. 

 

Figure 5.2 Photographs of (a) free-standing MAPbBr3 thin crystal, and (b) 

MAPbBr3, (c) MAPbI3 and (d) MASnBr3 thin crystals floating on the solution 

surface. The vial diameter is 15 mm.  

Top-view scanning electron microscopy (SEM) image of MAPbBr3 thin crystal 

shows a smooth surface comparable with that of bulk crystals (Figure 5.3 a). From 

side-view SEM images (Figure 5.3 b-d), we estimated the crystal thicknesses to 

vary from 5 to 20 µm, reaching down to 10 µm for MAPbBr3 and MASnBr3 thin 

crystals, and 5 µm for MAPbI3 thin crystal. We note that the thickness of MAPbI3 

thin crystals is in the same range with the charge-carrier diffusion length,68 

suggesting its potential use for vertical-structure optoelectronic devices. The 
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typical length-to-thickness aspect ratios of thin crystals were calculated to be about 

103, which is in line with our theoretical analysis in Chapter 4. 

 

Figure 5.3 (a) Top-view SEM image of MAPbBr3 thin crystal. Side-view SEM 

images of (b) MAPbBr3, (c) MAPbI3 and (d) MASnBr3 thin crystals. 

5.2 Structural Characterization 

Next, we characterized thin crystals by X-ray diffraction (XRD) methods. Powder 

XRD patterns of ground crystals confirmed the presence of single cubic phase of 

MAPbBr3 and MASnBr3 perovskites, and single tetragonal phase of MAPbI3 

perovskite (bottom spectra of Figure 5.4 a-c).68,147 For MASnBr3, the calculated 

unit cell parameter (a = 5.89 Å) was found to be consistent with previous reports.147 
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Figure 5.4 XRD patterns of free-standing and ground (a) MAPbBr3, (b) MAPbI3 

and (c) MASnBr3 thin crystals. (d) Phi-scan of (110) diffraction plane of MAPbBr3 

thin crystal showing its four-fold symmetric nature. 

Furthermore, we also studied the free-standing thin crystals by XRD. As seen from 

Figure 5.4, the prepared thin crystals are certainly oriented and have reflections 

only from particular families of planes. For example, MAPbBr3 thin crystals show 

strong diffraction peaks corresponding to (001) and (002) planes. The same family 

of planes is observed for MASnBr3 thin crystals. For MAPbI3, we observed two 

strong adjacent peaks at 2θ = 14.01° and 14.17° corresponding to (002) and (110) 

planes, respectively, and another two adjacent peaks at 2θ = 28.21° and 28.49° 
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corresponding to (004) and (220) planes, respectively. We suppose that increasing 

the precursors (MAI/PbI2) molar ratio from 1:1 to 2:1 shifts the equilibrium towards 

the formation of iodine-rich lead-complexes, 148-150 which preferentially integrate to 

(200) facet, resulting in crystals enclosed with (110) and/or (002) facets. These 

results mean that all three perovskites grow on the solution surface preferentially 

along particular crystallographic directions (Figure 5.5). 

 

Figure 5.5 Schematic of thin crystals on the solution surface with preferential 

growth along <001> crystallographic direction. 

Meanwhile, the phi-scan of (110) diffraction plane of MAPbBr3 thin crystals 

revealed a four-fold symmetry indicating the presence of single crystal domain 

(Figure 5.4 d). The single crystal XRD analysis of MAPbBr3 also confirmed the 

single-crystalline nature of crystals grown by ST-ITC method (Figure 5.6). 

Approximately 92% of the measured reflections was indexed to cubic unit cell with 

a = 5.9275(4) Å indicating the absence of other domains. 
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Figure 5.6 The reconstructed Laue images of the (a) hk0, (b) 0kl and (c) h0l layers, 

clearly indicating the cubic symmetry and single-crystalline nature of MAPbBr3 thin 

crystals. 

The Raman study of the near-top-surface layer of MAPbBr3 thin crystal showed 

the absence of precursor residues and homogenous chemical/structural 

composition throughout the investigated volume (70×50×1 μm3), indicating no 

degradation and restructuring of thin crystals takes place upon exposure to air and 

the solvent vapor during their growth on the solution surface (Figure 5.7 a, see 

also Figure 5.11 in Appendix).133 

5.3 Steady-State Optical Properties 

We also investigated the optical properties of thin crystals using steady-state 

absorption and photoluminescence (PL) spectroscopies (Figure 5.7 b-d). The 

absorption profiles of thin crystals have a sharp band edge cut-off at 542 nm for 

MAPbBr3 and 770 nm for MAPbI3 in line with bulk single crystals.66,68 In case of 

MASnBr3, the band edge was estimated to be at 552 nm. However, noteworthy 

that Sn2+ is likely to partially oxidize in air to Sn4+, resulting in a long tail in the 
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absorption spectrum. PL peak positions for MAPbBr3 and MAPbI3 were found to 

center at 539 and 773 nm, respectively, slightly blue-shifted compared to bulk 

crystals.66,68 Although the solution-processed tin halide perovskites were 

previously reported to be PL-inactive,107 for MASnBr3 thin crystals we still observed 

a peak at 572 nm with a very weak intensity (Figure 5.7 d). 

 

Figure 5.7 (a) Low-frequency Raman spectra of MAPbBr3 thin crystal and 

reference PbBr2. Steady-state absorption and PL spectra of (b) MAPbBr3, (c) 

MAPbI3 and (d) MASnBr3 thin crystals. 
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5.4 Device Performance 

As a proof of concept, we fabricated a self-powered Schottky photodetector 

employing MAPbBr3 thin crystal sandwiched between Pt and Au electrodes (Figure 

5.8). The current on/off ratio of about 104 was observed at zero bias. Owing to 

small transverse dimension of the thin crystal, the responsivity (87 mA/W at 0 V) 

of the photodetector was found to be 40 times higher than that of previously 

reported device based on MAPbBr3 single crystal with 150 µm thickness.151 

Furthermore, an excellent detectivity of 1012 Jones at zero bias and fast response 

speed (trise = 32 µs; tdecay = 60 µs) were achieved. Notably, the device 

characteristics are comparable to those of the state-of-the-art perovskite 

photodetectors based on single crystals.33,72,76,79,116,152 

 

Figure 5.8 Device characteristics. (a) Schematic architecture of the Schottky 

photodetector based on MAPbBr3 thin crystal. (b) Dark and light (1 mW cm-2) I–V 
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curves. (c) Photoresponse under light pulses measured at 0 V. (d) Responsivity as 

a function of wavelength. (e) Transient response measured at 0 V. (f) Current 

stability measured under continuous illumination. 

5.5 Discussion 

Unlike standard ITC, ST-ITC involves highly concentrated solutions. Particularly, 

as demonstrated for MAPbBr3, only thin crystals (without bulk crystals) grow from 

more concentrated A-B mixtures with the B content of 80% and above (Figure 5.9). 

These B-rich compositions possess lower density than the crystalline phase (ρ = 

3.582 g/cm3) (Table 5.1). Therefore, the floatation of crystals is supported primarily 

by the solution surface tension. Next, we investigated the bottom threshold value 

( trsσ ) for the solution surface tension, which maintains the growth of thin crystals 

only. By using pendant drop method, we measured solσ  for a range of A-B mixtures 

and found trsσ  to be 50.7 ±1.0 mN/m for room temperature mixtures (Figure 5.9 a), 

or 39.9 ±0.9 mN/m for mixtures at the crystallization point (100 °C) (Figure 5.9 b, 

see also Appendix). Based on equation (4.5), we note that over 1 cm2-area thin 

crystal can be held on the solution surface by this high surface tension coefficient. 

Interestingly, the measured surface tension coefficient of 5 M solution of MASnBr3 

in DMF – which enables the growth of thin crystals on the solution surface – is only 

45.0 mN/m at room temperature (see Figure 5.12 in Appendix). This is significantly 

lower than the threshold value for MAPbBr3, which might be associated with the 

lower density of MASnBr3 crystal (ρ ≈ 3.18 g/cm3, calculated from the unit cell 
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parameter). Thus, we can conclude that sufficiently high surface tension 

coefficients not only aid an easier nucleation, but also enable the lateral growth 

and floatation of thin crystals on the solution surface. 

 

Figure 5.9 Dependence of surface tension coefficient on: (a) concentration 

expressed as the B content in A-B mixture, (b) temperature for A-B mixtures with 

70% and 80% of B, resulting in bulk and thin crystals, respectively. 

Table 5.1 Densities and surface tension coefficients of A-B mixtures with different 

compositions. For reference, density of MAPbBr3 crystal is 3.582 g/cm3.68 

A-B mixture 
(by volume) “10:0” “8:2” “6:4” “4:6” “3:7” “2:8” “1:9” “0:10” 

ρ (g/ml) 1.44 1.57 1.70 1.83 1.91 1.98 2.05 2.10 

σ (mN/m) 39.3 42.6 45.7 48.3 49.9 51.7 55.0 55.5 
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5.6 Summary 

In summary, understanding the nucleation and growth mechanisms of inverse 

temperature crystallization (ITC, described in Chapter 4) enabled us to exploit the 

effect of surface tension to direct the growth of halide perovskites on the solution 

surface. By designing an approach, referred to as surface tension-assisted inverse 

temperature crystallization (ST-ITC) method, we achieved large-area (up to 1 cm2) 

single crystals of halide perovskites with thicknesses on the order of the charge-

carrier diffusion length (~5–10 μm) suitable for device applications. Intriguingly, the 

synthesized thin crystals demonstrated single-crystalline quality and preferential 

crystal orientation despite being grown on the solution surface without use of any 

substrate. The versatility of ST-ITC enabled the synthesis of not only lead halide 

perovskites (MAPbBr3 and MAPbI3) but also tin halide perovskites (MASnBr3), thus 

enriching the ITC library with tin-based perovskites. These results are expected to 

impact future progress on eliminating the grain boundaries in halide perovskite thin 

films toward achieving single-crystal-based optoelectronic devices. 

5.7 Experimental Details 

Chemicals and materials. MABr and MAI were purchased from Dyesol Limited 

(Australia). Lead bromide (≥ 98%), lead iodide (99.999% trace metal basis), DMF 

(anhydrous, 99.8%) and GBL (≥ 99%) were purchased from Sigma-Aldrich. Tin(II) 

bromide was purchased from Alfa Aesar (99.2%). All salts and solvents were used 

as received without any further purification. All syntheses were carried out in 4 ml 

ChemGlass reaction vials of 33 expansion borosilicate glass corresponding to 
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ASTM E-438 Type 1-Class A, USP Type 1 and ISO 3585. For convenience, we 

define molarity (M) as moles of solute per liter of solvent. 

Synthesis of MAPbI3 bulk single crystals with cuboid shape. A mixture of MAI 

(0.795 g, 5 mmol) and PbI2 (1.153 g, 2.5 mmol) was dissolved in 2 ml GBL and 

filtered through 0.45 µm PTFE filter. 400 µL of the filtrate was transferred into a 4 

ml vial, and the vial was placed on a hot plate at 60 °C. Then temperature was 

gradually increased to 96 °C when the formation of cuboid crystals was observed. 

Synthesis of MAPbBr3 thin single crystals. Solution A (1.5 M solution of 

MABr/PbBr2 in DMF prepared at room temperature) and solution B (4.2 M solution 

of MABr/PbBr2 in DMSO prepared at 60 °C) were mixed in different ratios (1:9, 2:8, 

3:7, 4:6 and 5:5 by volume, respectively). 300 µL of each mixture was transferred 

into a 4 ml vial, and the vials were placed on a hot plate at 60 °C. Then the 

temperature was gradually increased to 90-100 °C when the formation of thin 

crystals in “1:9” and “2:8” mixtures was observed. The crystals were extracted 

using a spatula and then dried on a filter paper. Note 1: Aluminum foil was used to 

cover the crystallization setup to avoid the temperature fluctuations and determine 

the threshold concentration more accurately. Note 2: Opening vials to air 

decreases the crystallization onset temperature, since the air flow aids the removal 

of solvent vapor and also increases the solution surface tension. 

Synthesis of MAPbI3 thin single crystals. Solution C (2.5 M solution of 

2MAI/PbI2 in GBL prepared at room temperature) and solution D (4.5 M solution of 

2MAI/PbI2 in DMSO prepared at 70 °C) were mixed in 1:1 ratio by volume. 350 µL 
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of the mixture was transferred into a 4 ml vial, and the vial was placed on a hot 

plate at 80 °C. Then the temperature was gradually increased to 100-110 °C when 

the formation of thin crystals was observed. The crystals were extracted using a 

spatula and then dried on a filter paper.  

Synthesis of MASnBr3 thin single crystals. A mixture of MABr (1.12 g, 10 mmol) 

and SnBr2 (2.79 g, 10 mmol) was dissolved in 2 ml of DMF, centrifuged at 7500 

rpm for 5 minutes and filtered through 0.45 µm PTFE filter. 300 µL of the filtrate 

was transferred into a 4 ml vial, and the vial was placed on a hot plate at 40 °C. 

Then temperature was gradually increased to 60-70 °C when the formation of thin 

crystals was observed. The crystals were extracted using a spatula and then dried 

on a filter paper. 

Characterization. X-ray diffraction (XRD) of free-standing and ground crystals 

was performed on a Bruker D8 Advance diffractometer using Cu-Kα radiation. 

Single crystal XRD was carried out on a Stoe IPDS II diffractometer with Mo-Kα 

radiation at 298(2) K. Scanning electron microscopy (SEM) images of thin crystals 

were taken on a FEI Quanta 200F. The steady-state absorption was recorded 

using a Cary 6000i UV-vis-NIR Spectrophotometer with an integrated sphere in 

absorbance mode. The steady-state photoluminescence (PL) was recorded using 

a Horiba JY LabRAM Aramis spectrometer with an Olympus lens; a 473 nm laser 

was used as the excitation source. Confocal Raman imaging was performed by 

excitation with a low intensity (~200 µW) linearly polarized laser (λ0 = 633 nm) with 

f = 320 mm backscattering Raman spectrometer (Witec – AFM Raman 

spectrometer) equipped with EMCCD detector (Andor – Newton), 100X objective 



92 
 

(0.9 NA – Zeiss), diffraction grating of 600 grooves/mm, and confocal collection 

fiber with a core of 100 µm. The effective spectral resolution was < 9 cm-1. A 

dichroic beam splitter rejects the laser line preventing the access to the spectral 

information below 80 cm-1. An integration time was set at 2 s/pt. 

Pendant drop and contact angle measurements were performed on a Kruss 

DSA25 drop shape analyzer using a Kruss Advance software. Temperature-

dependent surface tension study was done using tempering chamber. 

Photodetector fabrication and characterization. To fabricate the photodetector, 

100 nm gold and 25 nm platinum were deposited on opposite faces of the 1 mm2 

sized MAPbBr3 thin crystal. All photoresponse characteristics of the self-powered 

photodetector were measured on a probe station connected to a Keithley 4200 

semiconductor analyzer under dark and light conditions. To measure the white light 

and wavelength-dependent photoresponse, a calibrated LED kit by Metrohm 

Autolab system was used as the light source. An optical power meter was used to 

determine the power at different wavelengths. The responsivity was calculated as: 

R = ΔI / (P·A), where ΔI is the difference between the photocurrent and the dark 

current, P is the incident power density, and A is the effective illuminated area. The 

detectivity was calculated using the equation: 1/2/ (2 )darkD R eJ= , where darkJ  is the 

dark current density. The response speed of the photodetector was measured 

using an Agilent MSO9104A oscilloscope with pulsed light excitation of 520 nm 

LED modulated by a function generator (Agilent 81150A). 
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5.8 Appendix 

Appendix I: Micro-Raman study  

Micro-Raman scattering is an optical technique that inherently reports structural 

information about the surface layer of an optically opaque sample, or in case of a 

transparent sample the near-surface layer (~1 μm in depth). In our specific case, 

considering that λ0 ~2 eV is below the bandgap of MAPbBr3 (~2.2 eV) and the 

absorbance at λ0 is <0.1, the collected measurements allow to evaluate the 

vibrational near-surface properties of the material. 

Figure 5.10 shows the characteristic Raman spectrum of the sample. The richness 

of peaks reflects the complex structure of the fundamental unit cell of the crystal.  

The spectrum can be subdivided into distinct regions: the internal vibrations of 

PbBr3 network (<150 cm−1), the MA+ cation librations (140−180 cm−1), and the 

internal vibrations of MA+ cations (800−3100 cm−1). The peak at 326 cm-1 

correspond to the restricted rotation modes of MA+ cations. In particular, the 

MAPbBr3 low-frequency peaks are typical for crystals with cubic symmetry, 

expected to have no Raman-active phonon modes, i.e. MAPbBr3 perovskite 

exhibits Raman spectrum with broad peaks with respect to other perovskites 

characterized by lowered orthorhombic, tetragonal or trigonal symmetry. 
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Figure 5.10 (a) Low-frequency Raman spectra of MAPbBr3 thin crystal and 

reference PbBr2. (b) Measured Raman spectrum of MAPbBr3 thin crystal. 

Noteworthy that the Raman signal in the region of 50−250 cm−1 that refers to the 

modes of PbBr3 is by far the most intense portion of the spectrum (Figure 5.10 b). 

By comparing this region to the spectrum of lead bromide (PbBr2) – the 

degradation product of MAPbBr3 perovskite – the quality of the sample against 

contamination, structural defects and/or precursor residues in the crystal can be 

evaluated. As seen from Figure 5.10 a, the Raman spectrum of PbBr2 consists of 

several bands which clearly differ from the Raman spectrum of MAPbBr3 thin 

crystal. Thus, we can conclude that no residual PbBr2 presents in the sample. 

Following the literature assignations, the sharp and intense bands at 971 and 1481 

cm-1 are attributed to the C-N stretching and the -NH3+ asymmetric bending modes, 

respectively, while the signal at 1431 cm-1 – to the -NH3+ symmetric bending 

modes, and the signals at 920 and 1250 cm-1 – to the rocking modes of MA+. The 

peak at 1589 cm-1 is assigned to the twisting mode of -NH3+. The high-frequency 
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peaks at 2828 cm-1 and 2968 cm-1 correspond to the N+-H stretching and the -CH3 

asymmetric stretching, respectively. The band at 3190 cm-1 is constituted of the 

splitting of the -NH3+ symmetric stretching. 

 

Figure 5.11 (a) Photograph of MAPbBr3 thin crystals used for the Raman study. 

(b) Representative spectrum (red) superimposed with the fitted model (blue) 

constituted of Lorentzian curves (green). Peaks considered in the discussion are 

indicated. (c) Correlation graph between 1481 and 1589 cm-1 peak intensities, 

demonstrating with a linear correlation the chemical/structural homogeneity at 

microscale. (d) Raman spectrum of MABr powder. 
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To demonstrate the structural homogeneity of MAPbBr3 thin crystal, we briefly 

discuss the results of one of the Raman imaging analysis performed. A 70x50 µm2 

area of MAPbBr3 thin crystal was mapped by 70x50 Raman points (Figure 5.11 a), 

each point representing a single spectrum from 80 to 3400 cm-1. In Figure 5.11 b, 

we show 800–2400 cm-1 spectral region of one of the Raman points. The spectrum 

is constituted of seven Lorentzian-shape functions; this allowed the evaluation of 

all the significant parameters: peak position, width, and integrated area under the 

curves. Comparing the reference spectrum of MABr (Figure 5.11 d) to the one of 

MAPbBr3 (Figure 5.11 b), we observed that the MA+ rocking mode (1248 cm-1) and 

the twisting mode (1589 cm-1) of the -NH3+ clearly measurable in the thin crystal, 

barely arise in MABr, implying that these modes are highly sensitive to the 

environment. This fact also indicates that the chemical interactions between the 

inorganic framework and the organic cation takes places through the -NH3+. 

Considered that, the correlation graph between two spectral components that have 

different sensitivity to the microenvironment should allow to quantify the 

homogeneity and structural quality of the sample by adopting one component, 

arbitrarily chosen, as an internal reference of the spectrum. As an example, we 

report in Figure 5.11 (see panel c) the correlation graph between the integrated 

area under the curves of the 1481 cm-1 and 1589 cm-1 peaks. It shows almost 

linear relation indicating high quality of the crystal at chemical/structural level. The 

appreciable intensity variations are essentially due to optical effects and thermal 

fluctuations of the instrument during the measurement. 
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Appendix II: Pendant drop measurement results  

 

Figure 5.12 Pendant drop images of MAPbBr3 and MASnBr3 solutions. 



98 
 

 

Figure 5.13 Pendant drop images of A-B mixtures of 2:8 and 3:7 ratios resulting 

in thin and bulk crystals, respectively, measured at different temperatures. 
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Chapter 6. Facet Engineering in Methylammonium Lead Iodide 

Perovskite Single Crystals  

The optoelectronic and photocatalytic properties of a number of semiconductor 

materials have recently been found to be facet-dependent.153-157 Such facet effects 

have also been observed in halide perovskites.158-161 Evidence has been mounting 

over the last years, implicating the orientation of facets of individual grains in thin 

films of MAPbI3(Cl) perovskite solar cells to their photovoltaic performance.158,159 

Yet, the sub-micron sizes and generally random alignment of grains, as well as 

effects at grain boundaries, obstruct the systematic study of charge transport 

properties in halide perovskites along different crystallographic planes in 

polycrystalline films. Such studies require sizable single crystals with distinct 

facets, ensuring unhindered charge-carrier characterization. 

While methylammonium lead iodide (CH3NH3PbI3, or MAPbI3) perovskite has 

shown facet-dependent electronic properties as well, most studies on MAPbI3 were 

performed on rhombo-dodecahedral (or rhombic) single crystals with the (200) and 

(112) facets exposed.161-163 By contrast, the electronic properties of the structurally 

important (002) facet remain largely unexplored. This scarcity is directly attributed 

to the difficulty of realizing single crystals with the (002) exposed facets. 

In this chapter, we present a low-temperature growth of cuboid-shaped MAPbI3 

single crystals with naturally exposed facets oriented along the (002) and (110) 

crystallographic planes. We also demonstrate two-terminal devices fabricated on 

the (002) facets of these crystals and contrast their performance to those 
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fabricated on the (200) facets of typical rhombic crystals, thus revealing a 

substantially different extent of ionic and electronic charge transport behavior in 

two crystals. The content of this chapter is adapted from [164] with permission of 

IOP Publishing. 

6.1 Growth and Optical Properties  

MAPbI3 perovskite is generally grown into rhombic shape with facets oriented 

along the (112) and (200) crystallographic planes.79,162 In order to alter the crystal 

shape and the orientation of exposed facets, only a few strategies have been 

proposed to date.146,165 The addition of oleylamine or increasing the concentration 

of iodide-ions in the precursor solution: both were shown to induce the growth of 

cuboid crystals with (002) and (110) facets exposed.133,146,165 Yet these strategies 

that expose the sought-after facets, entail that the crystals be grown either at 

relatively high temperatures (> 115 °C), quite above the phase-transition point of 

MAPbI3 (55 °C),166 or from non-stoichiometric (I-rich) precursor ratios. Both 

conditions are known to adversely affect the crystal quality.98,129,166,167 Thus, we 

believe that low-temperature growth from stoichiometric solutions can provide 

higher quality single crystals which would eventually be reflected in better device 

performance. 

Hereby, we attempted to conduct all crystallizations below 105 °C. Namely, we 

grew rhombic MAPbI3 perovskite crystals by inverse temperature crystallization 

(ITC)15,68,69,75 method at around 100 °C. In case of cuboid MAPbI3 perovskite 

crystals, we utilized N,N-di-n-butylformamide (DBF, see Figure 6.1) as a solvent 
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achieving ITC at around 65 °C. Both crystals were rinsed with acetone when 

extracted from the solution which endowed them with a specular surface. Smooth 

surfaces help ensure a good contact with the electrodes. 

 

Figure 6.1 Chemical formulae and structures of (a) GBL and (b) DBF. White – H 

atoms, grey – C atoms, red – O atoms, and blue – N atoms. 

The powder X-ray diffraction (XRD) patterns of ground crystals confirmed the 

presence of single phase of tetragonal MAPbI3 perovskite in both rhombic and 

cuboid crystals (Figure 6.2 a-b).68,107  The steady-state photoluminescence (PL) 

spectra from the top surface of two crystals were also found to be identical, with a 

slight (~2 nm) shift in peak positions (Figure 6.2 c). The time-resolved 

photoluminescence (TRPL) under above-bandgap excitation (λexc = 400 nm) 

revealed similar carrier dynamics on the surface of two crystals, resulting of 

average lifetime values about 3 ns, which are comparable to the previously 

reported ones (Figure 6.2 d).168,169 
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Figure 6.2 XRD patterns of the top-facet and ground form of MAPbI3 crystals with 

(a) rhombic and (b) cuboid shapes. Insets: photographs of the corresponding 

crystals. (c) Steady-state PL and (d) TRPL spectra of MAPbI3 crystals measured 

under one-photon excitation. 

6.2 Structural Characterization 

In order to determine the crystallographic orientation of the naturally exposed 

facets, we performed XRD measurements by aligning the crystals with top-facets 

parallel to a sample holder plane. The diffraction pattern of the rhombic crystal 

showed signals at around 20° and 40° only (Figure 6.2 a). Peaks at 2θ = 19.96° 
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and 20.06° were assigned to the (112) and (200) planes, respectively, and peaks 

at 2θ = 40.48° and 40.70° – to the (224) and (400) planes, respectively. We note 

that in the tetragonal crystal system {112} and {200} families of planes are not 

parallel (Figure 6.3 a-c), while in cubic system they converge into a single {110} 

family of planes. Thus, the presence of paired peaks might basically arise due to 

some symmetry breaking during the phase-transition of single crystals from cubic 

(Pm-3m) to tetragonal (I4/mcm) system.165,170,171 Nonetheless, we propose the top-

facet of the rhombic crystals to be mainly (200)-oriented (Figure 6.3 d), as the 

relative peak intensities of {200} planes were found to be higher than that of {112} 

planes. Also the higher symmetry of the (200) plane compared to the (112) plane 

is more likely to result in a rhombus at the crystal center (Figure 6.3 d). Such facet 

orientation is in line with previous reports on MAPbI3 perovskite single crystals 

grown in the same shape.62,152  

For the cuboid MAPbI3 perovskite crystals, distinct diffraction signals appear at 

around 14° and 28° (Figure 6.2 b). As in the case of rhombic crystals, these signals 

consisted of paired peaks. Namely, we observed two adjacent peaks at 2θ = 13.86° 

and 14.02° corresponding to the (002) and (110) planes, respectively, and peaks 

at 2θ = 28.04° and 28.33° corresponding to the (004) and (220) planes, 

respectively. Originated from symmetry breaking of (001) plane of cubic system, 

the orthogonal (002) and (110) planes slice the perovskite structure in a similar 

manner (Figure 6.3 e-g), but differ from each other by the degree of rotational 

symmetry. As the (002) plane is four-fold symmetric, it is expected to extend into 

a square facet; however, the two-fold symmetric (110) plane would rather grow 
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into a rectangular facet. Therefore, we assume the top facet of cuboid crystals to 

be mainly oriented along the (002) plane (Figure 6.3 h), which is also corroborated 

with the higher relative peak intensities of {002} planes over {110} planes. 

 

Figure 6.3 Crystallographic planes of naturally exposed facets in MAPbI3 

perovskite crystals of (a) rhombic and (e) cuboid shapes. Horizontal views of the 

(b) (200), (c) (112), (f) (002) and (g) (110) planes. Relation between the shape and 

planes of MAPbI3 perovskite crystals: the top-facet in (d) rhombic crystals 

correspond to the (200) plane, while in (h) cuboid crystals – to the (002) plane. The 

structures were generated from the crystal data reported in [107]. 
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As can be seen, rhombic and cuboid crystals each expose a set of two similar 

facets: (112)/(200) and (002)/(110), respectively (Figure 6.3). Though these sets 

are distinctively different from each other in their manner to slice the perovskite 

structure. The exposure of (002) and (110) facets when using DBF as the solvent 

can be explained with the presence of two n-butyl chains in the DBF structure. 

Besides solvation of lead-complexes, bulky DBF molecules preferentially 

coordinate the more accessible (002) and (110) sites of the forming crystal lattice. 

As a result, the crystal shape is defined with these slower growing planes. This 

mechanism is similar to that proposed for the growth of cuboid crystals using long-

chain oleylamine ligand.165 We would also like to note that bulky DBF molecules 

could be less prone to intercalate into the perovskite structure rather than GBL 

molecules, as the size of the latter can fit the perovskite inorganic cage between 

the octahedra. These growth conditions, as well as different facet orientation of the 

crystals, can bring unexpected ramifications in electronic behavior. 

6.3 Device Performance 

To study the contrast in electronic behavior between rhombic and cuboid crystals, 

we fabricated two-terminal planar devices on the corresponding (200) and (002) 

facets, respectively, by depositing gold electrodes. Figure 6.4 shows the dark 

current and photocurrent of the devices upon illuminations with white light of 2 mW 

cm–2. Cuboid crystals exhibited lower dark current (~10 nA at 4 V) compared to 

rhombic crystals (~90 nA at 4 V) (Figure 6.4 c). Suppressed dark current is a 
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prerequisite feature for devices such as photodetectors for achieving high signal-

to-noise ratios and operational reliability.72  

 

Figure 6.4 Dark and light I-V characteristics of the two-terminal devices on the (a) 

(200) facet of rhombic crystal and the (b) (002) facet of cuboid crystal. Shaded 

regions in (a) and (b) show mixed conduction range in these crystals. Insets of (a) 

and (b): the corresponding device architectures used for measurements. (c) Dark 

current and (d) on/off ratios measured in two samples.  
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In both crystals, the photocurrent exhibited a regime with a fast rise at lower 

voltages after which a saturation effect was observed with increasing bias. 

Noteworthy, the degree of photocurrent saturation in the case of rhombic crystals 

was higher than that in cuboid ones. In addition, the saturation regime in cuboid 

crystals starts at lower bias compared to rhombic crystals. Nonetheless, the 

photocurrent saturation in both crystals can be attributed to the formation of a built-

in electric field.152 The conduction in halide perovskites is known to be mixed (ionic 

and electronic).172-176 The photoconduction at low bias (shaded region in Figure 

6.4 a-b) before saturation is generally ascribed to mixed conduction, while in the 

saturation region – to only electronic conduction.161 The built-in field is created due 

to ionic conduction, i.e. as a result of ions (MA+ and I–) and vacancy migration. 

Under external applied bias, the ions and vacancies migrate to respective 

electrodes and this accumulation generates an internal field which is opposite in 

direction to the external applied field.163,177,178 This built-in field reduces the 

effective field leading to the decrease of the photocurrent slope (saturation). Thus, 

the higher photocurrent saturation in the case of rhombic crystals indicates a 

higher built-in field than in cuboid crystals, which implies a higher ionic migration. 

By calculating the relative ratio of ionic to electronic conductance, /i er G G=  

(where i m eG G G= − ), we semi-quantitatively estimated the effect of ionic migration 

in two crystals. The ratio for the rhombic crystal was found to be about 3 times 

higher than that for the cuboid one (Table 6.1). However, it is worth mentioning 

that more accurate quantification of the ionic migration requires more advanced 

techniques to be utilized (e.g. impedance spectroscopy)172. 
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Table 6.1 Mixed and electronic conductance values, the relative ratio of ionic to 

electronic conductance in rhombic and cuboid crystals under illumination. 

Crystal Mixed  
conductance (S) 

Electronic 
conductance (S) 

Ionic-to-Electronic 
ratio (r)* 

Rhombic 2.7×10-6 8.5×10-8 ~31 

Cuboid 2.7×10-6 2.7×10-7 ~9 

*calculated as ( ) /m e er G G G= −  

Next, we observed that the photocurrent for the cuboid crystals was higher than 

that for the rhombic crystals, reaching 1.9 µA versus 1.3 µA, respectively, under 4 

V bias (Figure 6.4 a-b); which indicates their better performance under light. The 

reason is due to reduced ion migration: the lower internal field in cuboid crystals 

ensures greater enhancement of photocurrent with the applied bias. Furthermore, 

reduced ion migration induces less defects in the areas far away from 

electrodes,179-181 further improving the photoconduction. Figure 6.4 d shows the 

on/off ratio measured at different bias voltages. Cuboid crystals exhibited higher 

on/off ratio in the whole voltage range compared to rhombic ones. Lower on/off 

ratio at higher bias was observed for the rhombic crystals due to photocurrent 

saturation. The observed improved electronic behavior of the (002) facet over the 

(200) facet might be attributed to the growth conditions (low crystallization 

temperature), as well as different nature of the corresponding planes and the 

associated surface effects (trap states, termination chemistry). 
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Time-dependent photocurrent measurements can shed more light on the 

conduction behavior of the present devices. For the rhombic crystals, there were 

steep jumps when the light was turned on (Figure 6.5 a). Such behaviors have 

been reported to originate from the ion migration and carrier 

trapping/detrapping.182 Interestingly, in the case of cuboid crystals, stable 

photocurrents were observed as a consequence of a likely low degree of ion 

migration and defects under illumination. Furthermore, to check the photostability 

of devices, photocurrent was recorded under constant illumination over 1200 s 

(Figure 6.5 b). Cuboid crystals exhibited more stable behavior than rhombic 

crystals. The instability in rhombic crystals can be ascribed to the higher 

concentration of ions and vacancies leading to the carrier trapping, scattering and 

recombination while the carriers drift.161 

 

Figure 6.5 (a) Photoresponse under light pulses measured at 4 V bias. (b) Current 

stability measured under continuous illumination. 



110 
 

6.4 Summary 

In summary, we were able to achieve a facile low-temperature growth of cuboid 

single crystals of MAPbI3 perovskite. The growth of such cuboid crystals enabled 

us to compare the optoelectronic behavior of two-terminal devices on their (002) 

facet to devices on the (200) facet that typically appear on rhombic MAPbI3 

crystals. Cuboid crystals exhibited reduced ion migration, lower dark current, and 

significantly higher (and more stable) photocurrent compared to the rhombic 

crystals. We ascribe these striking differences in the device performance of cuboid 

and rhombic crystals to the facet orientations as well as the differing growth 

conditions. However, we note that more precise measurements eliminating the 

effects of surface defects and ion migration will be required to delineate the intrinsic 

charge transport anisotropy in halide perovskites. 

6.5 Experimental Details 

Chemicals. MAI was purchased from Dyesol Limited (Australia). Lead iodide 

(99.999% trace metal basis) and GBL (≥ 99%) were purchased from Sigma-

Aldrich. DBF was purchased from TCI (Tokyo, Japan). All chemicals were used as 

received without any further purification. All experiments were conducted at 

ambient conditions with relative humidity of ~60%. 

Synthesis of rhombic MAPbI3 single crystals. The crystals were grown by ITC 

method following a slightly modified procedure of that reported by Saidaminov et 

al.68 Typically, 1.2 M solution of MAI/PbI2 in GBL was prepared, filtered through 

0.45 µm pore size PTFE-filter and placed on a hot plate at 70 °C. Then the solution 
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was gradually heated to ~100 °C and kept at this temperature until the formation 

of rhombic MAPbI3 single crystals. The crystals can be grown into larger sizes by 

further heating. Finally, the crystals were rinsed with acetone (1 time). 

Synthesis of cuboid MAPbI3 single crystals. The crystals were also grown by 

ITC method. An equimolar mixture of MAI and PbI2 was dissolved in DBF by 

continuous stirring for 1 hour at 45 °C, and another 30 mins at room temperature. 

The obtained solution (0.7 M) was filtered through 0.45 µm pore size PTFE-filter 

and placed on a hot plate at 30 °C. Then the solution was gradually heated to ~65 

°C and kept at this temperature until the formation of cuboid MAPbI3 single crystals. 

The crystals can be grown into larger sizes by further heating. Finally, the crystals 

were rinsed with acetone (1 time). 

Characterization. X-ray diffraction (XRD) was performed on a Bruker D8 Advance 

diffractometer using Cu-Kα radiation. The steady-state photoluminescence (PL) 

was recorded in reflection mode on a Horiba JY LabRAM Aramis spectrometer 

using 473 nm laser as the excitation source. The time-resolved photoluminescence 

(TRPL) was recorded on a Horiba Jobin Yvon (DD-405L) using 400 nm pulsed 

laser diode as the excitation source (IRF ≈ 300 ps).  

Device fabrication and characterization. 100 nm gold electrodes were 

deposited on the crystal surface by using a shadow mask. The channel length and 

width were 200 µm each. I–V characteristics and transient photocurrent were 

measured using Keithley 4200 semiconductor analyzer. A halogen light source 

with an intensity of 2 mW cm–2 was used for all measurements.   
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Chapter 7. Conclusions and Future Outlooks  

The dissertation studies halide perovskite single crystals from both fundamental 

and practical aspects. The fundamental aspects include understanding the 

crystallization mechanism of halide perovskites, as well as structural, optical, and 

electrical characterization of their single crystals. Meanwhile, the practical aspects 

include design and engineering of halide perovskite single crystals toward their 

applications in optoelectronic devices. 

In Chapter 3, we investigated the key photophysical and charge transport 

properties of FAPbX3 (X = Br-, I-) perovskite single crystals. We observed the 

unexpected extent with which they outperform MAPbX3 perovskites on key 

semiconducting parameters. In particular, FAPbBr3 crystals showed a five-fold 

longer carrier lifetime and an order of magnitude lower dark carrier concentration 

than MAPbBr3 crystals, thus, revealing the major role played by the organic cation 

– which was often thought of as having only a minor direct effect – on 

optoelectronic properties of lead halide perovskites. 

In Chapter 4, we both theoretically and experimentally elucidated the central role 

of surface tension in inverse temperature crystallization (ITC) of halide perovskites. 

In particular, we found that, due the effect of surface tension, nucleation at the 

solution surface layer is easier than in its volume. This discovery enabled us, in 

Chapter 5, to design an approach for growing halide perovskites on the solution 

surface in the form of 5–20 μm-thin single crystals with area sizes up to 1 cm2. 

Intriguingly, the crystals were found to be highly oriented despite being grown 
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without use of any substrate. Furthermore, we were able to extend this strategy to 

not only lead halide perovskites (MAPbBr3 and MAPbI3), but also to tin halide 

perovskites (MASnBr3), thus, showing ITC phenomenon in lead-free perovskites 

for the first time. We also fabricated self-powered Schottky photodetector based 

on MAPbBr3 thin crystal which displayed 40 times higher responsivity than the 

same device using thick single crystal of MAPbBr3 perovskite. 

In Chapter 6, we developed a facile low-temperature growth of cuboid MAPbI3 

single crystals with naturally exposed facets oriented along the (002) and (110) 

crystallographic planes. This simple facet-engineering approach led to reduced ion 

migration and enhanced photoresponse of two-terminal devices on the (002) facet 

of cuboid crystals with respect to those on the (200) facet of typical rhombic 

crystals of MAPbI3 perovskite. 

Superior environmental stability and optoelectronic properties are the primary 

advantages of halide perovskite single crystals over their polycrystalline 

analogues. But, single-crystal-based devices that outperform polycrystalline thin 

films in terms of device performance are yet to be seen. While the current 

dissertation explores the crystal engineering approaches in halide perovskites, 

new growth techniques that enable single-crystalline thin films with large areas 

(over 10 cm2) and passivated surfaces still need to be developed. Finally, we also 

look forward that more stable and environmentally friendly alternatives of lead 

halide perovskites will be designed and studied in the future, as well as by the 

methodologies described in our work.  
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